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Abstract

Hibernation is a fascinating survival adaptation that allows animals to transition into
a torpid state to survive the winter by coordinating a strong suppression of metabolic rate,
conservation of fuel/energy, and reduction of body temperature. This strategy permits
thirteen-lined ground squirrels (Ictidomys tridecemlineatus) and other hibernating
mammals to endure the harsh winter season when there is little access to food. Many
energy-expensive cellular processes are suppressed, including gene transcription and
protein synthesis/turnover, but are reactivated rapidly when animals arouse back to
euthermia. Both torpor and arousal can have damaging consequences; for example, during
arousal, reactive oxygen species flood the cell causing oxidative damage to numerous
cellular components. Therefore, hibernation requires many pro-survival mechanisms to
mitigate multiple types of damage: e.g. from oxidative damage, DNA damage, and
pathogen attack, among others. The research reported in this thesis on damage control
processes in hibernators shows that antioxidant enzymes such as PRDXs are upregulated
in key tissues but in an isoform-specific and time-specific manner over the torpor-arousal
cycle. PRDX2, 3, 4 and 6 were found to be significantly upregulated in specific tissues.
Similarly, DNA damage repair is initiated during torpor and is characterized by the binding
of repair proteins such as Ku80 and the MRN complex to the site of breaks, but ligation
(with XLF) reactions to fully repair DNA do not appear to occur until the arousal period.
Pro-inflammatory mechanisms are also used to deal with pathogens; these remain active at
basal levels in a tissue-specific manner during torpor, but are up-regulated in the final stages
just before arousal or only during arousal depending on the tissue, such as the induction of
CCL5, a recruiter of monocytes. A cyto/neuro-protective mitochondrial peptide, s-
humanin, was also identified that is induced in a tissue-specific manner, helping to protect
key organs such as the brain cortex and adipose tissues. The results show that hibernation
is a complex, multi-faceted process that employs specific adaptations of damage
prevention/repair pathways to protect squirrel tissues from damage not only during
prolonged torpor but over the transitional states to/from torpor and does so expertly while

conserving energy until such a time that repair mechanisms may be fully initiated.
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CHAPTER 1

GENERAL INTRODUCTION



General Introduction

Many animals endure oxidative stress when faced with harsh environmental
conditions such as decreasing temperatures during winter. In hibernating squirrels, oxygen
consumption falls to ~2% of basal levels, but then rises to ~300% during periods of arousal
[1]. The increase in metabolic rate sets up the conditions for over-generation of ROS,
therefore, protective pathways must be induced to protect the cell from radical-induced
damage. Examples of key processes include antioxidant defenses, which must be induced
to mitigate accumulating levels of ROS and pose a significant threat to the cell damaging
proteins, lipids and DNA. Thus, DNA repair mechanisms must also be upregulated to
protect it from oxidative damage such as lesions, adduct formation and base modifications.
The immune response must be induced to protect not only against invading pathogens but
free radicals themselves which could stimulate a pro-inflammatory environment. Finally,
protective peptides are also induced to protect tissues by inducing pro-survival pathways
and halting cell death. As such, the aim of this study is to examine these mechanisms in the
context of hibernation to examine how the thirteen-lined ground squirrel can adapt to the

oxidative environment.

Oxygen

Oxygen, one of the most abundant elements in the atmosphere, first described as
the “food of life” element in 1604 [2] was pivotal to the development of living systems.
The incorporation of oxygen into living systems began around 2.5 billion years ago with
the evolution of organisms capable of transducing solar energy and converting it into the
chemical energy of carbon bonds [3]. This process, known as photosynthesis, allowed for
the generation of glucose from carbon dioxide and water, with diatomic O2 generated as a
side product. As photosynthetic organisms prospered, so did the increase in the
concentration of atmospheric O>. Then, approximately 1.5 billion years ago, eukaryotic
organisms appeared containing subcellular organelles including mitochondria, capable of
fully oxidizing glucose back to CO2 and H>O. The process, referred to as cellular

respiration, occurs in the mitochondrial matrix. Here, reducing agents pass through the



mitochondrial respiratory complex and result in the formation of a proton gradient used to

drive the oxidative phosphorylation to produce adenosine 5’-triphosphate (ATP) [3].

The evolution of metazoans resulted in the ability to recover the energy contained
within the chemical bonds of glucose through oxidative phosphorylation. This process,
which is 18 times more efficient at producing ATP per mole of glucose than glycolysis,
provides the necessary energy for developing and maintaining complex multicellular
organisms. However, the utilization of oxygen as a substrate for ATP production is not
without risk, as a portion of the electrons transferred through the mitochondrial respiratory
chain will not react with O, to form water. Approximately 5% of these electrons escape and
combine with oxygen to result in the generation of reactive intermediates known as free
radicals and reactive oxygen species (ROS). The intermediates are partially reduced forms
of atmospheric oxygen (O2) that typically result from the excitation of O to form singlet
oxygen (O>') from the transfer of one, two or three electrons to O> to form, respectively, a
superoxide radical (O2"), hydrogen peroxide (H20>) or a hydroxyl radical (HO) [4, 5]. The
accumulation of these reactive oxygen species in cells is capable of causing extensive

damage to macromolecules and its effects must therefore be mitigated.
Reactive oxygen species

Reactive oxygen species can be derived from many sources including endogenous
(mitochondria, peroxisomes, lipoxygenases, NADPH oxidase, cytochrome p450) or
exogenous inputs (UV, ionizing radiation, chemotherapeutics, inflammatory cytokines,
environmental toxins). They can lead to impaired physiological function, a shift in the
homeostasis of normal growth and development, as well as cause damage to signaling
pathways [6—8]. It was suggested in the 1950s by Denham Harman, that endogenous free
radicals were responsible for the “free-radical theory” of ageing and that toxic radicals
generated in cells resulted in a pattern of cumulative damage [9]. However, ROS have since
been shown to play important roles in diverse physiological processes including
neurotransmission, blood pressure regulation, cellular defense mechanisms, smooth muscle
relaxation, and immune regulation [4, 5]. Increasing levels of ROS above homeostasis,
however, have the potential to cause severe oxidative stress and damage macromolecules

like lipids, proteins, mitochondrial and nuclear DNA [10].



Mitochondria produce the bulk of the ATP energy in the cell, and correspondingly
consume the bulk of intracellular oxygen. The free-radical theory of aging is now often
thought to be synonymous with the rate-of living hypothesis, where the higher the
metabolic rate of an organism, the greater the production of ROS, and hence, the shorter
the life span. However, recent studies in various species have found that this correlation is
not always maintained, and is in fact contradicted. This is especially true for birds and
primates which tend to live longer than would be expected given their metabolic rates.
However, analyses of their oxidant production rates have demonstrated that these species
tend to produce fewer ROS and therefore, it is likely that ROS production, rather than
metabolic rate, provides the strongest correlation with overall longevity. Interestingly, this
theory is also contradicted in studies examining the naked mole rat, the longest-living
rodent, capable of surviving upwards of 30 years and yet, accumulates significantly

elevated levels of ROS [11].

ROS-induced oxidation of proteins can lead to a change in the three-dimensional
structure of that protein as well as fragmentation, aggregation or cross-linking. It can also
make the protein more susceptible to degradation. ROS are also a major source of DNA
damage, causing both double and single stranded breaks, removal of nucleotides, and a
variety of modifications of the organic bases which can cause permanent changes,
deleterious mutations, or loss of gene expression [12]. ROS are also capable of causing
damage to the lipids of cell membranes whereby the bonds between fatty acids become
prone to damage or abstraction. Lipid peroxidation may result in a self-perpetuating process
as certain radicals are both reaction initiators as well as the products of lipid peroxidation
and will attack lipid membranes thus altering membrane fluidity, permeability and could
affect cellular metabolic functions as well [8]. Fortunately, numerous protective
mechanisms exist to mitigate this damage and one such model of oxidative-stress tolerance

is mammalian hibernation.
Hibernation

The ability to hibernate is not an adaptation that is unique to ground squirrels or bears.
In fact, this hypometabolic state occurs widely across the Class Mammalia including mouse

opossums, little brown bats, hedgehogs, tenrecs, marsupials, lemurs, and other mammals



[13, 14]. Hibernation is an adaptation to limited or complete lack of food availability and
decrease in ambient temperatures to below freezing. To cope with these conditions most
hibernating species, including ground squirrels abandon homeothermy in favour of
heterothermy, and suppress their body temperatures to near-ambient, often as low as 0-5°C,
whereas other mammalian hibernators, chiefly bears, maintain relatively high body
temperatures during torpor (~25-33°C) [14, 15]. They then return to euthermia without any
ill effects. Additionally, many hibernators use body fuel reserves to survive the winter
relying on a period of hyperphagia prior to the hibernation that packs on fat stores,
sometimes nearly doubling body mass [16]. As a result, most species, including ground
squirrels use triglyceride lipids (and beta-oxidation) as their main fuel/energy source during
torpor, which also allows for carbohydrate sparing [13, 16, 17]. Incidentally, the fatty acid
composition of stored lipids can also affect the depth and duration of the hibernation period
[16]. Hibernation consists of multiple bouts of deep torpor (lasting days to weeks),
punctuated by periodic arousals (lasting several hours) during which the animals rewarm
back to euthermic body temperatures (Figure 1.1). During these arousals, the brown
adipose tissue plays a critical role in uncoupling fuel oxidation from ATP production
resulting in non-shivering thermogenesis [13, 16, 18]. During torpor, several mechanisms
assist in the reduction of ATP expensive processes and involve important molecular
“switches” that suppress these metabolic pathways. For example, gene transcription,
protein synthesis, and ATP-dependent transmembrane pumps are suppressed during torpor
[19, 20]. Equally as important, is the upregulation of pro-survival mechanisms that protect
against the deleterious effects that accompany ischemia-reperfusion and hypothermia [13,

20].

The reduction in metabolic rate during torpor is quite remarkable. As oxygen
consumption at body temperatures approaching 0°C is typically around 1-5% of euthermic
values [17], hibernation generally provides an energy savings of 90-95% of energy
expenditures compared with the euthermic state [13, 18, 19, 21]. This is accompanied by
several physiological changes (for ground squirrels) including a significant decrease in
breathing rates (from 40 breaths per minute to less than 1), heart rate (from 350-400 beats
per minute to 5-10), and tissue perfusion rates (down to 10% of euthermic). These and other

physiological parameters are rapidly reversed upon exit from torpor during intermittent
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arousals, where a 10-20-fold surge in oxygen consumption occurs as the squirrel rewarms
to 37°C [17, 22]. It is this surge of oxygen that brings with it an increase of ROS requiring
increased antioxidant defenses to protect macromolecules from damage during extended
periods of torpor and arousal [23]. However, the hibernating ground squirrel is
evolutionarily equipped with various pro-survival mechanisms to protect its DNA, proteins,

and lipids from oxidative stress-induced damage.
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Figure 1.1: Body temperature (Tb) of a thirteen-lined ground squirrel as a function of time
over one hibernation season. Highlighted in yellow is one torpor-arousal cycle. The
different stages are: (1) euthermic in the cold room (EC), (2) entrance into torpor (EN), (3)
early torpor (ET), (4) late torpor (LT), (5) early arousal (EA), and (6) interbout arousal (IA).
Modified from Hindle et al. 2011.

Antioxidant enzymes

Uncontrolled production of ROS often leads to damage of cellular macromolecules, but
fortunately, several protective mechanisms exist to neutralize them. Antioxidant enzymes
suppress the production of reactive species by reducing hydroperoxides, sequestering metal
ions, scavenging free radicals, and clearing the damage caused by these to the cell [10].
Some antioxidants also induce the expression or biosynthesis of other antioxidants,
resulting in a stronger response. Many types of antioxidant enzymes exist; they can be
endogenous enzymatic, non-enzymatic, metal binding proteins (e.g. ferritin,

ceruloplasmin), and phytoconstituents and nutrients (e.g. vitamin E). They are also
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classified as “first/second/third line of defense” on the basis of whether they are radical
preventive, radical scavenging or radical-induced damage repairing [24]. Antioxidants that
function to suppress or prevent the formation of free radicals are the first-line defenders
and work very quickly to neutralize any molecules with the potential of developing into
free radicals, or free radicals with the ability to induce the production of others. Second line
defense antioxidants are generally referred to as scavenging antioxidants. They scavenge
active radicals and act to inhibit chain reactions. They neutralize free radicals by donating
electrons, and in the process, become free radicals but with less damaging effects. They can
then be detoxified by other members in this group including ascorbic acid, uric acid,
glutathione, vitamin E, and ubiquinol [24]. Third line defense antioxidants generally
mitigate the damage that has already occurred. These are enzymes which repair the damage
caused by free-radicals that reconstitute the cell membrane, DNA, or proteins by
recognizing, breaking down and removing oxidized or damaged products and preventing
their accumulation. Common examples of these include the DNA repair enzyme systems

and proteolytic enzymes.

Three key enzymes are at the top of the list of first line defenders: superoxide dismutase
(SOD), catalase (CAT) and glutathione peroxidase (GPx). SOD catalyses the dismutation
of Oy into oxygen and H>O,. In mammals, there are three isoforms of SOD (SODI1
[CuZnSOD]; SOD2 [MnSOD]; and SOD3 [ecSOD]) [25]. Each SOD is a product of
distinct gene and subcellular localization, but catalyzes the same reaction. The mechanism
of dismutation of O2" to H2O2 by SOD involves alternate reduction and reoxidation of a
redox active transition metal such as copper (Cu) or manganese (Mn) at the enzyme active
site. Catalase, another first-line defense antioxidant, breaks down H»>O; into water and
molecular oxygen. However, catalase is absent in the mitochondria, and therefore the
reduction of H>O; to water and lipid peroxides to their corresponding alcohols is generally
carried out in this subcellular compartment by glutathione peroxidase[24]. CAT is present
in almost all tissues that utilize oxygen. It uses either an iron or manganese catalytic metal,
and reduces hydrogen peroxide, completing the detoxification process initiated by SOD
[26]. CAT is highly efficient and breaks down millions of hydrogen peroxide molecules

per second. GPx also breaks down H>O> to water but mainly in the mitochondria and



sometimes in the cytosol. There could be at least eight GPx enzymes in humans (GPx1-8),

where GPx1 is the most abundant and is present in virtually all cells [24].

Two other important antioxidant enzymes are Thioredoxin (TRX) and Peroxiredoxin
(PRDX). These have been shown to detoxify H>O» as well as assist in its regulation as a
signaling molecule of diverse physiological processes [27-29]. Studies have shown that (a)
transient elevations of H>O2 occur in response to various cytokines and growth factors, (b)
elevated H>O» levels can affect the function of various protein kinases, phosphatases,
transcription factors and G proteins, and (c) inhibition of H>O, generation results in a
complete blockage of signaling by various growth factors [7, 30, 31]. Therefore, a delicate
balance must exist between the pathological and physiological levels of H>O> where PRDX

has been shown to play a crucial role.

The TRX system, is composed of NADPH-dependent thioredoxin reductase (TRXR).
Mammalian cells possess two TRX systems — cytosolic TRX1 and mitochondrial TRX2 —
where TRX2 has only two cysteines in its active site, whereas TRX1 has three additional
cysteines [32]. TRX provides electrons to thiol-dependent PRDXs to break down H20O; in
a ping-pong mechanism [33]. PRDXSs are a ubiquitous family of antioxidant proteins with
6 different isoforms that use specialized cysteine residues to break down hydroperoxides.
The cysteine in the active site of PRDX is very sensitive to oxidation, forming a sulfenic
acid upon exposure to H>O2. A disulfide bond is formed resulting in an intermolecular
dimer which is reduced by TRX [7, 34]. Given the multi-faceted functions of
peroxiredoxins and H>O,, measuring the expression of these enzymes has made them an

interesting group of enzymes to study in a mammalian hibernator.

DNA damage

DNA, the basic unit of inheritance, is an intrinsically reactive molecule highly
susceptible to chemical modifications by oxidative stress. Several enzymes exist to detect
and repair mutations in the DNA sequence, however, some errors may go undetected, repair
enzymes may make a mistake, or accumulating errors may overwhelm the cell and therefore

initiate a stoppage of the cell cycle. Fortunately, cells are equipped with rigorous systems



of DNA repair, damage tolerance, cell cycle checkpoints and cell death pathways that
collectively function to reduce these deleterious consequences [35]. A robust DNA damage
repair response exists in cells that allows sufficient time for DNA repair pathways to
remove the damaged substrate quickly and efficiently. The major repair pathways include
base excision repair (BER), nucleotide excision repair (NER), homologous recombination
(HR) and non-homologous end joining (NHEJ) which are active throughout different stages
of the cell cycle and are specific to the type of damage occurring [35]. If the damage is
excessive, is unable to be repaired or persists, programmed cell death (apoptosis) is initiated
to remove the damaged cells. Not surprisingly, the DNA damage response is dysregulated
in various types of cancers where mutagenesis and genomic instability promote its
progression [35-37]. Likewise, aging is attributed to the attrition of telomeric ends and the
failing capacities of these pathways [35]. Although different types of DNA damage exist
(e.g. base deamination, abasic sites, etc.), oxidative damage to DNA is an important source
of damage for the hibernating squirrel. Although ROS by-products from cellular respiration
can perform important cellular functions, in excess, they can cause hundreds of different
oxidative base lesions. The reaction of these electrophilic radicals with DNA bases can
cause modifications to hydrogen bonds, removal of hydrogen atoms from their methyl
groups, or attack on sugar residues of DNA in their immediate vicinity [38]. As well,
hydroxylation of bases is a common mutation, such as the modification of the C-8 guanine

base in the saturated imidazole ring forming 8-hydroxy-deoxyguanosine [37, 39].

Fortunately, cells have an intricate DNA damage response system which is initiated
within minutes of damage detection. The damage response is a highly coordinated response
where numerous damage sensors and repair enzymes are recruited to the site of the break
or mutation. Single stranded breaks (SSBs) are transiently detected by a multifaceted
enzyme known as Poly-(ADP) ribosyl polymerase (PARP) which is recruited to the site of
the break and undergoes rapid poly(ADP) ribosylation. This recruits other repair enzymes
to the damaged site and initiates repair, while PARP dissociates to detect the next SSB.
Double stranded breaks (DSBs) are detected by HR and NHEJ repair pathways which
trigger ATM activation and recruitment of various repair enzymes. In NHEJ, the Ku70/80
heterodimer is the first to recognize and bind the DSBs within seconds and prevents

improper end resection and serves as a scaffold to recruit other NHEJ components [40, 41].
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Other components include DNA-PKcs, XLF, and ligases to rejoin the newly formed ends.
In HR, an MRN complex composed of Meiotic Recombination 11 homolog (Mrel1), DNA
repair protein RAD50 (RADS50) and p95/Nibrin (NBS1) bind to the site of the break and
recruit other factors such as Ataxia telangiectasia mutated (ATM), ataxia telangiectasia and
Rad3-related protein (ATR), Breast cancer type 1 susceptibility protein (BRCA1), Tumor
protein (P53) and others. Once ends are resected, the cell cycle and transcription may
resume. Therefore, although DNA is constantly under threat of damage, robust repair

pathways help to remove these lesions to allow survival and replication.

Inflammation

Obesity is a chronic disease where a significant increase in body mass results in
excessive fat accumulation in and around various tissues as a result of excessive food
consumption. Adipose tissue is divided into two types; the brown adipose tissue which
possesses adipocytes with high concentrations of mitochondria that express uncoupling
protein (UCP-1) responsible for the thermogenic activity of the tissue [7, 18, 42, 43], and
the white adipose tissue, responsible for fat storage. However, recent studies have shown
the white adipose tissue to also be an important endocrine organ responsible for hormonal
regulation of various processes [42, 44, 45]. Due to the hyperplasia and hypertrophy that
accompany obesity, adipocytes exhibit a lower density of insulin receptors and higher beta-
3 adrenergic receptor levels, which facilitates the diapedesis of monocytes, initiating a
proinflammatory response [46]. WAT consists of different types of immune cells such as
fibroblasts, pre-adipocytes, adipocytes and macrophages which have been shown to be
significantly elevated in various metabolic liver diseases including diabetes, atherosclerosis
and hypertension [47, 48]. Additionally, adipokines and adipocytokines such as
plasminogen activator inhibitor-1 (PAI-1), tumor necrosis factor-alpha (TNF-a), resistin,
leptin, and adiponectin have also been measured [46, 47, 49]. These factors play an
important role in the homeostasis of various physiological processes including regulating

insulin sensitivity, fatty acid oxidation, lipolysis, and regulating appetite.

It has long been known that oxidative stress in involved in the pathological process of

obesity, diabetes, cardiovascular disease and atherogenesis [49-51]. Although obesity may
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induce oxidative stress, oxidative stress in turn, is associated with increased production of
inflammatory agents that contribute to the development of the metabolic syndrome [52].
Key biomarkers of oxidative damage are higher in obese individuals and directly correlate
with increased BMI and percentage of body fat, LDL oxidation and triglyceride levels.
Inflammation is characterized by vasodilation, vascular permeability and an increase in
inflammatory cells such as neutrophils and cytokines such as TNF-a, interleukin-1 (IL-1),
IL-6 and various other chemokines [49]. These cytokines are in turn potent stimulators of
ROS by macrophages and monocytes, and therefore a rise in cytokine concentrations could
be another mechanism for increased oxidative stress. Additionally, when obesity persists
for a long period of time, antioxidant sources can be depleted, decreasing the activity of
enzymes such as SOD, CAT, GPx, TRX and PRDX. In fact, SOD and GPx activity have
been shown to be significantly lower in obese individuals compared with healthy persons.

further increasing the risk of tissue morbidity [53].

Interestingly, hibernation has been shown to confer resistance to inflammation-related
injury where, despite the large increase in fat stores, the levels of pro-inflammatory agents
seem to remain low over the winter dormancy [54]. It has been suggested that there could
be an overall suppression of immune activation during the hibernating season [18, 54, 55],
however, we believe that inflammation is in fact being maintained at basal levels, in a
tissue-specific and likely pathway-specific manner. NF-kB, an important protein complex
that controls cytokine expression and cell survival, was found to be activated in ground
squirrel intestinal mucosa during hibernation compared with summer active squirrels [56].
However, studies in our lab on the same animal models found no significant increase in this
transcription factor in any other tissue (unpublished results). This suggests that there could
be another factor responsible for regulating the expression of inflammatory targets during

the torpor-arousal cycle in the hibernating ground squirrel.

Humanin

The origin of mitochondria has been accepted to be due to endosymbiosis, where
proteobacteria were engulfed by eukaryotic hosts and then integrated into their own systems

[57]. This incorporation resulted in an evolutionary shift enabling a monumental upgrade
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where oxygen was used to mass-produce energy and other biosynthetic precursors. Owing
to their origin, mitochondria are unique organelles in that they contain their own genome.
This small genome in vertebrates typically encodes 13 protein-coding genes (coding for
subunits of electron transport chain and oxidative phosphorylation proteins) a two
ribosomal RNAs (12S & 16S rRNAs), and 22 transfer RNAs (tRNAs). However, recent
evidence shows that there are other genes hidden in the mitogenome. Mitochondria have
diverse cellular functions including energy production, regulation of apoptosis,
biosynthesis of precursors, heme synthesis, Fe-S cluster production, ion homeostasis and
ROS production [58]. Despite the fact that they have such crucial responsibilities, little was

known about how they transmitted information to the cytoplasm, until recently.

The discovery of a mitochondrially-produced small peptide both increased the
known gene products encoded by mitochondria and provided the first example of peptide-
based retrograde signaling (i.e. mitochondrial feedback to affect cytosolic processes).
Humanin is a mitochondrial peptide that is highly conserved across species and was
originally discovered in 2001 in the healthy portion of the brain from an Alzheimer’s
disease (AD) patient [59, 60]. Functional screening of clones protecting neuronal cells from
amyloid precursor protein (APP)-related death identified multiple clones whose sequences
were identical to a part of the mitochondrial 16S rRNA. Further functional analysis and
sequence screening revealed a 75 bp open reading frame sequence that yielded a 24 amino
acid peptide, designated humanin. Translation of the peptide can be done in either the
mitochondria or cytoplasm depending on the location of the translation machinery. Due to
a slight difference in the genetic code between cytoplasmic and mitochondrial
compartments, the resulting peptide is either a truncated 21 amino acid peptide when
translated in the mitochondrion, or a 24 amino acid peptide if translated in the cytoplasm

[61].

Humanin was shown to have several neuroprotective properties including anti-
apoptotic activity, as well as the ability to antagonize neurotoxicity from AD genes.
Additionally, several cytoprotective effects have been described including protection
against oxidative stress, atherosclerotic plaque formation, stimulating insulin sensitivity

and suppressing apoptosis. Humanin mediates this protection through different pathways
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by binding to its specific receptor on target proteins. It interferes with the pro-apoptotic
factor Bax, with insulin-like growth factor (IGF)-binding protein 3 (IGFBP3) and inhibits
the signal transducer and activator of transcription 3 (STAT3) transcription factor
(Szereszewski and Storey, manuscript; [62, 63]). Because humanin has been quite
successful in the treatment against amyloid-beta-related stress, several labs have tested its
ability to protect against oxidative stress. Treatment of rat retinal cultures have shown a
protective phenotype from oxidative stress induced by hydrogen peroxide [64]. In human
carotid atherosclerotic plaques, humanin was found to be twice as high in symptomatic
patients compared with asymptomatic patients [65]. Humanin has been discovered in many
other animal models including chimps, rats, bats, dogs, cows as well as ground squirrels
(Szereszewski and Storey, manuscript). Knowing that the hibernating ground squirrel
exhibits exceptional neuroprotection during hibernation through the synaptic plasticity of
its neural structures, it is possible that the squirrel-specific peptide (s-humanin) plays a

critical role in neuroprotection during the torpor-arousal cycle.

Objectives and Hypotheses

Since mammalian hibernators are subject to significantly increased levels of
oxidative stress, especially upon exiting torpor, I chose for my Ph.D. thesis to explore one
of the main protective mechanisms against oxidative damage as well as different damage-
associated processes that enable the squirrel to survive the endogenous stress associated
with arousal. I chose to approach this task at multiple levels including analyzing the
regulation of the antioxidant response with a particular focus on peroxiredoxins and their
function in mitigating cumulative oxidative stress (Chapter 2), the effects of increasing
levels of oxidative stress and suppressed metabolic rate on the DNA-damage repair
pathway (Chapter 3). The inflammatory response through the regulation of the IRF3
pathway and its induction of interferon-related genes (Chapter 4),and finally, the regulation
and role of a cytoprotective mitochondrially-derived peptide, s-humanin (Chapter 5). Each
of these themes was assessed over the time-course of the torpor-arousal bout and involved
analysis of responses by diverse tissues (brain, liver, skeletal muscle, BAT and WAT) of

the hibernating thirteen-lined ground squirrel (Ictidomys tridecemlineatus). The brain was

13



selected for its importance in neuroprotection and plasticity during torpor, the liver was
chosen due to its well-established role in metabolism and maintenance of homeostasis
during hibernation, skeletal muscle was chosen due to its importance in shivering
thermogenesis during arousal, and the adipose tissues were selected for their ability to
rewarm the body with non-shivering thermogenesis (BAT), versus their endocrine function
and role in providing lipids fuels (WAT). While each chapter is aimed at deepening the
understanding of the effects of oxidative stress on each of these processes throughout the
course of hibernation, this work also utilizes novel approaches and techniques to make
significant advances in the field of hibernation and potentially provide novel avenues for

the study of tissue wasting, regeneration and transplantation.

Objective 1: Antioxidant enzymes

As previously mentioned, in order to achieve a metabolic rate drop to <5% of
euthermic levels during hibernation, virtually all but the most important metabolic
processes are suppressed. During this time, oxygen perfusion of tissues is less than 10% of
euthermic rates and heart rate is slowed. However, upon arousal, the squirrel begins to
quick breathe and oxygen returns to the tissues due to increased circulation and rewarming.
An influx of reactive oxygen species also floods the cell creating the potential for oxidative
stress. Initial studies on the thirteen-lined ground squirrel have confirmed that the arousal
period is burdened with significantly elevated levels of toxic radicals which must be rapidly
cleared to avoid damage to macromolecules. One important mechanism to mitigate this
damage is the upregulation of the antioxidant defense. Key antioxidant enzymes including
SOD, CAT, TRX and PRDX play a significant role in reducing toxic oxidants and protect
the cell from damage. Previous work has shown PRDXs to be involved in the mitigation of
damage from H>0: as a ROS as well as controlling its action as a signaling molecule. Initial
studies on the ground squirrel revealed PRDX1-3 to play a critical role during hibernation
[7]. In this thesis, I greatly expand upon the analysis of antioxidant defenses and the
regulation of other PRDX isoforms throughout the entirety of the torpor-arousal cycle to

determine their expression during arousal, as a key time-point for oxidative stress.
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Hyvpothesis 1 (Chapter 2):

If antioxidant enzymes play a significant role in mitigating ROS production, then I
hypothesize that PRDX isoforms will be generally enhanced during arousal compared to

torpor.

Chapter 2 tests this hypothesis by exploring the overall antioxidant capacity of the tissues
using an ELISA-based technique which measures the antioxidant system including
enzymes such as SOD, CAT, GPx; macromolecules such as albumin, ceruloplasmin,
ferritin; and small molecules including ascorbic acid, tocopherol, B-carotene, uric acid and
bilirubin. The assay relies on the ability of antioxidants in a sample to inhibit the oxidation
of ABTS (2,2'-azino-di-[3-ethylbenzthiazoline sulphonate]) to ABTS+ by metmyoglobin.
The antioxidant capacity was measured in the liver and the brown adipose tissue across the
torpor-arousal cycle. Furthermore, the relative protein expression levels of the classical
antioxidant enzymes were measured in liver (comparable data for BAT and WAT was
previously published). The abundance of SODI1, SOD2, CAT, TRX1 and PRDX2 were
measured in control and late torpor using Luminex® multiplex analysis (Appendix 2.1).
Chapter 2 then focused on peroxiredoxin expression in the liver, BAT and WAT since only
PRDX (and TRX) levels appeared to be significantly increased in liver in response to
torpor, whereas the other enzymes showed no significant change. Using western blotting,
the relative protein expression levels of PRDX1-4, and 6 were measured throughout the

torpor-arousal cycle in the thirteen-lined ground squirrel.

Objective 2: DNA damage and oxidative stress

Maintaining euthermia is energetically very costly and without proper fuel
supplements, the rate of ATP expenditure will quickly overwhelm ATP production. As a
result, winter hibernation includes strong metabolic rate depression and entry into torpor.
This involves the targeted suppression of many metabolic processes while still ensuring
that key pro-survival pathways remain active throughout bouts of torpor and arousal.

However, this could potentially leave the ground squirrel susceptible to damage from
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oxidative stress if pro-survival or damage-repair pathways are suppressed or inadequate.
Oxidative stress is potentially damaging to all macromolecules including DNA. Various
modifications or mutations can occur in response to an oxidative environment such as
single pyrimidine and purine base lesions, intrastrand cross-links, purine 5°,8-
cyclonucleosides, DNA-protein adducts, and intrastrand cross-links formed by the
reactions of either the nucleobases or the 2-deoxyribose moiety [66—68]. In an attempt to
protect DNA from damage, epigenetic markers may hold it in a condensed form to reduce
transcription, however lesions may still occur. Especially during arousal, when there is a
significant enhancement of oxidants, DNA is left vulnerable to attack. It has been
demonstrated however, that the ground squirrel exits torpor without any significant damage
to its tissues or genetic material. It was hypothesized that this was as a result of increased
antioxidant defenses but also a lack of damage. However, I suggested that there is damage
accumulating, but that repair pathways remain active to mitigate it. Hence, this chapter
examined the differential regulation of the DNA damage repair pathway along with an

important marker of damage across the course of the torpor-arousal cycle.

Hypothesis 2 (Chapter 3):

If DNA is getting damaged during the torpor-arousal cycle, then the DNA-damage

response will be upregulated to protect it from and repair damage due to oxidative stress.

Chapter 3 tests this hypothesis by examining the relative expression changes of key
DNA damage repair proteins in the liver and muscle: Poly-(ADP)-ribosyl polymerase
(PARP), XLF, Ku80, the MRN complex (Mrell, Rad50, Nibrin), ATM, ATR and the
phosphorylated forms of Nibrin (Ser343) and Mrell (Ser676) to provide an overview of
the DNA damage repair pathway. Additionally, the cytonuclear distribution of the PARP-
1 enzyme was assessed using western blotting to measure its translocation into the nucleus.
Furthermore, an important marker of DNA damage, 8-hydroxy-deoxyguanosine, was
measured using an ELISA to determine changes in relative levels between liver and skeletal

muscle tissues during late torpor versus early arousal.
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Objective 3: Interferon regulated genes

Transcription factors play a vital role during hibernation. Despite the overall decrease
in transcription and translation rates, various pathways must be selectively enhanced and
transcription factors are vital to this response. Antioxidant enzymes and apoptotic factors
are particularly important for maintaining cellular integrity and have been shown to be
selectively maintained throughout the hibernation period. By contrast, the immune
response has been thought to be generally suppressed as a means of conserving energy.
Inflammatory targets that have been shown to be significantly upregulated in obese patients
and in various metabolic diseases, do not appear to be elevated in the hibernating ground

squirrel, despite a similar hyperphagic period.

A suppression of the inflammatory response during hibernation is unlikely to be able to
signal the presence of foreign pathogens and therefore leaves the squirrel vulnerable during
a period of metabolic rate suppression. Therefore, I postulated that select pathways are
maintained or induced during pivotal time points such as arousal and that key transcription
factors, such as the interferon-regulatory factors (IRFs) play an important role in controlling
the expression of downstream interferon-related genes that will signal the presence of

foreign invaders.

Hypothesis 3 (Chapter 4):

If damaging agents and pathogens are accumulating during the hibernation period,
the IRF3 transcription factor will be upregulated in a tissue-specific manner and will induce
the expression of downstream IFN-related genes in a time-specific manner in hibernating

ground squirrels.

Chapter 4 tests this hypothesis by performing western blotting to assess IRF3
protein expression levels, in both total and phosphorylated forms, as well as its upstream
regulators: TBK1, IKKe, MAVS, STING, RIG-I, and MDAS. Relative transcript levels of

the IRF3 transcription factor were measured with quantitative PCR as well as the
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expression of downstream IFN-regulated genes such as cytokines, chemokines, and
adipose-specific inflammatory targets in the liver, BAT and WAT of the hibernating ground

squirrel throughout the torpor-arousal cycle.

Objective 4: S-humanin

A novel mitochondrially-derived peptide discovered in 2001 in a portion of the open
reading frame of the 16S rRNA of the mitochondrial genome was found to have
neuroprotective properties and protect against Alzheimer’s disease. This peptide has since
been characterized in various other mammals and has been found to have many other
cytoprotective properties including protection against oxidative stress in several tissues
aside from the brain. This is of particular interest because the hibernating ground squirrel
already exhibits remarkable neuroplasticity and cytoprotection of its tissues and therefore
the squirrel-specific analogue of humanin could play a significant role in conferring stress-

tolerance during hibernation.

Hypothesis 4 (Chapter 5):

S-humanin (squirrel-specific humanin) will be upregulated in the tissues of the

hibernating ground squirrel and will play a role in the cytoprotection of those tissues.

Chapter 5 tests this hypothesis by performing ELISA assays that measured the
relative expression levels of s-humanin peptide across the torpor-arousal cycle, as well as
PCR to examine the relative expression of s-humanin mRNA transcript levels.
Computational analysis of the proposed 3-dimensional structure of s-humanin was also
done and compared to the known molecular structure of humanin. Sequence conservation
was analyzed between the human, squirrel and several other mammalian isoforms to
determine patterns in sequence functionality. This provides an overview of the regulatory

mechanisms of s-humanin during torpor and its role as an important cytoprotective peptide.
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CHAPTER 2

DON’T (OXIDATIVE) STRESS —

HOW HIBERNATING SQUIRRELS REGULATE
PEROXIREDOXINS
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Abstract

Hibernation involves a period of profound metabolic rate depression that is
employed by many mammals to avoid the harsh conditions of winter. However, transitions
between euthermia and deep torpor have major consequences for body temperature,
metabolic rate, and organ metabolism. In particular, during arousal from torpor, hibernator
tissues are exposed to a rapid increase in oxygen uptake and consumption that, in turn,
generates oxygen free radicals that are capable of damaging macromolecules. The present
work aimed to investigate the contribution of the antioxidant response to damage control
and conferring stress tolerance over the torpor-arousal cycle of 13-lined ground squirrels
(Ictidomys tridecemlineatus). Using a combination of techniques including multiplex
protein analysis, ELISA assays and western immunoblotting, the role of peroxiredoxins and
their isoforms were analyzed in three key tissues: liver, brown adipose tissue (BAT), and
white adipose tissue (WAT). An overall view of antioxidant capacity revealed tissue-
specific regulation. Liver showed no significant changes across the torpor-arousal cycle,
whereas BAT revealed a suppression of antioxidant defenses during the entrance stage into
torpor (to just 69 £+ 8% of control values), as well as during interbout arousal (67 = 4% of
control), while remaining at baseline levels during late torpor and early arousal. Analysis
of relative protein levels, showed that superoxide dismutase (SOD) and catalase did not
appear to be induced during torpor in liver, whereas thioredoxin and peroxiredoxin protein
expression increased significantly by 1.90-fold and 2.25-fold, respectively, compared with
controls. A deeper focus into peroxiredoxins revealed significant increases in PRDX2, 3, 4
and 6 at selected time points in liver, PRDX2 and 3 in BAT, but only PRDX6 in WAT.
Interestingly, selective suppression of various PRDX isoforms occurred at several time
points. These data help to elucidate the molecular mechanisms of antioxidant enzyme

regulation responsible for the stress tolerance of hibernating squirrels.
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2.1 Introduction

Hibernation is a complex, yet fascinating, phenomenon that many mammals use to cope
with the extreme challenges of winter. When temperatures fall below freezing, and ice
covers the ground, it becomes increasingly difficult to forage for food. Many small
mammals turn to an adaptive strategy known as hibernation, in which they depress their
metabolic requirements until conditions again become more favorable. Hibernation is a
cyclic process characterized by prolonged periods of torpor interspersed with brief periods
of arousal back to euthermia [69]. For example, in 13-lined ground squirrels (Ictidomys
tridecemlineatus) torpor can last for ~1-2 weeks interspersed with <24 h periods of arousal.
The metabolic depression of torpor is facilitated by many physiological changes including
a strong decrease in body temperature to near-ambient levels (often ~5°C), a decrease in
breathing rate (from 100-200 bpm to 4-6 bpm), a decrease in heart rate (from 200-300 bpm
to 3-5 bpm), a switch from carbohydrate-based metabolism to lipid-based metabolism, and
a decrease in organ perfusion rate (<10% of euthermic values). Most significantly,
hibernators decrease their metabolic rates and suspend non-essential energy-expensive
cellular processes (e.g. transcription, protein turnover, ATP-pumps, etc.) [18, 21, 69], while
promoting pro-survival functions (antioxidant response, heat shock protein response, anti-
apoptotic response, etc. [70—72]. In this way, small mammalian hibernators are able to
conserve energy and rely mainly on their internal fuels for survival for the duration of
hibernation. Due to the impressive drop in body temperature and metabolic rates, 13-lined
ground squirrels are thus capable of achieving a balance between ATP supply and demand.
To prepare for this metabolic reprioritization, the squirrel accumulates large internal lipid
deposits in the white adipose tissue (WAT) during a period of hyperphagia in the summer,
which are then used as the fuel source for f-oxidation during torpor [13, 18]. In addition to
fueling metabolism during torpor, fatty acid oxidation also fuels non-shivering
thermogenesis in the mitochondria of the brown adipose tissue (BAT) during arousal to
increase the animal’s body temperature. These and other metabolic processes are under
tight control by various mechanisms that modulate protein expression of select targets in

multiple pathways.
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The most remarkable characteristic of hibernation is that squirrels undergo enormous
physiological, molecular and biochemical changes during torpor, and exit from it without
any significant damage to their tissues or cell components [54, 73]. Aside from hibernation,
arousal from hibernation and tissue reoxygenation also imposes major challenges that if not
dealt with appropriately, can result in death. During this time, the rapid and large increase
in respiration and metabolic heat production needed to rewarm the body leads to a
comparable increase in reactive oxygen species (ROS) generation [74, 75]. To cope with
this major increase in ROS production, many cytoprotective pathways are induced and
these pathways are a characteristic of metabolic rate suppression. Examples of these include
upregulation of the heat-shock protein response, which allows folding of new proteins,
repair misfolded proteins or prevents protein aggregation during these times of stress [18,
22, 42], the induction of anti-apoptotic responses which aid cell preservation, and a strong
increase in antioxidant defenses. Indeed, up-regulation of antioxidant enzymes is known to
be a feature of many species that use metabolic rate suppression to endure prolonged

periods of environmental stress [76—79].

Overproduction of ROS is capable of damaging multiple kinds of cellular
macromolecules including DNA, proteins, lipid membranes, etc. However, maintenance of
cellular homeostasis is generally achieved through the release of antioxidant defenses,
which mitigate the damage caused by ROSs [7, 44]. The antioxidant response involves a
range of enzymatic and non-enzymatic components. Among enzymes, superoxide
dismutases (SODs), catalase and glutathione peroxidase act as the first line of defense
against oxidative stress [24, 80]. The mitochondrial SOD2 isoform neutralizes superoxide
anion radicals (O2") produced by cellular respiration or f-oxidation [81, 82], and the same
is achieved in the cytosol by SODI1. Hydrogen peroxide is also highly reactive and is
reduced to water by catalase and glutathione peroxidase [24]. Enzymes and molecules
involved in the second line of antioxidant defense include thioredoxin (TRX), thioredoxin
reductase, and peroxiredoxin (a Cys-based peroxidase) [30] as well as members of the
glutathione system (glutathione, glutathione reductasem glutathione peroxidase (GPx), and

glutathione-S-transferases.
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These antioxidant enzymes have been well studied in numerous disease states [50, 83,
84] as well as in our lab in response to diverse forms of environmental stress. Many have
been found to be upregulated during the stress response, or during arousal, in a tissue-
specific manner, and contribute to the “fingerprint” of metabolic rate suppression. Classical
examples include SOD, GPx and ascorbate which all showed increased activity in BAT of
hibernating ground squirrels, Citellus citellus. GPx was also elevated in liver, as was
ascorbate in blood plasma [85]. In another mammalian hibernator, TRX1 activity was
elevated over 2-fold in WAT, SOD activity rose by 1.1-fold in skeletal muscle as well as an
increase in the antioxidant capacity in the ileum during torpor in the gray mouse lemur [86,
87]. Antioxidant enzymes in other stress-tolerant animals revealed similar trends; GPx
increased in activity during whole body freezing in wood frogs (Rana sylvatica) [88] and
catalase increased over 30 hours of anoxia in the skeletal muscle and heart. GPx activity
also increases in the heart and brain of leopard frogs in response to anoxia [89].
Furthermore, catalase and GPx activity increased in the brains of hypoxic carp and SOD
and catalase activity is increased during aerobic recovery in the kidney [78]. Many other
animals show similar antioxidant defense patterns in response to the respective
environmental stresses that they endure including land snails, African clawed frogs,
goldfish, toads, goldenrod gall insects [76, 77, 90, 91] and more, thus supporting the

molecular signature (or “fingerprint”) of the stress-response program.

Many studies have focused on the first three antioxidant enzymes, but not as much is
known about the regulation of peroxiredoxin (PRDX). PRDXs are a family of peroxidases
with molecular weights between 20-30kDa. They are present in organisms from all
kingdoms, and exist in six isoforms in all eukaryotic cells [30]. PRDXs play a key role in
reducing oxidative species, but also have diverse functions in the cell. Some of these
include intracellular signaling of physiological responses such as proliferation,
differentiation and migration [92-94], chaperone function [95], circadian rhythm
regulation [96], and cellular immunity where PRDXs act as pathogen-associated molecular
patterns (PAMPs) to elicit an immune response by secreting hydrogen peroxide from
phagosomes to kill microorganisms [97]. Rising levels of toxic oxidants can be obviously
destructive to the cell but certain oxidants, such as H>O», have been described as a

“necessary evil” for the cell.
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Antioxidant defense systems play an important role in mitigating damage caused by
ROS and other oxidants such as H>O». One of the challenges in the field is the elucidation
of the mechanisms by which H>O; is sensed and how the signal is propagated in cells.
Redox regulated proteins play key roles in many signaling pathways that are at the basis of
various pathologies, including obesity, cardiovascular diseases, diabetes and many others
[98]. Furthermore, peroxiredoxins have been associated with various cancers [99],
neurodegenerative [100], cardiovascular [101] and metabolic diseases [51]. To identify the
molecular patterns of antioxidant defenses, the present study assessed the regulation of
antioxidant defenses with a particular focus on PRDXs as key players in H2O> destruction
in during hibernation. Global antioxidant capacity was measured in a group of selected
tissues, relative expression levels of 5 antioxidant enzymes was assessed via multiplex
analysis, and the relative protein expression of PRDX isoforms was determined over the
course of the torpor-arousal cycle in liver and BAT of hibernating ground. Identifying the
mechanisms of H>O; signal transduction will increase our understanding of this stress-
response and will potentially provide the basis for therapeutic interventions in redox-related

diseases.

2.2 Materials and Methods

Animal experiments

Animal experiments were conducted as previously described [102]. All animal
experiments were conducted by in the laboratory of Dr. J.M. Hallenbeck lab (NINDS,
Bethesda, Maryland) and approved by the Institutional Animal Care and Use Committee.
Equal numbers of male and female squirrels (~5-10) approximately between 1 and 3 years
of age were sampled for this experiment and an n = 4 squirrels were used for each
experimental condition. Following capture, squirrels were individually housed in shoebox
cages in a cold room with an ambient temperature of 21°C under a 12hr light/12 hr dark
cycle. All animals were intrapetitoneally implanted with sterile radio-telemetric
transmitters (IPTT-300, Bio medic Data Systems) to measure body temperature during the
torpor-arousal cycle. Once removed from the hibernation chambers, animals were briefly
anesthetized with 5% isofluorane and sacrificed by decapitation within 2 minutes. Tissue

samples were retrieved from the following conditions: EC designates euthermic in the cold
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room; these squirrels had a stable Tb (~37°C) and high metabolic rate for at least three days.
EC squirrels were capable of entering torpor but had not entered torpor in the past 72 hours.
EN designates entrance; animals in the entrance phase of the torpor bout with decreased Tb
(~25-18°C). LT designates late torpor; animals that remained in deep torpor for 5 days and
have not begun a periodic arousal (Tb ~5-8°C). EA designates early arousal; characterized
by an increased respiratory rate of more than 60 breaths per minute and a rising body
temperature around 9-12°C. Finally, IA designates interbout arousal; animals that were
naturally aroused after the torpor bout of the hibernation cycle and reached the respiratory
rate, metabolic rate and body temperature of fully aroused animals for up to 18 hours after
being in torpor for up to 5 days. Samples of liver, brown adipose tissue (BAT), and white
adipose tissue (WAT) were collected and were flash-frozen in liquid nitrogen, shipped on
dry ice to Carleton University, and then stored in -80°C until use. The highest standards in
ethics and transparency that are applied in North America were used for all experiments.
This study, including animal housing and experimental protocols, were approved by the
NINDS institutional animal care and use committee (IACUC; Permit Number ASP 1223—
05).

Total soluble protein extracts

Protein extracts were prepared from frozen tissue samples according to the
Millipore assay kit instructions. Approximately 50 mg of frozen tissue samples from
different time-points of the torpor-arousal cycle (n=4 independent biological replicates)
were immediately homogenized in 1:4 w/v lysis buffer (EMD Millipore Cat #43-045)
containing | mM Na3;VO4, 10 mM B-glycerophosphate, 10 mM NaF, and 10 pL of protease
inhibitor cocktail (Bioshop Cat #PIC001) for every 1 mL of lysis buffer using a Dounce
homogenizer. After incubation on ice for 30 min with intermittent vortexing, samples were
centrifuged at 12,000 x g for 20 min at 4°C, and the supernatants were collected and stored
at -80°C until further use. For multiplex analysis, the protein concentrations of each sample
was determined using the Bio-Rad assay (Cat #500-0005) immediately before the assay,
and the concentrations were standardized to 5 pg/uL using lysis buffer. Aliquots of each
sample were diluted in Milliplex MAP assay buffer (Cat# 43-010) in at least a 1:1 ratio per

tissue to reach a working concentration of 25 pg/well.
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Luminex assays

The antioxidant enzyme Luminex® panel (Cat¥ HOXSTMAG-18K) was purchased
from EMD Millipore and was used according to the manufacturer’s instructions. The 5-
plex Oxidative stress Magnetic Bead Panel was used to measure the effects of 5 antioxidant
enzymes: catalase, SOD1, SOD?2, thioredoxin (TRX1) and peroxiredoxin (PRDX2) in liver
of the thirteen-lined ground squirrel Ictidomys tridecemlineatus during control and torpor.
Assay buffer was used as a negative control, and unstimulated HepG2 Cell Lysate (Cat
#47-231) was used as a positive control according to the manufacturer’s instructions. The
cell lysate was provided as a lyophilized stock, which was reconstituted in 100 pL of
ultrapure water, yielding a final concentration of 2 mg/mL. The squirrel samples were first
tested on a standard curve to determine the best working concentration and were then
combined with the appropriate amount of assay buffer prior to use to yield a final
concentration of 15 or 20 pg/well for liver and BAT respectively. Antibody-immobilized
beads (1X) (Cat #HOSTPMX5-MAG) were prepared by sonicating, vortexing and diluting
as instructed by the manufacturer. Equal volumes of the antibody-immobilized beads were
added to each well, and the plate was incubated for 2 hours at room temperature (RT) on a
plate shaker (600-800 RPM) while protected from light. Next, the beads were separated
from excess assay mixture using a Magnetic Separator Block (Cat #40-285), and the
unbound proteins were decanted. Wells were washed three times with 200 pL of assay
buffer. Following washing, biotin-labelled detection antibodies (Cat #HOXST-1018) were
added to each well, and the plate was incubated for 1 h at RT on a plate shaker protected
from light. Excess biotin-labelled detection antibodies were removed and the plate was
washed 3 times with assay buffer. Next, SO0uL of Streptavidin-Phycoerythrin (SAPE) (Cat
#MC-SAPE6) was added to each well and the plate was incubated protected from light on
a plate shaker for 30 min at RT. Finally, the well contents were removed as described
previously, wells were washed with assay buffer, and 100 pL of Sheath Fluid was added to
each well and the plate was incubated while shaking for 5 min at RT before measurements
were taken using a Luminex 100/200 Instrument with xPonent Software (Luminex
Corporation). Quantification and statistical analysis were performed using the net median

fluorescence intensity (MFI) of a population of measurements (minimum bead count of 50,
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sample size of 100 pL, gate settings of 8000-15,000), and subtracted from background wells

in order to determine the relative protein levels.

Total protein preparation for antioxidant capacity assay

A commercially available antioxidant capacity kit was purchased from Cayman
Chemical Company (Cat #709001). Total protein lysates (described above) were used for
this assay. Briefly, a standard curve was prepared by combining increasing amounts of
Trolox (6-hydroxy-2,5,7,8-tetramethylchoman-2-carboxylic acid) diluted in antioxidant
assay buffer (5 mM potassium phosphate, pH 7.4, with 0.9 % sodium chloride and 0.1 %
glucose) to obtain concentrations between 0 and 0.330 mM. Then, 10 pL of Trolox solution
and 2.0 — 5.0 pg/uL of protein samples from each tissue were combined with 10 pL of
metmyoglobin and 150 pL of chromogen. Reactions were initiated by the addition of 40
pL of the hydrogen peroxide working solution before the plate was incubated on a shaker
away from light for 5 min at RT. Absorbances were read at 750 and 450 nm and quantified
as Trolox equivalents (mM/mg wet mass) based on the Trolox standard curve and therefore
represent the antioxidant strength of the sample, compared to units of Trolox. The relative
fold change of each time compared to control was reported. Due to low protein

concentration, white adipose tissue was not assessed for its antioxidant capacity.

Total protein preparation for immunoblotting

Total protein lysates (described above) were used for western immunoblotting.
Briefly, protein concentrations were determined using Bio-Rad reagent dye (Bio-Rad Cat#
500-0006) and were all normalized to 10 pg/uL in multiplex assay buffer. Aliquots were
then mixed 1:1 (v/v) with 2X loading buffer (100 mM Tris base pH 6.8, 4% w/v SDS, 20%
v/v glycerol, 0.2% w/v bromophenol blue, and 10% v/v 2-mercaptoethanol), to yield a
final protein concentration of 5 pg/ulL. Samples were boiled for 10 minutes and then
stored at -20°C until use. Depending on the target, 20-30 pg of protein was loaded into
each well of SDS-PAGE gels and electrophoresed until the desired separation was reached.
After transfer to a PVDF membrane (160 mA for 90 min), membranes were blocked with
1-5% of skimmed milk in Tris-buffered saline with 0.05% Tween (TBST) for 30 mins and
probed with each respective primary antibody (Abclonal: PRDX1 Cat# A1842, PRDX2
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Cat# A1919, PRDX3 Cat# A3076, PRDX4 Cat #A1486, PRDX6 Cat #A2031) (diluted
1:1000 in TBST), overnight at 4°C on a rocking platform. The next day, membranes were
washed and probed with an anti-rabbit [gG HRP-linked secondary antibody (diluted 1:6000

in TBST) for 30 min at room temperature on a rocking platform.
Quantification and Data Analysis

For the antioxidant capacity assay, the mean absorbances for each time point and
tissue were calculated (£ SEM) for n=4 independent tissue extracts from different animals.
Control values were normalized to 1 and all other time points were compared relative to
the euthermic control. For western blotting, bands densities were visualized using Luminol
and hydrogen peroxide using enhanced chemiluminescence on a ChemiGenius Bio-Imager
(Syngene, Frederick, MD) and quantified by densitometric analysis using GeneTools
Software. Band intensity of each lane was standardized against the summed intensity of a
group of Coomassie-stained bands in the same lane to correct for variation in sample
loading [103]. Mean normalized band densities (+ SEM) were calculated for control and
torpor samples and data were expressed from n = 4 independent tissue extracts from
different animals. All data were analyzed either using a Student’s T-test (control, torpor) or
a one-way ANOVA (time course data) to identify significant differences between the
groups (p < 0.05). For each figure, values that are statistically significant from control have
an asterisk (*) or have different letter notation. All statistical analysis and figure generation

was performed using RBioplot [104].
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2.3 Results

Total antioxidant capacity of liver and BAT were assessed over the torpor-arousal
cycle (Figure 2.1). Liver tissue showed no significant change in antioxidant capacity
throughout the cycle, but BAT revealed some significant changes. During entrance into
torpor (EN), antioxidant capacity decreased to 69 + 8% of euthermic control values (EC),
followed by a return to control levels during late torpor (LT). This was followed by a slight
decrease to 80 + 2% of control values during early arousal (EA) and then by a slightly larger

decrease to 67 + 4% of EC values during interbout arousal (IA).

Multiplex analysis of key antioxidant enzymes revealed significant increases in two
of the five key enzymes during torpor in liver. Thioredoxinl and peroxiredoxin 2 increased
in protein levels during torpor relative to control conditions (Figure 2.2). Thioredoxin 1
was found to increase by 1.90 + 0.14-fold during torpor and peroxiredoxin 2 (PRDX2)

increased by 2.25 + 0.17-fold during torpor relative to control values.

To further analyze the regulation patterns of the peroxiredoxin isoforms, protein
expression levels of isoforms 1-4 and 6 were measured across the torpor-arousal cycle. In
liver, PRDX1 was decrease significantly during late torpor to 65 + 0.7% compared to
control values. Early arousal and interbout arousal were at 74 + 8 % and 70 + 3% of control
values, respectively; these were not significantly different from EC values but different
compared with EN (Figure 2.3). PRDX2 levels were generally unchanged aside from a
significant increase of 2.60 + 0.33-fold during late torpor, which also corresponds to the
multiplex data (Figure 2.2). PRDX3 expression was also generally unchanged aside from
a decrease during early arousal to 67 £ 3% of control values. PRDX4 increased in
expression by 1.44 £ 0.06-fold during late torpor and remained elevated over the rest of the
cycle at 1.45+0.02 and 1.35 + 0.09-fold in early arousal and interbout arousal, respectively.
Finally, PRDX6 expression was significantly increased during entrance to 1.97 + 0.14-fold
compared to euthermic control, followed by a return to control values during late torpor.
However, another significant increase to 2.01 + 0.13-fold occurred during early arousal

followed by a return to control values during interbout arousal.
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Next, PRDX expression was examined in brown adipose tissue and revealed
differential regulation in comparison to the liver. In BAT, PRDXI1 was significantly
suppressed during entrance to 57 = 8% of control values followed by a return to control
values across the rest of the cycle. PRDX2 was found to be unchanged between control and
late torpor but exhibited a strong response during early arousal and interbout arousal
whereby protein expression levels were increased to 1.73 £ 0.07-fold for both time points.
PRDX3 levels increased significantly during entrance by 1.29 + 0.06-fold, followed by a
further increase to 1.57 + 0.04-fold during late torpor compared to EC. Then, values
returned to control levels during early arousal, but rose again to 1.50 + 0.03 during interbout
arousal. PRDX4 levels revealed a significant increase during entrance by 1.25 + 0.01-fold
over control values followed by a significant drop to 58 + 1% of EC values during late
torpor. During arousal, expression levels returned to control values followed by a drop to
92 + 1% of EC but were only significantly reduced compared to arousal. Finally, PRDX6
levels were assessed and generally revealed no significant change aside from a decrease in
expression during entrance to 65 = 5% of EC followed by a return to control levels during

late torpor and the rest of the time-course.

Finally, protein expression levels were measured in white adipose tissue.
Interestingly, the majority of targets were actually found to either have no significant
change or decrease in expression, in contrast to BAT. PRDX1 showed a decrease in
expression during late torpor and maintained this suppression throughout the rest of the
cycle. A significant decrease to 27 + 7%, 23 =4, and 22 + 3% respectively was seen during
late torpor, early arousal and interbout arousal, respectively. Compared to EC, PRDX2
showed change in expression over the time course except for a significant decrease during
early arousal to 40 + 1% of control values followed by a return to control levels during
interbout arousal. PRDX3 was immediately suppressed during entrance to 27 = 7% of EC
values followed by a slight increase to 62 + 4% of control during late torpor. During early
arousal, values returned to control levels, but were again suppressed during interbout
arousal to 54 = 4% of EC. PRDX4 showed a similar trend whereby a significant decrease
was seen during EN to 51 + 11% of control levels, followed by a return to control values

during LT. However, a significant drop then occurred during early arousal and interbout
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arousal to 33 + 3% and 47 + 6% of EC. Finally, PRDX6 showed relatively little change

aside from a significant increase to 1.53 + 0.02-fold during early arousal.

2.4 Discussion

Enhancement of antioxidant responses is an important feature of hypometabolism
that has a duel function: first, the protection of macromolecules from oxidative damage and
second, the mitigation of rising ROS levels during arousal. Torpor is a time when an
organism cannot afford to maintain the high energetic expenditures associated with
repairing, degrading, resynthesizing or refolding macromolecules that have been damaged
by ROS or free radicals, and arousal is a period when metabolic rate increases rapidly,
resulting in an influx of toxic oxidants into the cell. Oxygen consumption is significantly
increased during arousal by as much as 36-fold higher than in torpor [105]. Much of this
oxygen consumption is funneled into uncoupled respiration in the brown adipose tissue to
drive thermogenesis [18]. Incidentally, the brown adipose tissue has been shown to have
increased antioxidant defenses during this time, likely as a mitochondrial protective
mechanism [85]. It seems that the increase in antioxidant defenses in this tissue is designed
to protect the BAT against oxidative damage when there is an enormous increase in the
metabolic activity in this tissue during arousal due to its pivotal function in rewarming.
This study aimed to deepen understanding of the antioxidant response and the involvement

of peroxiredoxins during hibernation in thirteen-lined ground squirrels.

The overall antioxidant capacity of BAT and liver revealed different patterns across
the torpor-arousal cycle. As previously mentioned, studies on various hibernating species
have revealed similar patterns whereby the antioxidant response is elevated during critical
time points of the cycle. The liver revealed a maintenance of overall antioxidant capacity
at control levels throughout the entire torpor arousal cycle, however interestingly, the
brown adipose tissue revealed a significant decrease in antioxidant capacity. Previous work
in our lab has shown antioxidant capacity to be 1.56-fold higher in torpid squirrel skeletal
muscle compared to summer active animals, suggesting a maintenance of acute muscle
performance [106]. Studies on other animals appear to have varying results whereby total

antioxidant capacity is generally unchanged during periods of deep torpor. Another study
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examining hatchling turtle brain and liver found no significant change in antioxidant
capacity in response to supercooling (48h), freezing (-2.5°C), or hypoxia (4°C) [107]. This
could suggest that during the period of hypometabolism, antioxidant defenses are generally
suppressed but could be induced during periods of arousal, or solely in a tissue-specific
manner. Furthermore, antioxidant capacity measures the overall change in the antioxidant
response, as a balance between the antioxidant activities of several enzymes, vitamins and
other targets, against free radicals. Therefore, an increase in certain antioxidant enzymes
could be balanced out by a decrease in others and would therefore mask a significant
response. Therefore, in order to focus on the specificity of the antioxidant response, the

relative changes of key enzymes were examined.

Several antioxidant enzymes play important roles in mitigating damage caused by
ROS and decrease the levels of oxidants in the cell. Classical examples are SOD, catalase
and glutathione peroxidase. In this study, the levels of SOD1 and 2 as well as catalase were
unchanged during torpor. Previous work in our lab however, showed that levels of these
enzymes were differentially expressed in the brown and white adipose tissues [42].
Although BAT showed no changes in the present study, WAT revealed a significant
increase in both SOD isoforms during late torpor but all other time points remained at
control levels suggesting a tissue-specific antioxidant response. Other studies revealed
similar results where SOD activity showed tissue-specific results. In the ground squirrel,
SOD activity was measured in liver, heart and brain of torpid squirrels but revealed no
significant change, whereas catalase activity was higher in heart and brain of torpid
squirrels [108]. Therefore, it would appear that there is a multi-layered regulation of
antioxidant defenses depending on the tissue requirements during that time. Another
possible explanation for the lack of oxidative stress and damage is that the ischemia-
reperfusion associated ROS production may simply be avoided in hibernators possibly by
tolerating it without initiation of aberrant ROS production [108]. Although hypoxia does
not occur in the hibernating squirrel, it is possible that the arousal period simply does not
result in the same burst of mitochondrial ROS that occur in non-hibernators and therefore

does not require an increase in all antioxidant enzymes.
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Less is known about peroxiredoxin expression, although these enzymes have
important functions as both regulators of the antioxidant response and as signaling
molecules. Peroxiredoxins are a ubiquitous family of antioxidant enzymes that exert their
protective antioxidant role through their peroxidase activity, whereby hydrogen peroxide,
peroxinitrite and a wide range of hydroperoxides are reduced and detoxified [109]. PRDXs
are divided into three classes; typical 2-Cys Prxs (PRDX1-4), atypical 2-Cys Prx (PRDXY),
and 1-Cys Prx (PRDX6). These enzymes all share the same basic catalytic mechanism, in
which an active-site cysteine is oxidized to sulfenic acid by the peroxide substrate [109].
The present data revealed a significant increase in PRDX2 in liver of hibernating squirrels
and an increase in TRX1, the reducing partner of PRDX [33]. A parallel study performed
in our lab found unchanged levels of PRDX2 in BAT and WAT, but a significant increase
was noted in TRX1 during torpor [42]. Therefore, it can be assumed that the increases seen
in liver PRDX and TRX are as a result of an increased antioxidant response whereas the
TRX in BAT and WAT serves a primarily a cytoprotective function, in response to
ischemia-reperfusion. This reflects a potential strategy by which the squirrel can protect its
tissues from elevated ROS during a period of rewarming and reperfusion that will shortly
follow. Peroxiredoxins may therefore help to decipher a pattern of oxidative stress

resistance capacity during hibernation.

To further investigate PRDX regulation, the expression levels of their isoforms was
examined. In this study, the relative protein expression levels of PRDX 1-4 and 6 were
examined in liver, BAT and WAT and revealed differential expression patterns. In the liver,
PRDX2, 4 and 6 were upregulated at various points of the torpor-arousal cycle. PRDX1
was generally suppressed as well as PRDX3, but only during early arousal (Figure 2.3). In
BAT, PRDX2 was elevated during the arousal stages, but PRDX3 also showed a significant
increase during all time points other than early arousal (Figure 2.4). Finally, WAT
generally showed suppression of many of the isoforms across the torpor-arousal cycle aside

from a small increase in PRDX6 during early arousal (Figure 2.5).

It has been shown that increased levels of peroxiredoxins (such as PRDX2) may
inhibit the activation of several pathways including the platelet-derived growth factor

(PDGF) receptor [110]. Studies using PRDX2 knockout mice have reported the activation
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of JNK and p38 MAPK pathways [93, 111] and therefore, modification of these enzymes
during hibernation could result in changes in signal transduction at different stages of the
hibernation cycle. Thioredoxins are implicated in feedback mechanisms to reactivate
tyrosine phosphatases, which de-activate MAPK [93]. Therefore, thioredoxin oxidation
could increase the extent of MAPK activation. This is further supported by a study from
our lab where MAPK and p38 MAPK levels decreased in the liver of hibernating squirrels
but were elevated in other tissues, such as the skeletal muscle [112, 113]. Aside from WAT,
PRDX2 was upregulated during late torpor in liver, and during early arousal and arousal in
BAT. This suggests that perhaps various signaling pathways are being preferentially

selected during various stages of the torpor-arousal cycle, in a tissue-specific manner.

PRDX3 is generally localized in mitochondria where its expression is induced by
the c-Myc target gene. PRDX3 is required for c-Myc-mediated proliferation,
transformation and apoptosis as well as for maintaining normal mitochondrial function
[114]. Therefore, it would make sense that PRDX3 is significantly upregulated in BAT
which is highly dependent on mitochondrial function for thermogenesis. However, it is
interesting that PRDX3 was not significantly upregulated during early arousal — a key time
during which high levels of thermogenesis are occurring although perhaps PRDX2 is more
protective in the BAT at this time. In fact, a significant increase in PRDX2 expression was
seen in BAT during early arousal, and this result is further supported by other work done
in our lab [7]. However, it is also plausible that PRDX3 expression is induced earlier in the
cycle in preparation for the generation of toxic radicals, and then expression levels are
maintained throughout the remainder of the cycle. The increase seen during interbout
arousal could then be to remove any other oxidants newly produced or remaining. Another
study examining PRDX3 levels in mice revealed decreased expression in PRDX3 in obese
mice and human subjects. PRDX3 knockout mice had increased fat mass, increased
adipogenic transcription factors and lipogenic gene expression compared to wild-type mice
due to adipocyte hypertrophy [115]. This could suggest that the ground squirrel regulates
PRDX3 expression to maintain adipose function until such a time that it is needed, such as

during torpor for beta-oxidation.
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PRDX4 is another crucial antioxidant enzyme that has been reported to be
significantly cytoprotective against the initiation and development of various metabolic
syndromes. It has been reported to protect against diabetes mellitus, atherosclerosis, insulin
resistance, nonalcoholic fatty liver disease, inflammatory cytokines and certain apoptotic
activities [116]. PRDX4 has been shown to regulate apoptosis whereby PRDX suppression
or knockdown increases apoptosis. One study examined the effects of PRDX4 suppression
and noted an increase in apoptosis in glioblastoma [117]. Another study found that PRDX4
overexpression in IL-1B-induced chondrocytes decreased apoptosis through PI3K-
dependent signaling [118]. Incidentally, pro-apoptotic pathways were not activated during
hibernation in the thirteen-lined ground squirrel as evidenced by the regulation of several
anti-apoptotic factors such as Bcl-2 and Bel-xL [119]. Therefore, it is possible that PRDX4
may play an important role in this regulation and offers some level of cytoprotection during
hibernation. PRDX4 has also been shown to reduce the number of 8-OH-dG-positive cells
in cholestatic liver injury (8-OH-dG being a marker of DNA damage) [116]. It is proposed
that PRDX4 reduces extracellular oxidant stress and mitochondrial dysfunction by
suppressing the release of inflammatory cytokines and neutrophil infiltration. Our study
revealed the strongest PRDX4 response in liver, which is consistent with these findings.
These results suggest that PRDX4 may be playing a significant cytoprotective role in

various tissues, namely the liver and BAT during the course of hibernation.

Finally, the expression of PRDX6 revealed a maintenance or increase in protein
expression in all three tissues, aside from entrance in BAT. PRDX6 is the only isoform
classified as a 1-Cys PRDX and uses glutathione and ascorbate as electron donors [120].
PRDX6 not only functions as a potent antioxidant enzyme, but also stabilizes mitochondrial
function during ischemia-reperfusion [120]. It is also a key mediator in hypoglycemia in
type 2 diabetes glucose metabolism due to its implication in glucose-dependent insulin
secretion [121] as well as providing a non-redundant role in myocardial ischemia-
reperfusion injury where CAT and GPx cannot satisfy [122]. PRDX6 is regulated by a
variety of transcription factors. Its expression can be suppressed by NF-kB [28], or can be
induced by tumor-necrosis factor (TNF-a) and nuclear factor erythroid 2-related factor 2
(Nrf2). Nrf2 has been shown to be an important regulator of the transcription of many

antioxidant genes, including peroxiredoxins, through binding to the antioxidant response
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element [123]. Studies examining Nrf2 expression during squirrel hibernation have shown
it to be differentially regulated in a tissue-specific manner. Transcript and protein
expression levels of Nrf2 increased in the heart of torpid ground squirrels [124].
Additionally, Nrf2 protein levels were significantly increased in BAT and liver of
hibernating squirrels, but were unchanged in WAT, lung, and muscle and were reduced in
brain and kidney during torpor [125]. This suggests that Nrf2 could be inducing the
expression of PRDX6 during torpor and at various other stages of the torpor-arousal cycle
in an effort to balance the antioxidant response. PRDX6 could also be exerting a
cytoprotective response to ischemia-reperfusion during the arousal stage in liver and WAT

of the hibernating ground squirrel.

In summary, the present study provides an overview of the pattern of antioxidant
regulation in the liver, BAT and WAT during ground squirrel hibernation. The overall
antioxidant response is a highly regulated and specific and functions to not only protect cell
components from damage, but also to mitigate the increased levels of reactive oxygen
species in the cell. Although many enzymes control this response, the importance of
peroxiredoxins is becoming increasingly clear. PRDX2, 3, 4, and 6 appear to play
significant roles in this response at varying time points in the torpor-arousal cycle. In
addition to balancing antioxidant capacity, acting as signaling molecules and
cytoprotectants, peroxiredoxins also maintain mitochondrial integrity and function.
Elucidating the mechanisms that promote increased antioxidant defenses during
hibernation in the thirteen-lined ground squirrel will contribute significantly to our
understanding of metabolic rate depression and could potentially lead to applications for

limiting tissue damage in various medical or organ preservation applications.
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Figure 2.1: Relative antioxidant capacity in the liver and brown adipose tissue across the
torpor-arousal cycle. Data are mean + SEM (n = 4 independent protein isolations from
different animals). Data were analyzed using an analysis of variance followed by a Tukey
post-hoc test (p < 0.05); values sharing the same letter notation are not statistically
significant from each other.
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Figure 2.2: Relative protein expression of the antioxidant enzymes SOD1, CAT, SOD2,
TRX1, and PRX2 in the liver of 1. tridecemlineatus in control versus late torpor. Histogram
representing the net mean fluorescent intensity as measured by Luminex®. Data are mean
+ SEM (n = 4 independent protein isolations from different animals). Data were analyzed
using the Student’s T-test (p < 0.05); values with an asterisk (*) are statistically significant
from the corresponding EC control.
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Figure 2.3: Relative protein expression of peroxiredoxin isoforms 1-4 and 6 in the liver of
L. tridecemlineatus throughout the torpor-arousal cycle. (A) Histogram representing the
relative protein levels using mean immunoblotting band densities. (B) Representative
western immunoblot bands illustrating the expression levels of all targets. Data are mean +
SEM (n = 4 independent protein isolations from different animals). Data were analyzed
using an analysis of variance followed by a Tukey post-hoc test (p < 0.05); values sharing
the same letter notation are not statistically significant from one another.
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Figure 2.4: Relative protein expression of peroxiredoxin isoforms 1-4, 6 in the brown
adipose tissue of 1. tridecemlineatus throughout the torpor-arousal cycle. (A) Histogram
representing the relative protein levels using mean immunoblotting band densities. (B)
Representative western immunoblot bands illustrating the expression levels of all targets.
Data are mean + SEM (n = 4 independent protein isolations from different animals). Data
were analyzed using an analysis of variance followed by a Tukey post-hoc test (p < 0.05);
values sharing the same letter notation are not statistically significant from one another.
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Figure 2.5: Relative protein expression of peroxiredoxin isoforms 1-4 and 6 in white
adipose tissue of 1. tridecemlineatus throughout the torpor-arousal cycle. (A) Histogram
shows relative protein levels from mean immunoblot band densities. (B) Representative
western immunoblot bands illustrating the expression levels of all targets. Data are mean +
SEM (n = 4 independent protein isolations from different animals). Data were analyzed
using an analysis of variance followed by a Tukey post-hoc test (p < 0.05); values sharing
the same letter notation are not statistically significant from one another.
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Appendix 2.1 Luminex multiplex assay

Luminex is a multiplex magnetic bead-based multi-analyte profiling analysis
method which enables the simultaneous detection and quantitation of multiple proteins at
once in a 96-well plate format. This high-throughput technology produces results
comparable to an ELISA, but with much greater efficiency, speed and dynamic range. (A)
[llustrates the binding the binding of each bead to a capture antibody which then binds the
target molecule in the sample. Subsequently, a detection antibody and streptavidin are
added to quantify the amount of each specific bound bead in each well. (B) Illustrates the
same binding as well as the flow cytometry technology which uses two different
wavelengths of light; a red 620nm laser, excites dyes within the beads to identify the bead
region, and the green 535nm laser identifies the fluorescence of the reporter molecule.
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CHAPTER 3

Don’t go breaking my PARP —
How hibernating squirrels protect their DNA
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Abstract

Some causal factors of DNA damage include the action of both exogenous agents
(ionizing radiation and genotoxic chemicals) and endogenous agents (reactive oxygen
species and free radicals). Through differential gene regulation, many organisms have
developed specialized adaptations that enable them to survive prolonged exposures to these
oxidants. One such animal is the thirteen-lined ground squirrel, Ictidomys tridecemlineatus
that has developed protective mechanisms to manage ischemic stress and reperfusion
injury. Research has shown that these squirrels do not accrue significant DNA damage
during hibernation and thus, it is hypothesized that damage-repair pathways are being
induced to mitigate this potential injury. Multiple repair pathways function in concert to
modulate DNA repair mechanisms depending on the type of lesion, including those
mediated by poly-(ADP)-ribosyl polymerase (PARP). In the hibernating ground squirrel,
PARylation levels rose significantly in the liver to 3.90-fold over euthermic controls but
showed no change in the skeletal muscle. These results were mirrored in the cyto-nuclear
distribution since nuclear PARP-1 in liver increased during torpor by 1.62-fold, indicating
translocation into the nucleus, but no change was seen in the PARP cyto-nuclear levels in
muscle. An important marker of DNA damage, 8-OH-dG, was elevated in the liver but
suppressed in the muscle during early arousal from torpor. Downstream DNA repair
proteins revealed a similar trend where a 6.68-fold increase in Ku80 was noted in the liver,
whereas muscle revealed an increase in Rad50 of 1.46-fold but a decrease in XRCC4-like
factor (XLF) to 63% during torpor. Upstream kinases, ATM and ATR revealed an increase
in both targets to 1.40- and 5.90-fold, respectively, in liver whereas muscle tissue had a
2.43-fold increase in ATR during torpor with no significant change in ATM protein levels.
Taken together, this work expands our understanding of the molecular mechanisms that

control the DNA damage repair response during mammalian hibernation.
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3.1 Introduction

3.1.1 The thirteen-lined ground squirrel

Hibernation is a state of heterothermy employed by various mammals to escape low
winter temperatures and the food scarcity that accompanies winter. Animals such as the
thirteen-lined ground squirrel enter a state of hypometabolism during which significant
metabolic reorganization takes place that allows the animals to abandon the high energy
costs of euthermia. During this time, squirrels cycle through prolonged periods of deep
torpor where metabolic rate is suppressed to as low as 2-4% of normal euthermic values
[18, 69, 126], that are interspersed by brief periods of arousal where metabolic rate returns
to euthermic values [69]. Many physiological and biochemical changes occur to facilitate
metabolic rate suppression. These include a decrease in breathing rate (100-200 to 4-6
bpm), a decrease in heart rate (200-300 to 3-5 bpm), a switch from a primary reliance on
carbohydrates to lipids as a primary fuel source, and the use of brown adipose tissue (BAT)
and skeletal muscle to rewarm the body from near ambient (0-5°C) back to euthermia [18,
44, 69, 126]. During this rewarming period, tissues become quickly reperfused with oxygen
as the squirrel elevates breathing but this also increases the production of reactive oxygen

species (ROS) that can damage cells.

While ground squirrel tissues cycle through periods of ischemia, these mammals
have developed protective mechanisms to avoid reperfusion injury over cycles of restricted
and then restored blood flow. The fluctuations between torpor and arousal cause variances
in oxygen consumption and perfusion rates of tissues resulting in the accumulation of
endogenous oxidants, especially during the arousal from torpor. The ground squirrel avoids
oxidative damage during the early arousal stages by upregulating pro-survival pathways
(e.g. antioxidant enzymes, heat shock proteins, and anti-apoptotic agents) [7, 42, 45, 69,
119, 127]. Increased production of oxidants has long been known to be one of the causal
factors of DNA damage and has been shown to be mutagenic and result in various
pathologies [128—131]. Important mechanisms exist for the detection of different types of
DNA damage including double and single stranded breaks. A key sensor is poly-(ADP)-
ribosyl (PAR) polymerase (PARP), which catalyzes the addition of PAR groups, known as
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PARylation, on histones and nuclear proteins at sites of DNA damage [132]. DNA damage
leads to two kinds of PARP activation depending on the severity of the damage. Limited
damage induces PARP activity which then stimulates the activation and recruitment of
repair proteins. However, excessive damage or DNA damage that is left unrepaired leads
to the caspase-induced cleavage of PARP. This inactivates the repair process and causes
cell growth arrest or apoptosis to prevent gross chromosomal aberrations [132, 133].
PARPs constitute a large family of enzymes with >16 isoforms, but only PARP-1 and
PARP-2 have been shown to play significant roles in damage sensing and signaling [132].
PARylation at sites of DNA damage results in the concerted actions of various effector
molecules including the ATM and ATR kinases, X-ray repair cross-complementing protein

(XRCC) ligases, DNA binding proteins and other repair proteins.

3.1.2 Non-homologous end joining and homologous recombination

The most common type of DNA lesions are single stranded breaks (SSB), where
only one strand is interrupted [134]. If SSB are left unrepaired they have the potential to
cause a double stranded break (DSB) making them an important checkpoint for DNA
repair. Eukaryotic cells employ several processes to repair such lesions. A subset of these
is non-homologous end joining (NHEJ) and homologous recombination (HR). These
mechanisms repair breaks with little or no sequence homology required for the recruitment
of effector molecules to the site of the break to initiate repair. During NHEJ, DNA ends are
bound by the Ku70/80 heterodimer, which forms an encircling duplex around exposed
DNA ends to protect them from degradation and to then recruit additional NHEJ
components [135]. The Ku dimer ends are tethered by a DNA-dependent protein kinase
catalytic subunit (DNA-PKcs), followed by ligation of the broken ends by the XRCC4-
XLF complex and DNA ligase [V. By contrast, during HR the first step of DNA repair is
the binding of the DNA ends by the MRN complex (Mrell, Rad50 and Nibrin/Nbs1/P95)
and CtIP in humans [136]. Once these components are bound, DNA resection can occur to
generate single stranded DNA for repair. Resection involves the Mrel1 nuclease and either
EXO1 or DNA2 nuclease for short-range or long-range resection, respectively [134].

Importantly, to allow for sufficient time for repair, cell cycle machinery is halted. To initiate
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cell cycle arrest, the presence of broken ends will trigger the recruitment of repair enzymes,
but also checkpoint machinery. DSBs activate the ATM kinase, which is also activated by
the MRN complex. The ATR pathway is also activated during this time, and both sensors
work to activate DNA repair machinery as well as achieve cell cycle arrest through the
activation by phosphorylation of cyclin-dependent kinases (Cdks) that control cell cycle
progression [133, 137].

3.1.3 Markers of DNA damage — H2A.X and 8-OH-dG

Some modifications of DNA occur so frequently that they have been termed
“markers” of damage. Consistently, histone H2A.X is rapidly phosphorylated by ATM or
DNA-PKcs in response to damage from chemotherapeutics, ionizing radiation, as well as
oxidative stress [138, 139]. Similarly, hydroxylation of guanosine to form 8-hydroxy-2'-
deoxyguanosine (8-OH-dG) or 8-o0x0-7,8-dihydro-2'-deoxyguanosine (8-oxodG) often
occurs as a result of hydroxylation of the DNA adduct by similar agents including free
radicals and other ROS. The latter mutation has been found to be one of the most
predominantly occurring lesions in response to excessive oxidative stress and is widely
used as a marker of oxidative damage in various pathologies including carcinogenesis,

Alzheimer’s disease, stroke and cardiac arrest, among others [37, 140].

Historically, the prolonged period of mammalian hibernation showed no evidence
of any significant cellular or DNA damage. The present study attempts to elucidate whether
genetic damage simply does not occur, or whether cellular repair machinery is quickly
turned on to mitigate any accumulating damage during the period of torpor, a time when
many critical yet energy expensive mechanisms are suppressed. The status of DNA-damage
repair markers was assessed, as well as the relative protein expression of various effectors
responsible for relaying and activating the stress-response to DNA damage that ultimately
leads to initiating repair. These were monitored in liver and skeletal muscle of I
tridecemlineatus over the torpor-arousal cycle. The targets examined included the relative
expression levels of the multifactorial sensor of damage (PARP-1) along with its
subcellular distribution, as well as effector molecules responsible for initiating the damage

repair response, and a key marker of DNA damage, 8-OH-dG. The data provide a novel
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overview of the DNA damage response and proposed tissue-specific repair patterns that

occur during mammalian hibernation.

3.2 Methods

3.2.1 Animal Protocols

All animal experiments and tissue dissections were performed as previously
described in Chapter 2. Animals were euthanized and tissues were dissected out and flash
frozen immediately in liquid nitrogen. Tissues were stored at -80°C until delivery to

Carleton University on dry ice.
3.2.2 Protein quantification
3.2.2.1 Total protein isolation

Total protein extracts were prepared as described in Chapter 2. Briefly, 100 mg of
samples were homogenized 1:4 w:v using a Polytron PT10 and homogenizing buffer
(20 mM Tris base, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM NaF, 10 mM -
glycerophosphate, 1% v/v Triton X-100, and 1 mM phenylmethylsulfonyl fluoride).
Samples were centrifuged at 10,000 x g for 10 min at 4°C, then supernatants were
removed and soluble protein concentration was determined using the Bio-Rad prepared
reagent (BioRad Laboratories, Hercules, CA). Sample concentrations were adjusted to 10
ug/uL by additions of calculated small volumes of homogenization buffer and measured
aliquots were mixed 1:1 with 2X SDS loading buffer (100 mM Tris base pH 6.8, 4% w/v
SDS, 20% v/v glycerol, 0.2% w/v bromophenol blue, and 10% v/v 2-mercaptoethanol),
to yield a final protein concentration of 5 pg/pL. Samples were boiled for 10 minutes and

then stored at -20°C until use.
3.2.2.2 Cyto-nuclear extract preparation

Cytoplasmic and nuclear protein extracts were prepared as per [124, 141]. Briefly,
500 mg tissue samples from each condition were added to 1 mL of homogenization buffer
(10 mM HEPES, pH 7.9, 10 mM KCl, 10 mM EDTA, 10 mM DTT, 1.5 pl Sigma protease

inhibitor cocktail) and tissue was disrupted with approximately 20 piston strokes of a
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Dounce homogenizer. Samples were centrifuged at 10,000 RPM for 10 min at 4°C and
then the supernatants were removed as the cytoplasmic fractions. Next, pellets were
resuspended in extraction buffer (20 mM HEPES, pH 7.9, 400 mM NaCl, 1 mM EDTA,
10% v/v glycerol, 10 mM DTT, 1.5 ul protease inhibitor cocktail) and 150uL of
extraction buffer was added per gram of starting material. Samples were placed on ice
and rocked for 1 h on a rocking platform with mixing every 15 min. Samples were then
centrifuged at 10,000 RPM for 10 min at 4°C and the supernatant was removed and placed
into new sterile tubes. This supernatant contained the nuclear fraction. Soluble protein
concentrations of both cytoplasmic and nuclear fractions were quantified using the
BioRad assay. Protein concentrations were standardized to 4 pg/puL and then aliquots
were mixed 1:1 with 2X SDS loading buffer to yield final protein concentrations of 2
ng/uL. Cyto-nuclear extractions were validated by running samples on a SDS-PAGE and
probing for a protein located only in the nucleus (Histone H2) (Cell Signaling Cat#4499).

3.2.3 Total Protein Immunoblotting

Total protein lysates were prepared and immunoblotted as previously described in
Chapter 2 and [45]. Briefly, 20-30 pg of protein was loaded into each well of 8-12% SDS-
PAGE gels and run for 45-60 min at 180V. After transfer to PVDF for 90min at 160mA,
membranes were blocked using 1-2% skim milk in TBST for 30 min and were then probed
with respective primary antibodies overnight at 4°C. All antibodies were from Cell
Signaling: PARP-1 (Cat #9542), XLF (Cat #2854), Ku80 (Cat #2180), Mrel1 (Cat #4847),
p-Mrel1Ser676 (Cat #4859), Rad50 (Cat #3427), p-p95/Nibrin (Cat #3001) ATM
(Cat#2873), and ATR (Cat#13934). Next, membranes were probed with secondary anti-
rabbit [gG HRP-linked antibody (diluted 1:6000 in TBST) for 30 min at room temperature

on a plate rocker.
3.2.4 Quantification and Data Analysis

Bands densities were visualized with enhanced chemiluminescence using a
ChemiGenius Bio-Imager (Syngene, Frederick, MD) and quantified by densitometric

analysis using GeneTools Software. Band intensity of each lane was standardized against
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the summed intensity of a group of Coomassie-stained bands in the same lane to correct for
variation in sample loading. Mean normalized band densities =+ SEM were calculated for
control and torpor samples with n = 4 independent tissue extracts from different animals.
Data were analyzed using a Student’s t-test to identify significant differences between the
groups (control vs. torpor) with significance accepted if p < 0.05. For each figure, values
that are statistically significant from control have an asterisk (*) or have different letter

notation. All statistical analysis and figure generation was performed using RBioplot [104].
3.2.5 Oxidative Damage ELISA Assay

DNA was prepared according to instructions in the ZYMO Genomic DNA tissue
MiniPrep kit (Zymo Cat# D4068). Briefly, 25 mg tissue samples were each combined with
a solution of Solid tissue buffer and Proteinase K and left to incubate overnight at 55°C.
Next, two volumes of Genomic Binding Buffer were added to samples and vortexed
thoroughly. The mixture was transferred to a Zymo-Spin™ IIC-XL Column in a collection
tube and then samples were centrifuged at 12,000 x g for 1 min. The collection tube with
the flow through was discarded. A 400 pL aliquot of DNA Pre-Wash Buffer was then added
to each tube and was spun again as above. Next, two washes with g-DNA Wash buffer were
done with 700 and 200 pL of solution. Finally, the spin column was transferred to a clean
microcentrifuge tube and 90 uL of DNA Elution Buffer was added to the matrix. Samples
were left to incubate for 5 min at room temperature and were centrifuged at 12,000 x g for
1 min to elute the DNA. DNA was stored at -20°C until use. DNA concentrations were
determined using a Take3 micro-volume quantification plate (BioTek) and PowerWave HT
Spectrophotometer (BioTek). Purity of samples was assessed using the 260/280 nm ratio
as well as assessing the presence of sharp bands for 28S and 18S ribosomal RNA using 1%
agarose gel electrophoresis. DNA samples were standardized to 30 ng/uL using autoclaved
water and kept on ice. DNA was digested using 5 Units of nuclease P1 (Sigma Cat# N8630-
1VL) by incubating samples at 55°C for 1 h. Next, 1 unit of Alkaline Phosphatase (NEB,
Cat# M0290S) was added and samples were incubated at 37°C for 30 min, then boiled for

10 min and placed on ice until use.
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All reagents and standards were prepared according to manufacturer’s instructions
for the DNA/RNA Oxidative Damage ELISA kit (Cayman Cat # 589320). Briefly,
standards were prepared from stock reagents supplied in the kit for the preparation of 7
serial dilutions from reconstituted standard (10.3 — 3000 pg/mL). Blanks included a non-
specific binding (NSB) blank (100 pL. ELISA buffer, 50 pL of tracer dye), a maximum
binding (B,) blank (50uL of ELISA buffer, SOuL of tracer, and 50 pL of monoclonal
antibody) and a blank (Blk) for background absorbance caused by the Ellman’s reagent.
For the assay, 150 pL of DNA sample (50 pL sample, 50 pL tracer, and 50 pL antibody)
from EC, LT and EA conditions, as well as standards and blanks, were loaded into wells of
the supplied microplate, covered with an adhesive strip and incubated overnight in the dark
on a plate shaker. The next morning, each well was washed 5 times with wash buffer,
incubated with 200 uL of Ellman’s reagent, and allowed to develop in the dark for 120 min
on a plate shaker at room temperature. Optical densities were measured
spectrophotometrically at 420 nm with blank subtraction. Mean standardized values for 8-
OH-dG abundance + SEM (n=4 independent replicates from different animals) were
calculated. Data were analyzed using a one-way ANOVA followed by a Tukey post-hoc
test to identify significant differences between conditions (p < 0.05). All statistical analysis

and figure generation was performed using RBioplot [104].
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3.3 Results
3.3.1 8-hydroxy-deoxyguanosine — A Marker of Damage

The abundance of the DNA damage marker 8-OH-dG was examined in both tissues
during late torpor as well as early arousal and compared to control values (Fig 3.1). Results
revealed differential tissue-specific expression where the liver showed no significant
change between euthermic control (EC) and late torpor (LT) but revealed a slight increase
during early arousal (EA) to 1.10 + 0.01-fold which was significantly elevated from LT,
but not from EC. In contrast, skeletal muscle showed a downward trend in LT to 68% + 4%
of the EC value that was not significantly different from controls, but was followed by a

further significant decrease to 0.39 + 0.01 of the EC value during EA.
3.3.2 ATM/ATR kinases

ATR and ATM protein levels showed differential expression between euthermic
control and late torpor conditions (Fig 3.2). In the liver, a 1.40 £ 0.04-fold significant
increase in ATM content occurred during torpor whereas skeletal muscle showed no
change. However, protein levels of the ATR kinase showed strong significant increases in
both liver and muscle relative protein expression during torpor to 5.90 + 0.27-fold and

2.43 £ 0.31-fold higher, respectively, than euthermic control values.
3.3.3 PARP-1

Upon sensing damage, PARP-1 shuttles into the nucleus from the cytoplasm and
binds to sites of DNA damage, followed by recruiting other repair enzymes. To elucidate
its subcellular localization during hibernation, nuclear and cytoplasmic fractions were
isolated from liver and skeletal muscle and PARP-1 was measured in both fractions. Total
PARP-1 protein levels increased strongly in liver by 3.92 + 0.30-fold during torpor as
compared to control values (Fig 3.3A). PARP-1 in the nucleus also increased during torpor
by 1.62 + 0.07-fold compared to euthermic controls. Correspondingly, cytoplasmic PARP-
1 expression decreased during torpor to 43 + 3% of the control value. In skeletal muscle,
the response was different. Both total and cytoplasmic PARP-1 protein expression was
unchanged between control and torpor conditions, but a decrease in PARP-1 protein content

in the nuclear fraction was noted, levels falling to 53 + 8% of control values (Fig 3.3B).
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3.3.4 DNA damage repair targets

Finally, HR and non-homologous end joining targets were examined in the liver
(Fig 3.4A) and the skeletal muscle (Fig 3.4B) from euthermic control and late torpor ground
squirrels. Of these, several targets revealed differential tissue-specific regulation during
torpor compared to their respective euthermic values. Ku80 was strongly elevated in liver
during torpor by 6.68 £ 1.03-fold as compared to euthermic values, whereas the skeletal
muscle showed no significant change in Ku80 protein. In the liver, XLF was suppressed to
33 + 6%, and in the muscle was suppressed to 63% + 4% compared to euthermic values.
Rad50 did not change in the liver during torpor, but a significant increase was noted in the
skeletal muscle to 1.46 =+ 0.10-fold above euthermic control values. Levels of
phosphorylated P95 (Nibrin) (Ser343) did not change significantly in liver or skeletal
muscle in response to torpor, although a downward trend was noted in skeletal muscle.
Total Mrell and phosphorylated Mrel1 (Ser676) revealed differential expression. Neither
tissue showed a significant change in total Mrell levels, but a significant decrease in
phospho-Mrel1 (Ser676) occurred in liver during torpor, levels falling to 0.54 + 0.06 as
compared with controls. In the skeletal muscle, the opposite occurred with a strong 2.64 +

0.29-fold increase in the phosphorylation status of the protein during torpor.

3.4 Discussion

The integrity of a cell’s genome is challenged every day by intrinsic and extrinsic
stressors. In order to maintain genetic integrity, cells must possess a highly organized
mechanism for repairing damage to DNA. This response includes the halting of cell-cycle
progression in order to allow for the repair of DNA breaks or invoking apoptosis if damage
is excessive. The importance of this mechanism is illustrated by the presence and variety
of diseases linked to the damage response. Repair is controlled like a signaling pathway;
activated by aberrant DNA structures, and recognized by sensor molecules that relay the
information to effectors, that activate the aforementioned pathways. Interestingly, a tissue-
specific, as well as a possible damage-specific, response was observed in the ground

squirrel with the more metabolically active liver demonstrating a stronger regulation of
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DNA repair compared to the more quiescent muscle. We describe the detailed regulation
of the damage response in the context of hibernation, a time during which hypometabolism

prioritizes pathways and tissues critical for survival.

Many mammalian hibernators endure severe hypothermia during the winter
followed by periodic rewarming back to euthermia. The decrease in body temperature to
near ambient levels is one of the main contributors of the maintenance of cellular integrity.
Large hibernators such as the black bear can suppress their metabolism to as low as 25%
of basal rates, as well as decrease their body temperature to 30-33°C [142] whereas in
humans, a decrease in body temperature by a couple of degrees (to 33-35°C) is enough to
induce potentially lethal consequences of hypothermia. The ability of the 13-lined ground
squirrel to suppress its metabolism by over 95% of euthermic values is strongly dependent
on its concomitant ability to reduce its body temperature to staggeringly low levels (often
just 3-5°C). Interestingly, this natural model of seasonal hypothermia has been modelled
for the treatment of various medical conditions including traumatic brain injuries, asphyxia,
cardiac arrest and several forms of ischemic injuries [143, 144] and has resulted in

remarkable recoveries with markedly reduced cellular injury.

8-hydroxy-2’-deoxyguanosine

During the early stages of arousal, when high levels of reactive oxygen species
begin to plague the cell, DNA modifications, such as hydroxylations, are more likely to
occur [1, 145]. Interestingly, 8-OH-dG levels in liver showed no significant changes
between euthermia and prolonged torpor, but increased by approximately 10% during early
arousal, a time during which oxidants are known to peak [146]. Conversely, the levels of
8-OH-dG in skeletal muscle revealed a downward trend during late torpor and were
decreased significantly by over 50% compared to controls during early arousal (Fig 3.1).
This could suggest that the liver may be experiencing more DNA damage that is constantly
being fixed whereas the muscle may not be incurring the same levels of damage or is
removing it fast. This could be due to the fact that the liver is a much more metabolically

active organ responsible for activating various pro-survival pathways such as apoptosis, the
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heat-shock protein response, the antioxidant response, and protein folding among others [7,

147, 148] whereas the muscle is fairly quiescent during hibernation.

Both human and rodent studies have shown elevated levels of 8-OH-dG during
periods of ischemic stress, such as stroke, but also in cases of increased risk of cancer,
coronary heart disease, diabetes and atherosclerosis as well as in cases of hypertension and
in atherosclerotic plaques [149—151]. These are tissue-specific diseases which suggest that
more metabolically or physiologically active tissues are more likely to succumb to damage
than more quiescent tissues such as the skeletal muscle that are recruited upon
need/demand. This idea fits with the data from the present research in that putting organs
under specific conditions that cause undue stress for extended periods of time, may be
putting excessive strain on those tissues and thereby result in accumulation of damage
markers or a reduction in the speed of repair. Therefore, in response to these stresses,
detectable levels of 8-OH-dG can be measured in these tissues, blood, or in urine into which

8-OH-dG is excreted.

Interestingly, the application of mild hypothermia to a rat model of cerebral
ischemia using middle cerebral artery occlusion was seen to confer robust neuroprotection.
This was characterized by decreased infarct volume, reduced levels of DNA lesions
(including 8-OH-dQG), apurinic/apyrimidinic (AP) sites, and single stranded breaks as well
as the suppression of pro-apoptotic targets [152] suggesting that a decreased body
temperature may reduce or slow damaging effects. Therefore, the reduced body
temperature of the hibernating squirrel appears to be cytoprotective against increasing
levels of 8-OH-dG during arousal in the liver and is perhaps accompanied by an increase
in antioxidant enzymes and repair proteins. This is further supported by several studies,
which show an elevation of antioxidant enzymes during torpor and/or the recovery periods
of hypometabolism, including hibernation [7, 153—155]. Skeletal muscle, on the other hand,
shows a decrease in this modification. It is possible that because the skeletal muscle is
father away from the body’s core than the liver, it gets even colder during hibernation than
the liver, and therefore evades higher levels of damaging agents. Unfortunately, this

hypothesis has yet to be tested and more studies in this area are needed.
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Upstream ATM and ATR kinases

The sensors of the damage-response signaling cascade, such as PARP and the MRN
complex, detect DNA strand breaks or replication stress. However, transducers, such as
ATM and ATR kinases activate effectors to carry out the repair response as well as initiate
other survival pathways, and the effectors carry out a broad range of processes important
for maintenance of cellular integrity [156]. The two transducers, ATM and ATR, are
responsible for phosphorylating downstream damage targets as well as activating cell-cycle
checkpoints [156, 157]. It has been noted that both ATM and ATR are activated in response
to DNA damage and replication stress and although they often work together to regulate
similar processes, their specificities are distinct. Hundreds of proteins are phosphorylated
by these two transducers at Ser-Thr/Glu motifs whereas DNA-PKcs regulate a smaller
number of targets [36, 139]. Activation of ATM by DSBs leads to the phosphorylation of
targets such as Brcal, Chk2, and p53, among others, that mediate DNA repair, cell-cycle
arrest, apoptosis and other downstream pathways [156, 158]. Incidentally, of these, Chk2
was found to be upregulated in the liver during early arousal, and p53 during late torpor,
suggesting a possible mechanism of activation of these targets by ATM [137, 159]. The
MRN complex is a potent activator and recruiter of ATM to sites of DSBs and is sufficient
to stimulate the kinase on its own [160]. ATR on the other hand, is activated by a broad
spectrum of DNA damage in addition to DSBs. Localization of ATR to sites of damage is
dependent on its interaction with ATRIP which is generally located on long stretches of
ssDNA breaks, suggesting that single stranded breaks are key to activation of ATR [161].
Incidentally, previous work on a South American marsupial hibernator also found a strong
upregulation of liver ATR as well as other stress-sensitive cell cycle regulators suggesting
a possible hibernation specific regulation of these pathways [162]. Other studies include
work on the anoxia-tolerant turtle which have shown that ATM levels increase significantly
after 5 or 20 hours of anoxia exposure in liver but decrease in muscle after 5 h and return
to control levels after 20 h of anoxia. The ATR kinase, on the other hand, showed no change
in muscle but decreased significantly after 20 hours of anoxia in turtle liver (Biggar, 2008,
unpublished results). This work suggested a stronger stress response to activate

downstream cell cycle checkpoint proteins in the anoxic liver via ATM than ATR. Another
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study confirmed cell cycle arrest during torpor and re-initiation during arousal [137]. This
was potentially due to the actions of one or both of these kinases. Therefore, cell cycle
arrest and potentially the DNA damage response by extension, appear to be regulated in a
tissue-specific manner by the action of the ATM/ATR kinases.

The current study revealed ATM and ATR kinases are activated in a tissue-specific
manner with an increase seen in both the kinases in the liver and only ATR in muscle (Fig
3.2). Since liver is known to be essential for various vital metabolic functions and is a main
site for pro-survival protein synthesis [163], it is possible that it is under greater metabolic
demands and is subject to a higher threat of DNA damage — for both DSBs and SSBs.

Therefore, an ATM-dependent cell cycle arrest is likely induced to enable repair.

DNA damage repair

In the current study, the effects of several non-homologous end-joining and
homologous-recombination targets in control and late torpor conditions were also
examined. A key enzyme in this pathway, PARP-1, was differentially regulated during
torpor in a tissue-specific manner. Skeletal muscle showed no significant change in either
in PARP-1 content in either cytosolic or nuclear fractions, but the liver revealed an increase
in total and nuclear PARP levels suggesting that PARP-1 was shuttled into the nucleus
during torpor (Fig 3.3A and 3.3B). Although PARP-1 can be found in both the cytoplasm
and the nucleus, an increase in nuclear abundance is indicative of DNA damage sensing.
PARP-1 becomes activated upon binding SSBs and PARylates a variety of targets to
promote the accumulation of repair proteins and subsequently acts as a scaffold to assemble
repair factors at the site of the break [164, 165]. Also, depending on the amount of DNA
damage (dictated by the amount that can be repaired efficiently), PARP-1 will act as a
survival factor involved in DNA damage repair, whereas excessive damage will result in
PARP-1 promoting cell death [165]. In the latter case, an 116 kDa PARP-1 is cleaved
between Asp214 and Gly215 into an amino terminal domain (24 kDa) and a carboxy-
terminal domain (89 kDa) by Caspase-3. This cleavage facilitates cellular disassembly and
initiates apoptosis [166]. Incidentally, the levels of cleaved PARP-1 have been measured
in squirrel skeletal muscle and were seen to decrease to 60% during late torpor [127],

indicating that apoptosis was not induced. Cleaved PARP-1 has a reduced affinity for DNA
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which is thought to contribute to a reduced PARylation capacity [166]. Therefore, since
this cleavage does not occur in ground squirrels the nuclear localization of PARP-1 likely

has other non-apoptotic functions.

The levels of individual repair enzymes were also measured. Polymorphisms in
DNA repair genes are commonly found to be associated with genomic instability and
various cancers. Numerous studies have shown that targets such as OGGl, BRCA2,
XRCC1, XRCC3, among others, are dysregulated in adult gliomas, bladder cancers, skin
cancer, breast cancer, prostate cancer, lung cancer, etc. [167]. During torpor, DNA repair
targets were differentially regulated in both tissues. Ku80 increased in the liver but showed
no change in the muscle, whereas Rad50 and p-Mrel 1 increased in muscle but not in liver
(Fig 3.4A and 3.4B). Conversely, p-Mrell decreased in the liver as well as XLF, which
also decreased in muscle. Both Ku80 and Rad50 bind to the sites of DNA strand breaks in
their respective DNA repair pathways (NHEJ and HR, respectively) and hold them in close
proximity awaiting resection by additional repair proteins (as in the case of Ku80) or while
sequence homology in DNA templates is found (as in the case of Rad50) [168].
Interestingly, the XLF ligase, was suppressed during late torpor, suggesting that binding of
sensor enzymes to the sites of breaks is not suppressed, but no actual ligation/repair of
broken ends occurs at this time. We postulate that perhaps ligation is a more significant
energy-consuming process and possibly is induced during the arousal stages. XLF forms a
dimer with XRCC4 which bridges DNA ends for ligation. Mutation of XLF inhibits this
interaction and prevents NHEJ repair [169]. Interestingly, the AKT kinase is known to
phosphorylate XLF at Thr181 and trigger its dissociation from the DNA ligase/XRCC4
complex to instead promote its interaction with 14-3-3f, leading to XLF cytoplasmic
retention and subsequent degradation by SCF [170]. Incidentally, AKT has in fact been
shown to be upregulated in the liver but not the skeletal muscle of hibernating ground
squirrels, which offers a potential explanation for the suppression of XLF in the liver [102,

171].

Site-specific phosphorylation of Mrel |
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Another important target examined in this study was the phosphorylation status of
Mrell during torpor. Mrel 1 is a key component of the MRN complex acting as a damage
sensor of double stranded breaks, but also, a multi-faceted enzyme with highly specific
nuclease activity [172]. A significant reduction in phospho-Mrell was seen in liver
whereas a large induction was noted in the muscle (Fig 3.4A and 3.4B). Phosphorylation
of Mrell seems to have various effects depending on site specificity and the degree of
damage. The MRN complex is responsible for the activation of ATM, which once activated,
in turn phosphorylates Rad50 and Nbs1, phosphorylations that are important for cell cycle
control, DNA repair and cell survival. However, a study noted that Mrell is also
phosphorylated by ATM at S676 and S678 in response to agents that induce DSBs, is
dependent on the presence of Nbsl, and does not affect the association of members of the
MRN complex, or ATM activation [173]. Therefore, Mrel1 phosphorylation by ATM at
these two sites acts as the switch that controls the extent of resection by Exonuclease 1
during [173, 174], suggesting that these phosphorylation sites are key to the induction of

damage repair and cell survival.

Interestingly, another member of the MRN complex, Nibrin, was also found to be
phosphorylated in response to irradiation, however its binding affinity to the MRN complex
was unaffected [175]. It has been concluded that ATM phosphorylation of Nibrin during
S-phase checkpoint activation likely occurs after the Mrell complex has associated with
damaged DNA. Later studies showed that hyperphosphorylation of Mrell inactivated the
MRN complex, and facilitated its disassociation from chromatin, resulting in the
downregulation of DNA damage signaling during cell cycle checkpoint recovery [173,
174]. Therefore, the effects of phosphorylation of Mrell appeared to be site-specific and
suggested that perhaps another kinase was responsible for the site-specific phosphorylation
and inactivation of Mrel 1. Incidentally, Polo-like kinase 1 (Plk1) (another mitotic kinase),
was found to phosphorylate Mrell at Ser649, primed subsequent phosphorylation events
(at Ser688), and inhibited the loading of the MRN complex onto damaged DNA, halting
repair [176]. These results support the notion that activation of DNA repair by Mrel 1 is in
fact site specific and phosphorylation at Ser676 is a good predictor of damage repair. This

corresponds to the reduced biomarkers in muscle which show a significant increase in
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muscle p-Mrel1 thus suggesting initiation of repair and a reduction in the DNA damage
marker 8-OH-dG. This could be supporting evidence for the induction of a repair response

in the skeletal muscle.

Overall, this current study elucidates the potential regulation of DNA repair
mechanisms during a hibernation bout. The findings suggest a tissue-specific regulatory
pattern possibly due to the increased frequency of a specific type damage in a more
metabolically active liver tissue compared to that of a less metabolically active muscle
tissue. A possible increased incidence of single stranded breaks in muscle as evidenced by
the increased activation of ATR kinase and p-Mrell during torpor is also suggested. As
well, a suggested increase in single stranded breaks and hydroxylation of guanine in the
liver tissues is evidenced by the increase in ATR kinase and PARP-1 expression and
increased 8-OH-dG during arousal. This study suggests that DNA damage repair is highly
specific to the type of lesion or modification and the squirrel likely recruits various effector
molecules to conserve energy in the most efficient way possible. Future work to elucidate
the whole picture of damage repair during times of environmental stress, and more

specifically oxidative stress, are pivotal to the treatment of various pathologies.
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Figure 3.1. Relative abundance of 8-hydroxy-2'-deoxyguanosine in liver and skeletal
muscle of Ictidomys tridecemlineatus during late torpor (LT) and early arousal (EA) as
compared with euthermic controls (EC). Data is mean = S.E.M., n = 4. Statistical testing
used ANOVA plus a Tukey post-hoc test, with p < 0.05 accepted as a significant
difference. Bars sharing the same letter are not significantly different from each other.
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Figure 3.2. Relative protein expression levels of the ATM and ATR kinases in liver and
skeletal muscle of Ictidomys tridecemlineatus during torpor. Histograms show mean
standardized band densities = S.E.M., n = 4. Bars marked with an asterisk (*) are
significantly different from corresponding euthermic values, p < 0.05.
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CHAPTER 4

TISSUE-SPECIFIC INTERFERON REGULATION
DURING HIBERNATION
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Abstract

Inflammation has been previously shown to be suppressed during hibernation, but
select tissues activate pro-inflammatory pathways, particularly during critical time points
during the torpor-arousal cycle. When ground squirrels arouse from torpor, and breathing
rates increase, the brown adipose tissue engages thermogenesis to rewarm the body but
also appears to induce a strong pro-inflammatory response. Both brown and white adipose
tissues have been shown to be key inflammatory organs, both for the recruitment of
immune targets, and for the transcription of interferon-regulated genes and induction of
signaling pathways. A combination of transcript and protein expression experiments
revealed that the adipose tissues induce a strong immune response resulting in the
expression of various interferon-related genes especially during the interbout arousal stage
of torpor. Brown adipose tissue induced the expression of seven IFN-related genes during
interbout arousal and the white adipose tissue induced the expression of four in early
arousal and interbout arousal. The results of this study reveal that IRF3 is an important
transcription factor which induces the expression of these genes in a tissue-specific and
time-specific manner, and is likely a key player in maintaining the “fat but fit” state of the

hibernating ground squirrel.
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4.1 Introduction

The thirteen-lined ground squirrel is a champion hibernator that uses an array of
molecular adaptations to maintain tissue homeostasis during torpor. Among these are
several mechanisms to maintain tissue viability including upregulation of antioxidant
defenses [125, 177, 178] and anti-apoptotic defenses [45, 119, 179] to prevent cell death.
Resulting from the period of hyperphagia in late summer that greatly increases body fat,
the switch to a primary reliance on lipid metabolism is made during torpor as well as
physiological adjustments including a drop in breathing rate (<1 breath/min), heart rate (5-
10 beats/min), body temperature (<5°C) and oxygen perfusion of tissues (<10% of normal).
Overall, the hibernating squirrel also drops its metabolic rate by 95-99% when in full torpor
compared to basal euthermic rates [21, 126]. The immune response has been suggested to
be suppressed during hibernation as a means of conserving energy (unpublished work),
however, there is current evidence that certain pro-inflammatory targets may be
upregulated upon arousal from hibernation to protect from viral pathogens and assist in cell

signaling and cytoprotection.

Recent studies have demonstrated that although certain regulators, such as the
nuclear factor-kB (NF-kB), may be suppressed during torpor (unpublished results), other
pro-inflammatory regulators and transcription factors may be preferentially upregulated,
in a tissue-specific manner [180] Chronic inflammation is associated with obesity in
humans and is a major contributor to insulin resistance, diabetes and other dysfunctional
changes in adipose tissues. Even inflammation which develops during periods of
overnutrition contributes to a notion of “metainflammation” — a novel type of low-grade,
chronic, unresolvable immune response that is in the causal pathway to metabolic
dysregulation. This change manifests itself through significant alterations in the number
and composition of the immune cell population in various tissues [181]. A significant
increase in activated M1 macrophages versus M2 macrophages, elevation of the number
of monocytes as well as an increase in the number of cytokines and other inflammatory
agents all result in a proinflammatory milieu which can be damaging to surrounding
tissues. In previous years, adipose tissue was viewed as an inert tissue whose primary
function was the provision of a storage site for triglycerides. However, recent studies have

shown that this tissue is an important endocrine organ responsible for the production of
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numerous hormones, cytokines and inflammatory agents which control metabolism, blood

pressure, homeostasis and the immune response [47].

The mode of sensing of overnutrition by adipocytes is still unclear, but, a
mechanism including members of the Toll-like receptor (TLR) family has been suggested
[182]. TLRs are activated by various pathogen-associated molecules and molecular
patterns including fatty acids, endotoxin, unmethylated DNA and double stranded RNA.
Ligation of broken DNA/RNA ends triggers a signaling cascade which inevitably induces
the transcription and the recruitment of various chemokines and cytokines (Kumari et al.,
2016). Signaling by TLRs converges on a small set of transcription factors that are believed
to mediate the inflammatory transcriptional response. Among these are NF-«kB, Activated
Protein 1 (AP-1) and Interferon Regulatory Factors (IRFs). IRFs comprise a family of 9
members (IRF1-IRF9) and have been implicated in numerous aspects of immune function
including macrophage development, T and B cell lymphopoiesis and the anti-viral defense
[183]. Each IRF contains a well-conserved DNA-binding domain of ~120 amino acids,
located at the amino terminus and forming a helix-turn-helix motif which recognizes the
Interferon (IFN)-stimulated response element (ISRE). Although the IRFs have various
immune functions and have distinct roles in the development and function of immune cells
(Honda and Taniguchi, 2006), IRF3 has been shown to play a significant role in regulating
insulin resistance, acting as a major transcriptional regulator of adipose tissue inflammation

and maintaining systemic glucose and energy homeostasis [181].

IRFs have gained much attention as essential regulators of immune cell recruitment
with the discovery of pattern-recognition receptors (PRRs) [183, 184]. PRRs recognize
pathogen-associated molecular patterns (PAMPs) such as lipopolysaccharide (LPS) and
viral nucleic acids. Two classes of PRRs have been identified: the transmembrane PRRs,
namely the TLRs, and the cytosolic PRRs, which include the retinoic-acid inducible gene
I (RIG-I) family (including melanoma-differentiation-associated gene 5, MDAS). Then,
depending on the nature of the pathogen and cell type, these recognition systems are
differentially activated, eliciting distinct immune responses [183]. The interaction of
dsRNA or dsDNA following infection, triggers an immune response through a cytosolic

pattern recognition system. This interaction with the RNA-helicase domain of RIG-I or
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MDAS induces interactions between the caspase-recruitment domain (CARD) of RIG-I or
MDAS5 and the CARD-like domain of their adaptor protein mitochondrial antiviral
signalling protein (MAVS). This receptor-adaptor interaction results in the activation of
TANK (TRAF family member associated NF-«kB activator)-binding kinase 1 (TBK1).
Activated TBK1 induces phosphorylation of IRF3 (and IRF7), resulting in their homo-
or heterodimerization and translocation into the nucleus to activate the transcription of

IFN genes [185, 186].

The current research examines the expression of the IRF3 pathway (Appendix 4.2)
and the induction of IFN-regulated genes in the liver, brown adipose and white adipose
tissues of the thirteen-lined ground squirrel across the torpor-arousal cycle. To my
knowledge, this is the first study of its kind to evaluate the specific mechanisms of IRF3
pathway regulation in the context of metabolic rate depression in a hibernating mammal.
Overall, the data suggest a tissue-specific response whereby several genes are induced in
the brown adipose during interbout arousal but suppressed or unchanged in the white
adipose tissue. Liver data revealed a significant recruitment response for the activation of
monocytes across the whole torpor-arousal cycle, but most significantly during early and

interbout arousal.
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4.2 Methods

4.2.1 Animal Protocols

Animal experiments were conducted as previously described in Chapter 2 and [102].
Samples of liver, brown adipose tissue (BAT), and white adipose tissue (WAT), were
collected and were flash-frozen in liquid nitrogen, shipped on dry ice to Carleton

University, and then stored in -80°C until use.

4.2.2 Protein quantification
Total protein Isolation

Total protein extracts were prepared as described in Chapter 2. Briefly, 50 mg tissue
samples were homogenized 1:4 w:v for liver and BAT and 1:3 w:v for WAT in
homogenizing buffer (20 mM Tris base, 150 mM NaCl, | mM EDTA, 1 mM EGTA,
Il mM NaF, 10mM B-glycerophosphate, 1% v/v Triton X-100, and 1 mM
phenylmethylsulfonyl fluoride). Samples were spun at 10,000 x g for 10 minutes at 4°C
and then supernatants were removed and protein concentrations were determined using
the Bio-Rad prepared reagent (BioRad Laboratories, Hercules, CA). All samples were
then standardized to a constant 10 pg/pL by addition of small aliquots of homogenization
buffer, and then aliquots were mixed 1:1 with 2X SDS loading buffer (100 mM Tris base
pH 6.8, 4% w/v SDS, 20% v/v glycerol, 0.2% w/v bromophenol blue, and 10% v/v 2-
mercaptoethanol), to yield a final sample concentration of 5 pg/pL. Finally, samples were

boiled for 10 minutes and stored at -20°C until use.

Total Protein Immunoblotting

Aliquots of 20-30 ug of protein were loaded into wells of 8-12% SDS-PAGE gels
which were run at 180V for 45min. After transfer to PVDF, membranes were blocked using
1-2% skimmed milk in TBST for 30 min and were then probed with primary antibodies
overnight at 4°C. Antibodies were all produced in rabbit and were from Cell Signaling:
MDAS Cat#5321, RIG-I Cat#3743, MAVS Cat#3993, TBK1 Cat#3504, IKKe Cat# 2905,
IRF3 Cat# 11904, phospho-IRF3 (Ser396) Cat# 4947, and STING Cat # 13647. Then,
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membranes were washed and probed with anti-rabbit IgG HRP-linked secondary antibody
(diluted 1:5000 in TBST) for 30 min at room temperature on a rocker.

Quantification and Data Analysis

Band densities were visualized using enhanced chemiluminescence using a
ChemiGenius Bio-Imager (Syngene, Frederick, MD) and quantified by densitometric
analysis using GeneTools Software. Band intensities from each lane were standardized
against the summed intensity of a group of Coomassie-stained bands in the same lane to
correct for variation in sample loading (Eaton, 2013). Mean band densities + SEM were
calculated and then standardized against the EC (euthermic control) condition. Data are as
n =4 independent samples from different animals. All data were analyzed using a one-way
ANOVA followed by a Tukey post-hoc test to identify significant differences between each
time point. Statistical difference was accepted if p < 0.05. For each parameter measured,
values that were not statistically different from one another share the same letter notation.

All statistical analysis and Figure generation was performed using RBioplot [104].

Quantitative PCR

RNA isolation

RNA isolation was performed as described in Biggar et al., (2018) [187]. Total
RNA from each tissue was isolated using Trizol™ (Invitrogen, Cat# 15596018). Briefly,
50 mg of tissue was homogenized in 1 mL Trizol using a Polytron PT10 homogenizer.
Next, 200 pL of chloroform was added to each sample followed by a brief 30 min
incubation on ice with intermittent vortexing. Samples were centrifuged at 10,000 xg for
15 min at 4 °C after which the upper aqueous layer was extracted. RNA was precipitated
with 500 puL of 2-propanol, followed by a 10 min incubation at room temperature, and
centrifugation as previously described. The supernatant was removed and the pellet was
washed with ethanol before centrifugation. RNA pellets were resuspended in 40 pL of
sterile RNAse-free water. RNA purity was assessed by measuring the 260 nm/280 nm ratio.

RNA integrity was determined by visualizing 18S and 26S ribosomal bands on a 1 %
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agarose gel with SybrGreen staining. All samples were diluted to 3 pg/uL using RNAse-

free water.

Following RNA extraction, an aliquot of 171 pL autoclaved water was added to each
final sample, then 2-fold serial dilutions of were made (1/2, 1/4, 1/8, 1/16, 1/32). Forward
and reverse primers for each downstream interferon gene were designed based on the
sequence data from NCBI data bank and were synthesized by Sigma Genosys. Primer
sequences can be found in appendix 4.1. Tissue-specific housekeeping genes were used as
controls; BAT - thp; LIV — a-tubulin; and WAT — a-actin; Amplification was performed
as described previously [188] with an annealing temperature of 57°C. Critical threshold
(Ct) values for each animal condition (EC, EN, LT, EA, and IA) were standardized to the
Ct of the respective housekeeping gene from the same sample. The statistical comparative
threshold cycle (AAC;) method was used to determine relative gene expression for each
tissue. Data are expressed as relative mean expression (= SEM) for n = 4 independent
samples from different animals. Statistical analysis of the data was performed using a one-
way ANOVA followed by a post-hoc Tukey test to identify significant differences among
groups. Statistical difference was accepted if p < 0.05. For each parameter measured, values
that were not statistically different from one another share the same letter notation. All

statistical analysis and Figure generation was performed using RBioplot [104].
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4.3 Results

4.3.1 IRF3 transcript levels

The IRF3 transcription factor is responsible for inducing the expression of many
immune genes including interferon-regulated genes, cytokines, interleukins and other
inflammatory targets. Figure 4.1 shows the transcript levels of IRF3 in liver, BAT and
WAT across all timepoints. Data for liver revealed a decrease in protein expression in late
torpor to 40 + 6% of control values followed by a gradual return to control values during
arousal. Conversely, brown adipose tissue showed no significant change in /RF'3 transcripts
until the interbout arousal timepoint when protein levels decreased to 37 = 8% of control
values. However, interestingly, white adipose tissue showed a significant increase to over

3-fold (3.09 + 8.8%) of control values during interbout arousal.
4.3.2 Protein Expression changes

Changes in IRF3 protein and phospho-protein expression across the torpor-arousal
cycle in ground squirrel liver are shown in Figure 4.2. Total IRF3 protein levels increased
significantly by nearly 2-fold (1.89 + 0.04) during entrance into hibernation, followed by
a return to control levels in torpor and early arousal. Subsequently levels dropped strongly
during interbout arousal to a value just 18 = 3% of control levels. Phosphorylated IRF3
levels were maintained at control values during entrance into torpor (EN) and long-term
torpor (LT) but then fell by about one-half during in early arousal (53 + 5%) and remained

low in interbout arousal (55 = 3%), as compared with ACR.

Figure 4.3 reveals the relative changes in the liver of upstream RIG-I pathway
proteins. Inhibitor of nuclear factor kappa-B kinase subunit epsilon (IKKg), one of the
activators of IRF3, showed a significant decrease in protein expression during entrance into
torpor to 57 &+ 4% of control values and this was maintained through late torpor and early
arousal (52 = 7% and 67 £ 3%, of EC values, respectively), followed by a further decrease
during interbout arousal to just 27 £ 9% of EC values. The MAVS protein showed a
significant decrease during entrance into torpor to 42 + 8% of control values, but returned
to control levels during late torpor and increased significantly during early arousal and

interbout arousal to 1.38 £0.10 and 1.48 + 0.01-fold, respectively, over EC values. MDAS,
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like RIG-1, is a cytosolic RNA helicase which functions as a pattern recognition receptor
typically for viral sensing. MDAS protein expression levels were generally unchanged
across the torpor-arousal cycle aside from a decrease during late torpor to 44 + 4% of
control values followed by a return to control levels in IA. Expression levels of TBKI,
another activator of IRF3, were also unchanged compared to EC values except for a
significant decrease during early arousal to 76 £ 3% of EC and that was significantly
decreased in comparison to late torpor which was 1.3 & 0.13 fold higher than control levels.
RIG-I levels decreased strongly during late torpor to 52 = 7% of EC but returned to control
values in EA before dropping again to 37 + 2% of EC values during interbout arousal.
Finally, STING levels were generally unchanged in comparison to controls, but revealed a
significant increase during early arousal in comparison to entrance to 1.15 # 0.11-fold than
EC values, followed by a further increase to 1.44 + 0.12-fold higher than EC during
interbout arousal. The overall trend seen in the liver points to a maintenance of protein
expression during crucial stages of torpor such as during entrance or late torpor followed
by either a return to control levels or an increase in expression compared to control levels

during the stages of arousal including early arousal and interbout arousal.

The brown adipose tissue revealed a different trend with regard to IRF-3 and its
upstream targets whereby very few targets were seen to be suppressed. Interestingly, total
IRF-3 levels increased during late torpor and early arousal to nearly 2-fold higher than
control values at 1.99 + 0.12 and 1.98 + 0.24-fold over EC, respectively (Figure 4.4). By
contrast, phosphorylated IRF-3 levels did not correspond to total levels as a small drop in
expression was seen during entrance to 68 + 5% of EC values, followed by a return to EC
levels for the remainder of the timecourse. Many RIG-I pathway proteins in brown adipose
were maintained or even induced across the torpor-arousal cycle. With respect to upstream
IRF3 activators (Figure 4.5), the two kinases IKKe and TBK1 revealed different trends
whereby IKKe showed a maintenance of protein expression during entrance and late torpor
to levels that were not significantly different than EC values but then dropped during early
arousal and interbout arousal to levels that were 69 + 9% to 64 + 2% of control values.
Conversely, TBK1 was seen to increase significantly in protein expression during late
torpor and early arousal to 1.71 £0.01 and 1.51 + 0.07-fold of control values, followed by

a return to control values, but which were significantly decreased compared to entrance at
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75 + 2% of control values. The two helicases, MDAS5 and RIG-I both showed no significant
changes across the torpor-arousal cycle, aside from a significant increase in MDAS during
early arousal to 2.21 £ 0.19-fold of control values. Finally, STING protein expression
levels were elevated during late torpor to 1.29 + 0.09-fold higher than control values
followed by a drop again in EA then a stronger increase to 1.72 &+ 0.06-fold higher than EC
values during interbout arousal. MAVS revealed no significant change throughout the

cycle.

The white adipose tissue showed the strongest response for induction of the RIG-I
pathway whereby both total and phosphorylated IRF-3 protein expression levels were
found to increase strongly but at varying points of the torpor-arousal cycle (Figure 4.6).
Total IRF3 protein expression levels rose to nearly 4-fold (3.92 + 0.47) during late torpor,
and remained elevated for the rest of the time course at 3.14 + 0.38-fold higher than EC
levels in early arousal and 2.11 + 0.40-fold higher than controls during interbout arousal.
However, phosphorylated IRF3 levels were highest during entrance into torpor at 2.5 +
0.15-fold above controls followed by a drop to 56 £ 12% of control levels during late
torpor. Then, during early arousal and interbout arousal, levels returned to values not
different from the EC controls. Figure 4.7 reveals the expression levels of upstream
regulators of IRF3 in white adipose, showing very strong upregulation of three targets.
IKKe kinase protein expression levels were significantly induced during late torpor and
early arousal at 4.78 + 0.22-fold and 4.13 + 1.01-fold, respectively, over EC values
followed by a return to control values during interbout arousal. MAVS was also induced
during late torpor to 3.44 + 0.76-fold over control values and MDAS was elevated in late
torpor through to interbout arousal at 4.83 + 0.15-fold, 5.09 + 0.57-fold and 4.85 + 0.72-
fold over EC values, respectively. TBK1, RIG-I and STING expression levels were all
maintained throughout the torpor-arousal cycle aside from a decrease in RIG-I during late
torpor through to interbout arousal to 61 + 4%, 42 + 2%, and 53 + 5%, respectively, as
compared with EC.

4.3.3 Downstream transcript level changes

Next, the transcript levels of downstream IRF3-regulated genes were assessed to

determine whether changes in IRF3 levels resulted in altered transcripts levels of
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downstream targets. Figure 4.8 shows the transcript expression levels of six downstream
genes regulated by IRF3 in liver. CXCLI10 transcripts showed a downward trend in late
torpor followed by a significant increase during early arousal to 1.42 + 0.30-fold higher
than control values which was significant compared to late torpor but not control values.
IFN-B values showed no significant change across the torpor-arousal cycle, as did the IFN-
Receptor, however IFIT2 levels rose significantly during late torpor and interbout arousal
to 1.61 £ 0.12-fold and 1.54 + 0.15-fold, respectively over EC values. Similarly, transcript
levels of GPB-1-Like gene revealed a significant increase at two time points, entrance and
early arousal, to 3.51 + 0.69-fold and 3.03 = 0.63-fold over control values, respectively.
Finally, transcript levels of the cytokine CCLS5 showed the most pronounced changes
whereby a significant increase was seen during entrance into torpor to 3.15 + 0.10-fold of
control values, followed by an even stronger increase during early arousal to 5.20 + 0.26-

fold that remained elevated during interbout arousal at 5.06 + 0.51-fold over EC values.

Brown adipose tissue also showed differential expression of IRF3 downstream
genes, as well as in some additional adipose-specific genes examined (Figure 4.9). Two of
the IFITs (IFIT1 and IFIT2) showed similar expression patterns whereby there was little
charge across most of the torpor-arousal cycle but a strong increase during interbout
arousal; levels of IFIT1 in IA rose to 3.92 + 0.45-fold over EC values whereas IFIT2
increased to 1.48 + 0.04-fold over control values during interbout arousal. However, IFIT3,
CCL2, and CCLS5 transcript levels showed no significant change across the torpor-arousal
cycle. IFNa-2-like transcript levels showed a small increase during late torpor, but were
very strongly increased during interbout arousal to values that were 4.70 = 0.30-fold over
EC. IFN transcript levels showed a similar pattern with a significant increase during late
torpor to 2.06 + 0.36-fold of control values followed by a rise to 5.63 + 0.20-fold over EC
values. The IFN-receptor showed no significant change throughout the cycle aside from a
significant increase during interbout arousal to 3.88 + 0.20-fold of control values. The two
adipose-specific transcripts OASL2 and RSAD?2 both revealed very similar results. OASL2
transcript levels decreased during entrance to 48 + 7% of control values, followed by a
return to control levels, and a significant increase during interbout arousal to 2.74 + 0.09-

fold of EC values. Similarly, RSAD2 transcript levels decreased during entrance to 54 +
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8% of control values, followed by a return to control levels, and a similar increase during

interbout arousal to 1.45 + 0.05-fold of control values.

Finally, white adipose tissue transcript levels were examined and revealed different
expression patterns than the brown adipose tissue or liver (Figure 4.10). IFIT2, CCLS5, and
RSAD2 showed no significant changes in expression across the torpor-arousal cycle, but
the remaining targets revealed differential changes. IFIT1 showed no significant changes
during entrance into hibernation, but a decrease was noted during late torpor to 34 + 5% of
EC values. Although not significantly different compared to control or entrance values, it
was significantly different compared to the elevated IFIT1 values noted during early
arousal and interbout arousal (1.90 = 0.35-fold and 1.81 + 0.29-fold, higher than EC
respectively). IFIT3 transcript levels were suppressed during entrance and remained low
throughout all subsequent stages with values, ranging from 56 + 7% (EN) down to 34 +
7% (EA) of the EC values. CCL2 showed a very similar pattern whereby a significant
decrease in transcript levels was observed during entrance (49 + 9%) that was maintained
through to early arousal (33 £+ 4%) as compared with EC but followed by a rise again
interbout arousal. Relative transcript levels for [IFNa-2-L were not significantly different
from EC during EN, LT or EA stages but showed a very strong increase during interbout
arousal to 6.73 + 2.07-fold of control values. IFNP and the IFN receptors revealed similar
patterns of expression whereby no change was seen until interbout arousal when a 3.61 +
0.44-fold increase in IFN was noted and a 1.54 £+ 0.10-fold increase in IFNR. OASL2
revealed a significant decrease during late torpor to 77 = 15% of control values, however

this was followed by a return to control levels for the rest of the cycle.

4.4 Discussion

It has been long suggested that the inflammatory response is suppressed during
hibernation as part of an effort to reduce energetic demands during torpor. This has been
supported in several studies, including the classical example of the little brown bat, Myotis
lucifugus, which succumbs to infection from the Pseudogeomyces destructans fungus, also
known as “white nose syndrome” as a result of reduced immune defenses during

hibernation [189]. This fungus appears on the wings and nose of bats during their
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hibernation, enters the nasal cavity and infects their airways, during a this time of
suppressed metabolism, immune response, and wound healing [190]. According to
previous research, a local inflammatory response is initiated whereby the expression of
cytokines, interleukins and several chemokines is induced, however immune cells such as
neutrophils, leukocytes and T cells do not appear to be recruited [189]. However, the
current study on ground squirrels reveals that both protein and transcript expression levels
of several immune targets are, in fact, maintained at control levels or even increased over
the torpor-arousal cycle, in a tissue-specific manner. Some potential explanations for the
difference between bats and ground squirrels could be that perhaps the little brown bat does
not exhibit the same level of control over its immune system as the ground squirrel, or that
the fungus simply overwhelms the bat’s suppressed immune system, or perhaps the fungus
was simply better able to evade detection and was therefore able to overtake the bat’s
immune system before it could surmount a response. As well, the bat does not arouse
during the hibernation period whereas the squirrel undergoes multiple bouts of torpor
arousal, and could therefore be giving the squirrel a chance to activate its immune system.
And finally, the proximity of bats to one another during hibernation is more likely to
promote the spread of disease or infection, whereas squirrels generally hibernate in solitude

in cold dens.

The present study focused on antiviral immune defenses of ground squirrels. For
any organism to assemble a successful antiviral defense, the upregulation of type-I IFN
genes, enabled by the concerted activation of several transcription factors (most notably
IRF3 and NF-kB [185]) must occur. Since NF-xB does not appear to play a significant role
during the torpor-arousal cycle, I chose to examine the role of IRF3 in mediating the
immune response. IRF3 transcript levels revealed differential expression changes among
the three tissues examined (liver, BAT, WAT) (Fig 4.1) where the greatest response was
noted in WAT. These results for mRNA transcript levels did not correlate directly with
changes in IRF3 protein levels but this can be expected since processing of gene transcripts
can be affected in multiple ways including via post-translational modifications, the action
of microRNAs, transcript degradation or shunting into storage in stress granules or p-

bodies [18].
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In the liver, total IRF protein levels showed a peak during the entrance phase and
decreased strongly during interbout arousal, but expression levels of the active
phosphorylated form were much less affected, showing a drop during arousal only (Fig
4.2). This suggests that IRF3 is phosphorylated and possibly translocated into the nucleus
for the activation of IRF3-dependent genes during the preparatory stages of torpor and
torpor itself, but its functions are not required during the arousal stages. Expression levels
of TBK1, the direct upstream activator of IRF3, appear to correlate with the results for
IRF3 and were maintained throughout the cycle aside from a decrease during early arousal.
The overall increase could suggest IRF3 activation and phosphorylation during those times
(Fig 4.3). Another activator of IRF3 is the Stimulator of IFN Genes (STING) that was
found to be induced during interbout arousal, suggesting another mechanism of IRF3
activation. STING activates IRF3 via TBK1 by functioning as a scaffold protein to IRF3
and TBK1 and selectively promotes IRF3 phosphorylation [191, 192]. The two PRRs,
MDAS and RIG-I, both revealed a maintenance of expression during entrance, but were
both significantly reduced during torpor, followed by an induction during arousal. As
sensors of foreign material, it would appear that their expression is, in fact, reduced during
the hypometabolic period but is turned on again during arousal. This supports previous
studies which showed that inflammation was suppressed in hibernation, possibly as a
means of conserving energy. Downstream of RIG-I, the MAVS protein functions to recruit
IKKe, and TBK1. MAVS expression was reduced during entrance but was then returned
to control levels during late torpor and was then induced during the arousal stage. This
could suggest that there is an induction in the interaction between MAVS and RIG-I during
the arousal stages of the cycle. IKKe and TBK 1 then function to activate and phosphorylate
IRF3. IKKe was found to be significantly suppressed during all stages of the cycle, perhaps
suggesting a rate-limiting step for IRF3 activation. Due to its proinflammatory function,
IKKze activity is tightly controlled. One study identified two isoforms of IKKe that originate
from alternative splicing and have the potential to inhibit the activity of the full-length
protein [185]. Additionally, a splice variant of the IKKe-related kinase TBK1 (TBK1s) also
negatively regulates virus-triggered type-1 IFN expression and could be responsible for
restraining or turning off the antiviral signaling pathway as it is specifically upregulated

after viral infection [193]. TBKIls inhibits RIG-I, but not TBK1-mediated activation of
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ISRE and the IFN-B promoter. It also negatively regulates the virus-triggered IFN-$3
signaling pathway by disrupting the interaction of RIG-I with MAVS and negatively
regulates virus-triggered IRF3, but not NF-kB [193]. TBK s is similar to MyD88, a splice
variant of MyD88 which differentially modulates NF-xB and AP-1-dependent gene
expression of the TLR signaling pathway [194]. Furthermore, MAVS selectively
suppressed retinoic acid-inducible protein I-mediated NF-kB activation but enhanced the
activity of the IFN-B promoter, and TAG, a splice variant of TRAM, inhibited only
activation of IRF3 but not NF- «B. Therefore, alternative splicing represents an effective,
yet complex regulatory mechanism that the ground squirrel may likely employ to fine-tune

the immune response during the hibernation period [185].

Similarly, in the brown adipose tissue, there appeared to be an overall maintenance
of phosphorylated IRF3 expression (Fig 4.4), which was generally observed in the
upstream activators as well (Fig 4.5). The two upstream sensors, MDAS and RIG-I were
elevated during early arousal (although RIG-I was not a significant change) as well as
several other targets. This supports the idea that IRF3 activation in BAT was generally
maintained at control levels throughout the torpor-arousal cycle but was induced during
early arousal, potentially to fight off pathogens that might become active as body

temperature rose back to euthermic (37°C) values.

Finally, white adipose tissue showed a strong increase in total IRF3 levels during
torpor and early arousal but phosphorylated IRF3 expression levels revealed a significant
increase only during entrance (Fig 4.6). Expression levels of downstream targets in WAT
revealed a strong increase in several targets including IKKe, MAVS and MDAS during the
late torpor, early arousal, and in the case of MDAJY, also into interbout arousal (Fig 4.7).
The other targets in WAT were largely across the torpor-arousal cycle, aside from a
decrease in expression in RIG-I from late torpor onwards. This could suggest that there
could be a different sensing mechanism for RIG-I and MDAS. In fact, although RIG-I and
MDAS both act as sensors of dsDNA in the cytoplasm and initiate an interferon-dependent
inflammatory response, they do still have distinct but complementary ligands and signaling
mechanisms. RIG-I sequesters DNA by the Caspase Activation and Recruitment Domain

(CARD), but not by MDAS in the absence of a ligand. MDAS also has a much greater
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propensity to form filaments along dsDNA, and the contribution of K63-linked ubiquitin
chains is different for both, but is far less defined for MDAS. Therefore, it is plausible that
an increase in one PRR could result, and not the other [195]. Similarly for IKKe and TBK1,
the lack of change in TBK1 could suggest a layer of regulation for the activation of IRF3.
Overall, it would appear that there could be a specific induction in IRF3 activation in white

adipose tissue, dependent on MDAS signaling.

In order to examine the expression of downstream IFN-related genes, the mRNA
transcript levels of various targets were measured. In the liver, several IFN-related genes,
cytokines and antiviral proteins were found to be differentially regulated (Fig 4.8).
CXCL10, a cytokine responsible for leukocyte trafficking, was significantly upregulated
during early arousal, as compared to late torpor. IFIT2, an antiviral protein which inhibits
the expression of viral messenger RNAs was found to be upregulated during late torpor
and interbout arousal. GBP-1-L, a protein responsible for exhibiting antiviral activity
against influenza, promoting oxidative killing and delivering antimicrobial peptides to
autophagolysozomes, was also significantly induced during entrance, and early arousal.
And finally, CCLS5, a cytokine responsible for recruiting monocytes to sites of infection,
was significantly increased at almost all time points across the cycle, as compared with
EN. This suggests that the liver is still activating IFN-related genes but generally at critical

time points of the cycle — namely during entrance and early arousal.

In the brown adipose tissue, however, an interesting pattern emerged. Many of the
targets examined were maintained at control levels across most of the cycle, but were then
significantly and strongly upregulated during interbout arousal (Fig 4.9). IFIT1, IFIT2,
IFNa-2-L, IFNB, IFNR, OASL2 and RSAD2 were all upregulated during this time. The 2'-
5'-oligoadenylate synthase-like protein 2 (OASL2) and Radical SAM Domain-Containing
2 (RSAD?2) protein are two interferon-induced inflammatory targets that have been shown
to play a significant role in adipose inflammation [181, 196, 197]. This is in contrast to
white adipose tissue which showed suppression of expression for several targets or no
change across the cycle (Fig 4.10). Only IFIT1, IFNa-2-L, IFNf and IFNR were found to
be induced during early arousal and/or interbout arousal. It would appear that BAT 1is

inducing the expression of interferon-regulated genes. The interferon receptor and the two
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proteins (o and ) are responsible for the innate immune response and are produced by
fibroblasts, dendritic cells and monocytes [198]. They function to protect against viral
infection but also have numerous other functions including cellular communication, signal
transduction, as well as regulating growth and differentiation, and can be produced in high
abundance in a short period of time in response to stress or toxicity [199]. Therefore, BAT
may be maintaining the levels of these immune factors and then increasing them during

arousal as a cytoprotective mechanism.

It is important to note, however, that the induction of interferon-related genes is not
only present in response to viral infection. Numerous studies have shown an induction in
the expression of these genes in response to other proinflammatory states such as during
metabolic and hepatic diseases characterized by overnutrition [200-203]. Although ground
squirrels are known to accumulate large amounts of fat prior to winter hibernation, these
animals are “fat but fit” and do not accrue the damage associated with obesity-related
metabolic diseases. In a disease or obese state, the adipose tissue can account for over 50%
of body mass and exist in various depots including omental, subcutaneous, mesenteric,
brown adipose and visceral sites surrounding the organs [48]. Adipose tissue contains
varying types of immune cells including macrophages, T cells, eosinophils, lymphocytes
and many others which are present at high concentrations, especially in obese states. These
cells produce immune factors that have been shown to modulate adipocyte function and
regulate the inflammatory environment in a dynamic tissue that changes in response to
daily feeding and fasting. These effects can be seen as early as 2-3 days after switching to
a high-fat diet in mice [204] and TLR activation through fatty acid sensing is one of the

proposed mechanisms for these pathways and is likely dysregulated in disease states.

In conclusion, ground squirrels appear to regulate immune pathways in such a way
that the concentration of immune cells is not elevated, even in response to high-fat feeding.
They are able to suppress the pro-inflammatory response, until such time that it is required,
and regulate it in a highly controlled, tissue-specific manner. The liver maintains basal
levels of immune function, but brown adipose initiates a strong immune response induced

by the expression of interferon-regulated genes. In this way, the ground squirrel is able to
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protect itself from foreign pathogens and viruses, as well as maintain cytoprotection and

activate numerous signaling pathways over the course of its winter hibernation.
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Figure 4.1: Histogram of normalized /RF'3 relative gene transcript levels across the torpor-
arousal cycle in liver (LIV), brown adipose tissue (BAT) and white adipose tissue (WAT).
Data are mean critical threshold (Ct) (£ S.E.M. n = 4 independent trials on tissue from
different animals). Values that share the same letter are not significantly different (p <
0.05).
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Figure 4.2: Relative protein expression levels of total IRF3 and phosphorylated IRF
(Ser396) in Ictidomys tridecemlineatus liver tissue across the torpor-arousal cycle. (A)
Histogram showing mean standardized expression levels of IRF3 and p-IRF3 (+ S.EIM., n
= 4 independent protein isolations from different animals). (B) Representative western
immunoblot bands illustrating the expression levels of IRF3 and p-IRF3. Data were
analyzed using a one-way ANOVA followed by a Tukey post-hoc test (p < 0.05). For each
parameter measured, values sharing the same letter notation are not statistically different
from one another.
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Figure 4.3: Relative protein expression levels of upstream IRF3 targets in Ictidomys
tridecemlineatus liver tissue throughout the torpor-arousal cycle. (A) Histogram showing
mean standardized expression levels (= S.E.M., n = 4 independent protein isolations from
different animals). (B) Representative western immunoblot bands illustrating the
expression levels of all targets. Data were analyzed using a one-way ANOVA followed by
a Tukey post-hoc test (p < 0.05). For each parameter measured, values sharing the same
letter notation are not statistically different from one another.
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Figure 4.4: Relative protein expression levels of total IRF3 and phosphorylated IRF
(Ser396) in Ictidomys tridecemlineatus brown adipose tissue throughout the torpor-arousal
cycle. (A) Histogram showing mean standardized expression levels of IRF3 and p-IRF3 (+
S.E.M., n = 4 independent protein isolations from different animals). (B) Representative
western immunoblot bands illustrating the expression levels of IRF3 and p-IRF3. Data
were analyzed using a one-way ANOVA followed by a Tukey post-hoc test (p < 0.05). For
each parameter measured, values sharing the same letter notation are not statistically
different from one another.
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Figure 4.5: Relative protein expression levels of upstream IRF3 targets in Ictidomys
tridecemlineatus brown adipose tissue throughout the torpor-arousal cycle. (A) Histogram
showing mean standardized expression levels (£ S.E.M., n = 4 independent protein
isolations from different animals). (B) Representative western immunoblot bands
illustrating the expression levels of all targets. Data were analyzed using a one-way
ANOVA followed by a Tukey post-hoc test (p < 0.05). For each parameter measured,
values sharing the same letter notation are not statistically different from one another.
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Figure 4.6: Relative protein expression levels of total IRF3 and phosphorylated IRF
(Ser396) in Ictidomys tridecemlineatus white adipose tissue throughout the torpor-arousal
cycle. (A) Histogram showing mean standardized expression levels of IRF3 and p-IRF3 (+
S.E.M., n = 4 independent protein isolations from different animals). (B) Representative
western immunoblot bands illustrating the expression levels of IRF3 and p-IRF3. Data
were analyzed using a one-way ANOVA followed by a Tukey post-hoc test (p < 0.05). For
each parameter measured, values sharing the same letter notation are not statistically
different from one another.

89



(A) b
5.5 b 5.5
5 b b b 5
45 4.5
g b
I B 4
bl
S35 ab 3.5
w
=
£ 3
-
o
o 25 2.5
g
s 2 ab 2
) a
o
1.5
a
a a a
1
a
0.5 a 4—‘
0
IKKe MAVS MDAS TBK1 RIG-I STING
BAcrRIBENPLTIEA JIA
(B) EC EN LT EA 1A
IKKe v -~ QD Q-.
MAVS ; _ ik
MDAS B —— pr— R T—
TBK1 [ S W o gl i | S Yool B0 Lo e o
RIG1 | S g — m
STING — — —— i

Figure 4.7: Relative protein expression levels of upstream IRF3 targets in Ictidomys
tridecemlineatus white adipose tissue throughout the torpor-arousal cycle. (A) Histogram
showing mean standardized expression levels (= S.E.M., n = 4 independent protein
isolations from different animals). (B) Representative western immunoblot bands
illustrating the expression levels of all targets. Data were analyzed using a one-way
ANOVA followed by a Tukey post-hoc test (p < 0.05). For each parameter measured,
values sharing the same letter notation are not statistically different from one another.
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Figure 4.8: Histogram of normalized IRF3 downstream gene transcript levels in Ictidomys
tridecemlineatus liver tissue throughout the torpor-arousal cycle. Data are mean critical
threshold (Ct) (= S.E.M. n = 4 independent trials on tissue from different animals). Values
that share the same letter are not significantly different (p < 0.05).
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Figure 4.9: Histogram of normalized IRF3 downstream gene transcript levels in Ictidomys
tridecemlineatus brown adipose tissue throughout the torpor-arousal cycle. Data are mean
critical threshold (Ct) (£ S.E.M. n =4 independent trials on tissue from different animals).
Values that share the same letter are not significantly different (p < 0.05).
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are mean critical threshold (Ct) (= S.E.M. n = 4 independent trials on tissue from different
animals). Values that share the same letter are not significantly different (p < 0.05).
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Appendix 4.1 Primer design for RT-qPCR

Gene name Forward Primer 5° — 3’ Reverse Primer 5° — 3’
IRF3 TCCGATCCTCAGCTAAACGC ATCGGAAGGAAGTGTTGCGT
IFIT] TTCTATGCGGGGTTTGCCAT CTGGACAGCCTTTCTCAGGG
IFIT2 TCACCTGGGGAAACTATGCC AAGTTGGCTTCTGGGCTCTT
IFIT3 GGCAACCACTTCAACCACAC GATTTCCCTCCCGCTTGTGA
CCL2 GGTTGAGGACTACGTTGCCA TACAGGTTCTGGGGTGGTGA
CCL5 GCTCCAACCTAGCAGTTGTCT CATTTCTTCTCTGGGTCGGC
CXCLI10 AACTCAAGGAATGCCGCTCT CCCCGCTCTTTTTCATTGTGG
IFNa-2-L GGACTTTGCCTTCCCCAAGGAGCAG GCTGGGTCCCACAGGCTTTCAGGTC

IFN-Beta CAAAAGCTGGGGAAACTCCA TTCCATTCGGATCACTGTCCA
IFN-Receptor AAGGGGTCAAGAACTGGGTC CCTCCAATTTGCAGCGTACC
GBP-1-L TGTGCCTCATCCCAAGATGG TCATTCTGGTTGTCGCCCTT
OASL?2 TGCATTGGAGCTACTGACCAT CACAAGCCCTTCGTCCATGT
RSAD?2 AAACTTCTCTGGCGGAGAGC ACCGTAGTCCCTGAACCACT

94



Appendix 4.2. IRF3 pathway from Peng et al., 2015. PLOS pathogens. 10(4):¢1004041
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CHAPTER 5

IDENTIFICATION OF A PRO-SURVIVAL
NEUROPROTECTIVE PEPTIDE IN A
MAMMALIAN HIBERNATOR; S-HUMANIN

Manuscript in press; accepted 2019-06-05

Szereszewski KE, Storey KB. 2019. Identification of a prosurvival neuroprotective
mitochondrial peptide in a mammalian hibernator. Cell Biochemistry & Function. 2019;
1-10. https://doi.org/10.1002/cbf.3422
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Abstract

Hibernation requires the intricate regulation of physiological and biochemical
adaptations to facilitate the decrease in metabolic rate and activation of pro-survival factors
needed for winter survival. Mitochondria play important roles in eliciting these responses
and in coordinating the required energy shifts. Herein, we report the presence of a novel
mitochondrial peptide, s-humanin, in the hibernating thirteen-lined ground squirrel,
Ictidomys tridecemlineatus. S-humanin was shown to have strong structural and sequence
similarities to its human analogue, humanin — a powerful neuroprotective mitochondrial
peptide. An assessment of the protein and gene expression levels of this peptide in ground
squirrels revealed stark tissue-specific regulatory responses whereby transcript levels
increased in brain cortex, skeletal muscle, and adipose tissues during hibernation,
suggesting a protective torpor-induced activation. Accompanying peptide measurements
found that s-humanin levels were suppressed in liver of torpid squirrels, but enhanced in
brain cortex. The enhanced transcript and protein levels of s-humanin in brain cortex
suggest that it is actively involved in protecting delicate brain tissues and neuronal
connections from hibernation-associated stresses. We propose that this squirrel-specific
peptide is involved in modulating tissue-specific cytoprotective functions, expanding its

role from human-specific neuroprotection to environmental stress-protection.
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5.1 Introduction

To survive cold winter months many small mammals, such as ground squirrels, use
hibernation. Responding to the high metabolic cost of maintaining a euthermic body
temperature of ~37°C in the cold, they retreat into a torpid state and allow their core body
temperature (Tp) to drop to near ambient (often to near 0°C), and their metabolic rate to fall
to just 1-5% of euthermic values [14, 17, 18]. Hibernators cycle through prolonged periods
of torpor (sometimes lasting several weeks) that are interspersed with brief periods of
arousal when both metabolic rate and Ty return to euthermic values. Arousal is costly since
it requires high rates of thermogenesis (mainly by brown adipose tissue), blood reperfusion
and oxygen consumption as well as imposing oxidative stress on organs [18, 205, 206] but
overall, by hibernating, animals can accrue metabolic energy savings of ~90% as compared
with the cost of maintaining euthermia over the winter [14, 18]. However, to achieve the
hypometabolic state of torpor requires significant reorganization of an animal’s
metabolism, including a switch to a primary reliance on body lipid reserves for fuel, a
suppression of ATP-expensive metabolic processes (ion pumps, transcription, translation,
etc.) and an enhancement of cell preservation strategies (antioxidant defenses, chaperones,

other pro-survival mechanisms, etc.).

Hibernation is not only fascinating by itself but mammalian hibernators are also useful
model systems with which to explore molecular mechanisms that could ameliorate various
human neurological disorders including ischemic injury and Alzheimer’s disease (AD)
[207-210]. In AD, for example, plaques formed by Amyloid-beta (AB) and neurofibrillary
tangles contribute to the degradation of neurons in the brain. Another feature of AD is the
accumulation of oxidative damage to DNA, RNA, protein and lipids [211, 212]; indeed,
AP itself shows oxidative damage in amyloid plaques. However, in hibernating ground
squirrels, cerebral blood flow can decrease to as low as 10% of euthermic values, yet
animals avoid any significant brain injury [207]. The lack of damage is due in part to the
very low metabolic rate and deep hypothermia of the hibernating state that can attenuate
neurodegeneration — but hibernation also includes inducible protective measures against
cellular damage such as enhanced chaperone levels, antioxidants and anti-apoptotic

mechanisms [17, 18, 119, 207]. Another interesting feature of hibernation is that neural
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structures (e.g. spines, synaptic structures, dendritic branches) all decrease in complexity,
size and number during torpor [213, 214] but are regenerated (synaptogenesis) during
arousal with no cognitive loss [215-218]. In this way, ground squirrels are able to

successfully enter and exit from hibernation without neuronal injury or death.

While searching for pro-survival factors that could aid resistance to apoptosis in the
unaffected brain areas of a patient with Alzheimer’s disease (AD), research by the
Nishimoto lab in Japan discovered a novel peptide that they proposed was implicated in
neuroprotection. This peptide, named humanin, is encoded within the 16S ribosomal RNA
gene of the mitochondrial genome (MT-RNR2) and is 24 or 21 amino acids in length
depending on the location of the translation machinery (cytosolic vs. mitochondrial) [61,
219, 220]. The secreted peptide (amino acid sequence: 5’-
MAPRGFSCLLLLTSEIDLPVK-3’) has been shown to have anti-apoptotic effects [221]
and antagonize neurotoxicity and various types of Alzheimer’s disease genes [222]. When
translated in the mitochondrion, the resulting humanin peptide lacks the three carboxy-
terminal amino acids but remains fully functional. The amino acid structure includes a
positively charged N-terminal domain, a central hydrophobic region, and a polar C-
terminal domain, which conforms to the general design of signaling peptides [223]. The
3D model of humanin shows a flexible structure with definite turn points that allow it to
interact with potential receptors whereas its central alpha-helical section (Gly5 to Leul8)
provides for specific interactions and/or passage through hydrophobic environments such
as membranes [223]. Residues 3-19 have also been described as the “core domain” of the
peptide and are responsible for its neuroprotective activity [224]. Modification of core
domain amino acids was found to yield analogues resulting in increased potency, affect

binding to growth-factor binding proteins, as well as affect its own secretion [225].

It has been proposed that humanin can suppress AD by reducing neuronal cell death
caused by AP accumulation [226] and oxidative damage [227-230]. Humanin exerts this
effect by mediating the remodeling of dendritic structural complexities and by preventing
mitochondrial dysfunctions. This effect is mediated via the activation of the JAK2/STAT3
pathway, triggering the inhibition of AD-related neurotoxicity [231], and in part by ERK

and PI3K pathway activation, as seen in mice [232]. In addition to its neuroprotective
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effects (also including improving memory and learning) [233-235], humanin has been
proposed to have several cytoprotective effects, including protection against oxidative
stress, atherosclerotic plaque formation, stimulating pancreatic beta-cell and insulin
sensitivity, and suppressing apoptosis. Apoptotic effects have been well characterized [65,
221, 225, 228, 233, 235-242]; they include protection from Ap-induced toxicity of
cerebrovascular smooth muscle cells and by interacting with insulin-like growth factor-
binding protein 3 (IGFBP3) where humanin blocks IGFBP3-induced apoptosis in glial cell
lines [231].

Given that humanin is an important neuroprotective agent, we hypothesized that a
ground squirrel homologue could play a significant role in neuroprotection of the brain
during hibernation and that the peptide might aid cytoprotection in other tissues as well.
The present study demonstrates the presence of a ground squirrel homologue “s-humanin”
peptide in tissues of hibernating thirteen-lined ground squirrels (Ictidomys
tridecemlineatus), and evaluates the tissue-specific regulation of gene and protein
expression of the squirrel peptide over the torpor-arousal cycle. The data revealed tissue-
specific regulation at both the protein and transcript levels suggesting that s-humanin is in
fact involved in various neuroprotective and cytoprotective mechanisms facilitating

squirrel hibernation.

5.2 Materials and Methods

5.2.1 Model prediction

The 3D model prediction for the squirrel peptide was accomplished using the I-Tasser
server [243-245] (http://zhanglab.ccmb.med.umich.edu/I-TASSER/), a hierarchical
template-based method of protein structure and function prediction. Structure prediction is
performed based on three principles: template identification, full-length structure
assembly, and structure-based function annotation. To determine s-humanin structure, the
predicted s-humanin nucleotide sequence was translated by the vertebrate mitochondrial

code (giving 5S’-MAPRGFSCLLLLTSEIDLPVK -3’) and was then inputted into the I-
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Tasser server. Briefly, target sequences were searched through the Protein Data Bank
(PDB) structure library to find possible folds. Continuous fragments were excised from the
aligned regions and were used to reassemble full-length models while unaligned regions
were built by ab initio modeling. The predicted model has a helical structure involving
residues Phe6 to Leu9 and an overall turn-like structure between residues Gly5 and Ile16.
Various scoring values were implemented to determine the best possible model. These
PDB models were validated with a secondary structure to enhance reliability of the
predicted model. Finally, a Levitt-Gerstein LG score and a MaxSub score were compared
for likelihood of model probability. The humanin 3D model (PDB ID: 1Y32) was then
aligned to the predicted squirrel-specific sequence using the molecular visualization

software PyMOL.

5.2.2 Animal protocols

Thirteen-lined ground squirrels (Ictidomys tridecemlineatus) were captured, treated,

and organs harvested following the same protocol as previously described in Chapter 2

[102]

Animal experiments were conducted as previously described [102]. All animal
experiments were conducted by in the laboratory of Dr. J.M. Hallenbeck lab (NINDS,
Bethesda, Maryland) and approved by the Institutional Animal Care and Use Committee.
Equal numbers of male and female squirrels (~5-10) approximately between 1 and 3 years
of age were sampled for this experiment and an n = 4 squirrels were used for each
experimental condition. Samples of liver, muscle, brown adipose tissue (BAT), white
adipose tissue (WAT), brain cortex (BCTX) and brainstem (BSTEM) were collected and
were flash-frozen in liquid nitrogen, shipped on dry ice to Carleton University, and then

stored in -80°C until use.
5.2.3 Quantitative PCR
RT-gqPCR was used to examine the relative expression of s-humanin gene transcripts.

RNA extraction was performed as previously described [188]. An aliquot of 171 pL
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autoclaved water was added to final each RNA sample, and then serial dilutions of 10 and
10" were made. Forward and reverse primers for s-humanin were designed based on the
consensus sequence of human humanin sequence (Genbank accession no. AY029066.1)
and the ground squirrel mitochondrial genome (Genbank accession no. KP698974) using
the NCBI primer design program. Primers were synthesized by Sigma Genosys. Primer
sequences for s-humanin were: forward 5° — TGCCCAGTGACACACGTTTA - 3’ and
reverse 5° — AGCTCCATAGGGTCTTCTCGT — 3°. Tissue-specific housekeeping genes
were used as controls; thp for brown adipose tissue (BAT); a-tubulin for liver (LIV); y-
actin for skeletal muscle (MUS); a-actin for white adipose tissue (WAT); and gapdh for
brain stem (BSTEM) and brain cortex (BCTX). Amplification was performed as described
previously [188] using a Bio-Rad CFX Connect thermocycler. A 2-fold dilution series
standard curve of pooled samples was run for each quantification run. Thermocycling
consisted of an initial denaturing stem at 95°C for 5 minutes, followed by 40 cycles of
denaturing at 95°C for 10s, annealing at 60°C for 20s, and extension at 72°C for 20s. Post-
run melt analyses were also run from 55 to 95°C for all reactions to determine reaction
efficiencies. Critical threshold (Ct) values for each animal condition (EC, EN, ET, LT, EA,
and IA) were standardized to the Ct of the respective housekeeping gene from the same
sample. The statistical comparative threshold cycle (AAC:) method was used to determine
relative gene expression for each tissue whereby mRNA quantification was done by
calculating the ratio of starting quantity of target gene to the reference gene of each sample.
Data are expressed as relative mean expression (£ SEM) for n = 4 independent samples
from different animals. Statistical analysis of the data was performed using a one-way
ANOVA followed by a post-hoc Tukey test to identify significant differences among
groups. Statistical difference was accepted if p <0.05. For each parameter measured, values
that were not statistically different from one another share the same letter notation. All

statistical analysis and Figure generation was performed using RBioplot [104].

5.2.4 Protein extraction and ELISA assay

Total protein extracts of ground squirrel tissues were prepared according to
manufacturer’s instructions for the human putative humanin peptide (MT-RNR2) ELISA
kit from CUSABIO (Cat # CSB-EL015084HU). Briefly, frozen tissue samples of ~50 mg
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each were quickly rinsed with 1X PBS buffer and then homogenized in 1 mL of 1X PBS
and stored overnight at -20°C. After two short freeze-thaw cycles, homogenates were
centrifuged for 5 min at 5,000g at 4°C. The supernatant was removed and assayed

immediately.

All reagents and standards were prepared according to manufacturer’s instructions
from stock reagents supplied with the kit including preparation of 7 serial dilutions of
reconstituted standard (28-1800 pg/mL) plus a blank (sample diluent). For assay, 100 ul
aliquots of extracts of EC and LT samples, standards and blank were loaded into wells of
the manufacturer-supplied microplate, then covered with an adhesive strip and incubated
for 2 h at 37°C. Next, the liquid was removed from each well and 100 puL of biotin antibody
(1X) was added. Wells were then covered with a new adhesive strip and incubated for 1
hour at 37°C. Each well was then aspirated and washed 3X with 200 pL of wash buffer for
2 minutes. Next, 100uL of HRP-avidin (1X) was added to each well and incubated for 1 h
at 37°C. Wells were washed as previously described for 3 x 2 min and then 90 pL of TMB
substrate was added to each well and incubated for 15-30 min at 37°C, protected from light.
Next, 50 puL of stop solution was added to each well and then the optical density was
measured spectrophotometrically at 450 nm with background correction set to 540 nm.
Mean standardized values for peptide abundance + SEM (n = 4 independent tissue extracts
from different animals) were calculated. Data were analyzed using the Student’s #-test to
identify significant differences between EC and LT conditions. All statistical analysis and

figure generation was performed using RBioplot [104].

5.3 Results
5.3.1 Sequence complementarity

The predicted I tridecemlineatus s-humanin mitochondrial gene sequence was
determined via sequence complementarity with the humanin mitochondrial sequence by
performing a Blastn search of the 13-lined ground squirrel mitochondrial genome
(Genbank accession no. KP698974.1). The predicted nucleotide sequence obtained was
88% complementary to that of humanin (Fig. 5.1A) and was also encoded within the 16S
rRNA portion of the squirrel mitochondrial genome [246]. Next, the predicted s-humanin
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amino acid sequence (translated via the vertebrate mitochondrial code) was determined and
aligned with the sequences from other mammals obtained from the NCBI data bank:
golden-mantled ground squirrel (Callosperophilus lateralis, Accession No. KP698975.1),
Norway rat (Rattus norvegicus, Accession No. KF011917.1), little brown bat (Myotis
lucifugus, KT901455.1), David’s myotis bat (Myotis davidii, Accession No. KM233172.1),
domestic dog (Canis familiaris, Accession No. AY729880.1), cow (Bos taurus, Accession
No. NC 006853.1), Swinhoe’s striped squirrel (Tamiops swinhoei, Accession No.
KP027416.1), Siberian chipmunk (7amias sibiricus, Accession No. KF668525.1), naked
mole rat (Heterocephalus glaber, Accession No. HQ689652.1) and the red squirrel
(Sciurus vulgaris — Accession No. AJ238588). All sequences and compared to humanin

using the multiple sequence alignment tool in Clustal Omega (Fig. 5.1B).

Since the peptide can move into the cytoplasm or be retained in the mitochondria for
translation, its sequence will differ depending on the location of the translation machinery.
Despite its small size, and likelihood for sequence conservation across species, humanin is
in fact not present in all mammalian species. Some animals have been shown to express
more than one form of the peptide whereas others express it only from one subcellular
compartment. This study aimed to illustrate the sequence conservation of humanin among
various mammals as well as its translational origin (Fig. 5.1B). Furthermore, particular
peptide regions are highly conserved across species, whereas in other regions some bases
vary, even among species from similar taxa. Hence, the versatility of the peptide can be
seen, even across species of relatively recent evolutionary divergence (Fig. 5.1B). The
variation across mammalian species is also illustrated by sequences with a letter “M”
indicating the shorter mitochondrial peptides translated with the vertebrate mitochondrial
code, whereas sequences with a letter “R” indicate the longer isoforms translated in the
cytoplasm with the standard genetic code. The predicted s-humanin peptide showed a high
degree of conservation to Homo sapiens humanin and the peptide in other mammalian
species; indeed, amino acid positions 1, 2, 4, 5, 6, 8-11 and 14-21 were identical in all
species (Fig. 5.1B). The most highly variable site was positon 3 where 8§ different amino
acids occurred among the 10 species listed. Positions 7, 12, and 13 showed variability in

some species as compared with the ground squirrel sequence but conformed at other sites.
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Except for position 3, the sequence from the golden-mantled ground squirrel C. lateralis

(another hibernator) was identical with that of I. tridecemlineatus.

5.3.2 Homology Modeling

A predicted 3D model of the s-humanin peptide was generated using the bioinformatics
homology modeling program I-Tasser. The NMR structure of humanin (Fig. 5.2A) was
obtained from the RCSB protein data bank online system (1y32 NMR structure of Humanin
in 30% TFE solution). The predicted model of s-humanin was obtained from the
community-wide Critical Assessment of Structure Prediction (CASP) tool and the I-Tasser
program using the predicted amino acid sequence (Fig. 5.2B). A scoring function (C-score)
based on relative clustering structural density and consensus score of multiple threading
templates was used to estimate the accuracy of the I-Tasser predictions. Details for the I-
Tasser model prediction are explained in [243]. The current model was analyzed based on
an LG score and a MaxSub score. LG scores >4.0 are evaluated as extremely good models,
and >1.5 as fairly good. MaxSub scores >0.8 are evaluated as extremely good models, and
>0.1 as fairly good. S-humanin was found to have an LG score of 4.396 and a MaxSub

score of 0.680 indicating a high reliability as a very good model.
5.3.3 S-humanin transcript levels

Relative transcript levels of s-humanin were assessed using quantitative PCR (qPCR)
to examine gene expression in multiple tissues of 13-lined ground squirrels across six
points of the torpor-arousal cycle. Sampling points were: euthermic in the cold room (EC),
entrance into torpor (EN), early torpor (ET), late torpor (LT), early arousal (EA) and
interbout arousal (IA) (see Figure 1.1 for more detail). Figure 5.3 shows that s-humanin
transcript levels did not change in liver across the torpor-arousal cycle whereas the other
tissues showed significant changes. In skeletal muscle, a 1.49 + 0.13-fold increase was
noted in s-humanin gene transcripts as squirrels entered torpor (compared with EC) but
transcript levels were reduced again across the rest of the cycle. In brown adipose tissue
(BAT), a significant 3.00 = 0.40-fold increase in s-humanin transcripts occurred during

entrance into torpor, followed by a return to near-EC (control) values over the remainder
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of the cycle. White adipose tissue (WAT) showed a different pattern with transcript levels
rising strongly during torpor to peak during LT at 2.88 £ 0.25-fold over EC values. This
was followed by a strong drop during early arousal to just 0.32 = 0.08% (as compared with
EC) before returning to control levels during interbout arousal. S-humanin transcript levels
were also assessed in two regions of the brain (cortex and brainstem) comparing EC and
LT conditions (Fig. 5.4). No significant change was noted in the brainstem, but a
significant increase in transcript levels to 1.66 + 0.12-fold in LT was noted in the cortex

compared with EC.
5.3.4 S-humanin protein levels

Relative protein levels of s-humanin were also assessed in the six tissues of /.
tridecemlineatus using an enzyme-linked immunosorbent assay (ELISA) to compare
euthermic controls (EC) and animals in prolonged torpor (LT). Figure 5.5 shows that s-
humanin levels changed significantly in two tissues: liver and brain cortex. Liver showed
a significant decrease in s-humanin content during torpor with values falling to 0.80 +
0.01% as compared with EC. A significant increase in expression was noted in the brain
cortex by 1.48 £+ 0.13-fold but no significant change occurred in the brainstem. An upward
trend was noted in both adipose tissues, but changes were not significantly different from
euthermic values. Finally, no significant change was noted in skeletal muscle between EC

and LT conditions.

5.4. Discussion

5.4.1. S-humanin and sequence homology

The present study investigated the tissue-specific regulation and structural model
prediction of a previously unknown peptide from thirteen-lined ground squirrels, s-
humanin. The human homologue of this peptide, humanin, was first reported in 2001 [222]
and in subsequent years has been shown to have multiple neuroprotective and
cytoprotective actions [61, 220]. S-humanin may have analogous actions that could serve

specific protective roles during the winter hibernation of ground squirrels. The examination
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of mRNA transcript levels, protein levels, sequence homology and 3D model prediction of
s-humanin presented here was determined based on sequence similarity to humanin. This
is supported by evidence from the current study that found an 88% sequence homology of

the s-humanin gene to humanin, and a similar RMSD value of 3.317A.

Comparison of the squirrel peptide homologue to other species revealed interesting
findings, showing that most amino acid residues were fully conserved between these
mammalian species whereas others that were quite variable (Fig. 1). The characteristics of
the variant amino acids revealed a functional pattern that was also noted in a previous
studies [225, 247]. The region between proline 3 to proline 19 was described as the “core
domain” of humanin that is essential for the secretion of the full-length peptide from the
cell despite the wide variability at position 3 between species. The function of individual
residues has also been well characterized: the phenylalanine at position 6 as well as lysine
at position 21 were found to be essential for binding to IGFBP-3 [225, 239, 247]; residues
3, 7-9, 12-14, and 19 were crucial for pro-apoptotic function [59, 222, 225]; and amino
acids at positions 9-11, 19 and 20 were found to be critical for humanin secretion [225,
247] revealing that the specific sequence of this short peptide is key to its various
cytoprotective functions. Further studies have shown a structural/functional role for the
cysteine residue at position 8 (conserved in all species). When this cysteine was replaced
with an alanine, peptide activity was lost. However, when the amino acid at position 14
(serine) was replaced by a glycine, a 1000-fold increase in pro-apoptotic activity was noted
[60, 240]. Therefore, the specific amino-acid sequence of the peptide appears to play an
important role in its regulation. Our findings suggest another layer of regulation that may
depend on the amino acid position 3; this residue appears to provide species-specificity,
being different for each of the animals analyzed (Fig. 5.1B) and showing that its
conservation among evolutionary groups does not appear to be very stringent [248]. We
originally postulated that sequence conservation would be higher among similar groups
such as the ground squirrel hibernators compared to non-hibernators or among recently
diverged mammalian groups. Indeed, the sequence of the hibernating golden-mantled
ground squirrel (C. lateralis) differed from that of 1. tridecemlineatus only at position 3
and the hibernating chipmunk (7. sibiricus) differed only at position 12 but note that all

three of these species also belong to the subfamily Xerinae of the family (Sciuridae).
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However, the hibernating bats (M. lucifugus and M. davidii) also showed just 2 differences
from the s-humanin sequence such that high sequence conservation may exist among these
species that all drop their Ty, to low temperatures during hibernation, but this was not always
the case [246, 249-251].) Non-hibernators including human, cow, dog, red squirrel and
naked mole rat all showed three or more sequence differences from s-humanin (except rat

and striped squirrel had just two).

5.4.2 Tissue Regulation

At the protein level, humanin has been shown to be a key player in various survival
pathways such as anti-apoptosis, antioxidants and neuroprotection during periods of stress
[59, 227, 230, 231]. As a homologue of humanin, we propose that s-humanin likely also
participates in the activation of protective pathways during hibernation. In humans,
humanin activation is dependent on its secretion from key tissues (e.g. testes, colon, brain
and skeletal muscle) [61] and transport via the circulation to other tissues which is
accomplished by peptide binding to the carrier protein insulin-like growth factor-binding
protein 3 (IGFBP-3) [59, 239]. S-humanin transcripts and protein levels were detected in
multiple tissues: liver, skeletal muscle, white and brown adipose and brain. Both gene and
protein expression showed differential tissue-specific regulation over the torpor-arousal
cycle. Liver s-humanin may not have a crucial role across the hibernation cycle since
transcript levels were generally unchanged and protein levels actually decreased. However,
muscle expression of s-humanin RNA was induced during entrance into torpor followed
by a decrease in early torpor and subsequent return to control values. Additionally, protein
levels were unchanged in response to torpor suggesting that perhaps the entrance period is
most crucial for the initial induction of this cytoprotective peptide in muscle in preparation

for prolonged torpor.

Brown and white adipose tissues (BAT and WAT) showed significant elevation of s-
humanin transcript levels during entrance into torpor in BAT (increased ~3-fold) as well

as during early torpor through to late torpor in WAT (rising ~3-fold) compared to EC
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values. The strong upregulation of transcripts during entrance into torpor suggests that the
s-humanin peptide might have its greatest impact during the entrance and early torpor
phases. However, peptide levels appeared elevated (but not significantly) in late torpor in
both adipose tissues. These increases in s-humanin gene expression in adipose tissues could
be indicative of an induction of protective pro-survival pathways. In fact, both of these
tissues are crucial to hibernation success. BAT is the primary thermogenic organ that
rewarms the squirrel body during arousal from torpor using non-shivering thermogenesis
fueled by high rates of fatty acid oxidation by uncoupled mitochondria in BAT [205, 252,
253]. The very high oxygen consumption of BAT during arousal as well as the increased
oxygen consumption of all organs as they return back to euthermic function also leads to
high levels of reactive oxygen species (ROSs) generated during the arousal period [7]. This
is validated by the precipitous drop in the levels of plasma ascorbate (a powerful
antioxidant) over the same timeframe [206]. Humanin has been shown to be a key
modulator of oxidative stress via the induction of antioxidant enzymes such as SOD [227,
231, 254] and glutathione peroxidase [226] as well as mediating chaperone-mediated
autophagy [230], suggesting a comparable action for s-humanin. Additionally, studies have
shown that oxidative stress is widely involved in the development of various
neuropathologies that can be counteracted by the effects of humanin. Therefore, it is
probable that s-humanin plays a significant role in BAT over the hibernation cycle in the

mitigation of oxidative stress.

White adipose tissue is also crucial to hibernation success because it is the main storage
depot of lipids that are the primary fuel supporting survival over the non-feeding winter
months [253]. However, WAT is also a significant player in the immune system and
secretes various pro- and anti-inflammatory agents during periods of stress [255]. The
increase in s-humanin expression noted in WAT was nearly 3-fold in late torpor followed
by a significant drop to ~0.32 during arousal. This could be the result of a role in
inflammatory regulation. Humanin has been shown to regulate inflammatory processes
through the activation of the formyl-peptide receptor-like 1 and 2 (FPRL1 and FPRL2)
which mediate the immune response as well as chemotaxis [227, 256]. Humanin acts as a
ligand for the FPRL receptors which relay signals through the ERK 1/2 signaling cascade

to suppress the induction of inflammatory agents and the proliferation of adipocytes [42,
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227]. In the hibernating squirrel, p-ERK1/2 protein levels were previously shown to
decrease significantly during entrance, late torpor and arousal in WAT to ~0.3, 0.1 and 0.2-
fold of control values, respectively [42], suggesting a suppression of the immune response

and/or adipocyte growth during prioritized energy savings.

Lastly, two sections of ground squirrel brain were assessed comparing control (EC) and
late torpor (LT) conditions: brainstem and brain cortex. The cortex showed a significant
upregulation of both s-humanin transcript (~1.66-fold) and protein (~1.5-fold) levels in
torpid animals. This suggests that torpor stimulated an increase in the amount of s-humanin
produced (and potentially secreted) from the brain cortex. Humanin was originally
discovered as a neuroprotective agent that suppressed Ap-related pathologies as well as tau
plaque formation in Alzheimer disease of the brain [60, 228, 231] but many other protective
functions have now been described. The brain cortex is known to be important role in
cognitive control such as higher order thinking, goal-oriented planning, motivation,
sensory input control, etc. [257]. By contrast, the brainstem is responsible for more
autonomic functions. Our study showed elevated s-humanin transcript and protein levels
in the cortex, in contrast to the brainstem that showed no change, and this suggests that
enhanced protection of the cortex area of the brain is key to neuroprotection during torpor
[258]. We suggest that because ground squirrels must maintain superior neuronal plasticity
and synaptogenesis over multiple torpor bouts [215-218], that this region has likely
prioritized for neuroprotection, compared to the brainstem region whose functions are
known to be suppressed during torpor (e.g. controls over respiration, heart rate, Ty and

circadian rhythm).

Additionally, it has been shown that hibernating ground squirrels do not appear to show
any significant neurodegeneration upon exiting from a torpor bout, making the squirrel an
excellent model to contribute to the study of neurological disorders such as Alzheimer’s
[15]. As previously mentioned, the neurons in squirrel brain retract and reduce in size and
complexity during torpor but regain their original morphology when torpor ends,
permitting the squirrel to retain cognitive and motor functions upon arousal. The
neuroprotective actions of humanin may be crucial to this through actions that could control

and coordinate various pathways. These could include (a) attenuation of neuronal cell death
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via inhibition of the pro-apoptotic Bcl-2 family member, Bax (hindering its translocation
from the cytosol into the mitochondria) [221, 239], (b) modulation of oxidative damage
via induction of antioxidant enzymes such as SOD through the ERK signaling cascade or
via stimulation of the PI3K and the JAK/STAT pathways [60, 226, 239], or (c) suppression
of amyloid-B-induced tau hyperphosphorylation (one of the characteristic features of AD
pathology) by inhibiting the phosphorylation of Tyr307 on protein phosphatase 2A (PP2A),
thereby causing its activation [226]. Therefore, increases in both s-humanin transcript and
protein levels in the cortex are highly indicative of its protective function for areas of high-

level cognition and survival.

In summary, this study describes s-humanin as the ground squirrel-specific homologue
of humanin, proposing cyto- and neuro-protective functions in adipose tissues and brain
cerebral cortex. We propose that these mechanisms are upregulated at different times
across the torpor-arousal cycle of hibernation in these tissues to assist long-term survival
and to suppress oxidative or inflammatory damage. Therefore, s-humanin appears to be
multi-faceted protective mitochondrial peptide that may be very important for the

coordination of survival pathways during hibernation in the thirteen-lined ground squirrel.
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Fig. 5.1. Multiple sequence alignment of the predicted homologues of humanin peptide
encoded by MT-RNR2 and MT-RNR2-like mitochondrial and nuclear genes in several
mammalian species. (A) Alignment of human humanin and predicted S-humanin gene
sequences. (B). Alignment the amino acid sequences of mammalian species done in Clustal
Omega and rendered graphically by BOXSHADE 3.21. Identical amino acid residues are
highlighted in black and similar amino acids are highlighted in gray. “M” indicates the
shorter predicted mitochondrial isoforms translated with the mitochondrial genetic code,
whereas “R” indicates the longer predicted nuclear isoforms translated with the standard
genetic code. Species names and accession numbers for sequences are defined in the
Methods (section 5.2).
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Fig. 5.2. Homology modeling of humanin (A) and predicted S-humanin (B) performed
using the I-Tasser program with the human PDB code as the primary template.
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Fig. 5.3. Histogram of standardized s-humanin gene transcript levels across the torpor-
arousal cycle in liver (LIV), skeletal muscle (MUS), brown adipose tissue (BAT) and white
adipose tissue (WAT). Data are mean critical threshold (Ct) + standard error (n = 4
independent trials on tissue from different animals). Values that share the same letter are
not significantly different (p < 0.05).
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Fig. 5.4. Histogram of standardized s-humanin relative transcript levels under EC and LT
conditions in brain cortex (BCTX) and brainstem (BSTEM). Data are mean critical
threshold (Ct) + standard error (n = 4 independent trials on tissue from different animals).
Asterisk (*) denotes a significant change compared to control levels (p < 0.05).
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Fig. 5.5. Histogram of standardized s-humanin relative protein levels in control and late
torpor. Data are mean =+ standard errors (n = 4 independent trials on tissue from different
animals). Asterisk (*) denotes a significant change compared to control levels (p < 0.05).
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CHAPTER 6

GENERAL DISCUSSION
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6.0 General Discussion

The concept of hibernation has been extensively studied using various species of
mammals as models. Knowledge gained from studies of the underlying metabolic
regulation of hibernation has permitted several advancements in fields of medical research
including applications to organ transplantation, repair of organ dysfunction, treatment of
disease, and the potential for suspended animation for space travel [259] and has been
remarkably useful in the treatment of various diseases such as in the case of cardiac arrest.
In 2015, surgeons began clinical trials on the use of profound hypothermia (mimicking
hibernation) to lower a patient’s body temperature in order to maintain viability for over
two hours without any circulating blood after a significant hemorrhage [260]. Less extreme
hypothermia has been employed in another surgical procedure where a surgery performed
on the aortic arch required blood to be rerouted through a heart-lung machine [261]. It was
shown that lowering the patient’s core body temperature enabled surgeons to maintain
brain viability without circulation [262]. Nowadays, the routine use of mild hypothermia
(33-34°C) is used on patients who suffered cardiac arrest and are comatose upon
resuscitation. The effects on patient survival are so dramatic that post-cardiac arrest
hypothermia is now a standard part of clinical practice guidelines and is also being
examined for the protection of the brain after a stroke [263]. Therefore, the use of the
hibernating ground squirrel as a model for hibernation research is very practical as it allows

us to observe the effects of profound, yet natural, hypothermia (~5°C) on a mammal.

Hibernating mammals employ a suite of adaptive mechanisms to cope with the
harsh environmental conditions of winter that would be harmful or lethal to non-
hibernating mammals. As previously mentioned, hibernators survive hypothermia,
ischemia-reperfusion, and restricted food resources by upregulating defensive mechanisms
to enhance cell preservation and ensure a smooth transition to and from the hypometabolic
state. To investigate the protective mechanisms against ischemia-reperfusion, I surveyed
targets across a range of cellular processes including the antioxidant response, the DNA
damage response, the inflammatory response and the regulation of a known protective
mitochondrial peptide in the thirteen-lined ground squirrel (Ictidomys tridecemlineatus).

As aresult, I identified key targets responsible for the transition out of hibernation such as

118



1) the cytoprotective expression of peroxiredoxins, 2) DNA-damage repair proteins, 3) the
IRF3 transcription factor and the resulting IFN-induced genes, and 4) a cyto- and neuro-
protective mitochondrial peptide. The data show that while global molecular controls
suppress many ATP-expensive cellular processes to achieve the hypometabolic state
during torpor, arousal from torpor relies on the complex coordination of various
cytoprotective strategies including the ones mentioned here. In this capacity, the present
thesis has identified the molecular mechanisms that are crucial to successful exit from

torpor when animals arouse back to euthermia.

Peroxiredoxins as more than antioxidant enzymes

Antioxidant enzymes have long been known to be important players in the
maintenance of cellular integrity and in combating toxic effects of ROS. However, even
ROS have been shown to play important roles such as regulating cell growth,
differentiation, progression and cell death, and therefore low concentrations of ROS may
be indispensable to cellular signaling and defense. Antioxidants play important roles in the
body by preventing oxidant-induced damage to the genome and cell components. They are
capable of stabilizing or deactivating free radicals and act by reducing their energy or by
giving up their own electrons to stabilize/destroy ROS. Countless studies have examined
the beneficial effects of antioxidant enzymes and have linked their functions to various
diseases such as aging, cancer, diabetes, Alzheimer’s stroke, heart attack and
atherosclerosis [9, 51, 264, 265]. Therefore, by reducing the exposure to free radicals and
consuming antioxidant rich foods, the body’s potential for reducing the risk of related
morbidities is significantly enhanced. However, when the balance between ROS
production and antioxidant defenses is lost, oxidative stress results and the dysregulation

of various cellular functions occurs, leading to various pathological conditions.

ROS is a term that encompasses many reactive oxygen containing molecules
including free radicals. Types of ROS include the hydroxyl radical, superoxide, hydrogen
peroxide, singlet oxygen, nitric oxide, hypochlorite, and several lipid peroxides. Each of
these is capable of reacting with membrane lipids, nucleic acids, proteins, enzymes and

other small molecules resulting in extensive cellular damage. ROS are generated in a
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number of ways including (1) as a consequence of aerobic metabolism where 90-95% of
the oxygen utilized by the cell is consumed during mitochondrial respiration, but a small
proportion is lost to react with free electrons generating radicals [10]; (2) as oxidative
bursts from phagocytes to kill foreign pathogens [266, 267]; and (3) during xenobiotic
metabolism [268—270]. Consequently, other activities such as vigorous exercise, chronic
inflammation (as in diabetes), infections, illnesses, exposure to allergens and toxins may

all contribute to an increase in oxidant load [271-276].

In the present thesis, I describe the expression of PRDX proteins in the liver, BAT
and WAT of thirteen-lined ground squirrels (Chapter 2). PRDXs are not only antioxidant
enzymes but also play roles in mediating cytoprotective pathways such as: stress-induced
death through suppression of JNK signaling, enhancement of NF-«xB expression, regulation
of circadian rhythms, protection of cells against DNA damaging agents, preventing
infection, imparting immunity as well as regulating tumor growth and metastasis [27, 51,
96, 120, 177, 277]. The data presented in Chapter 2 revealed that PRDX2, 3, 4 and 6 were
significantly enhanced at different time points over the torpor/arousal cycle suggesting that
these isoforms are responsive to hibernation in a tissue-specific manner. Although the
measurement of overall antioxidant capacity did not reveal significant changes, it can be
postulated that this was due to a balancing effect caused by a decrease in the antioxidant
activities of other factors. TRX1 was also found to be induced in the liver, BAT and WAT
[178] which supports the regulatory mechanism of TRX-dependent PRDX activation. An
interesting point was the lack of induction of the antioxidant response during early arousal
(aside from PRDX4 in the liver, PRDX2 in the BAT, and PRDX6 in the WAT), a time that
would be expected to show an elevated response. It is possible however, that the
antioxidant response takes more time to activate, as evidenced by the increase in expression
during interbout arousal, or that the maintenance of antioxidant defences at control levels
throughout the rest of the cycle is enough to maintain its cytoprotective features. The only
PRDX isoform that was consistently found to be suppressed was PRDX1. This isoform
does confer antioxidant activity, however a possible reason for its suppression is the
redundancy due to PRDX2 and 3. Another possible explanation is that PRDXI1 exerts its
cytoprotective functions, such as tumor suppression, via the suppression of PTEN/AKT

activity [278]. A study examining PRDX1 knockout mice found that they produced more
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cell ROS and died prematurely of Ras-induced cancer. It was found that binding of PRDX1
to PTEN is essential for protecting PTEN from oxidation-induced inactivation and
therefore it plays an important role in H>O»-induced tumour suppression [278]. In fact, this
is supported by other work performed in our lab where non-phosphorylated PTEN protein
expression and its catalytic activity were elevated during torpor. Therefore, the decrease in
PRDX1 that was seen in all tissues could be allowing for the increase in PTEN, as
reportedin the skeletal muscle of hibernating ground squirrels [279]. Overall, PRDX
activity shows a protective phenotype that is both isoform- and tissue-specific. The ground
squirrel appears to employ tight regulatory mechanisms to control the antioxidant response
based on the demands of the tissue and assist in the maintenance of viability throughout

the torpor-arousal cycle.

Specific Hypothesis 1 revisited: Despite the fact that the expression of PRDXs was not

enhanced during arousal, the results suggest that their functions are likely important over
the entire process of hibernation, and contribute to other cytoprotective functions that assist

the smooth transition in and out of torpor.

DNA repair is “halted” during torpor

DNA damage occurs in response to endogenous and exogenous agents and initiates
a cascading repair response. The ability of a cell to initiate repair is highly dependent on
the sensing of damage and the transmission of those signals to repair factors.
Understanding the mechanisms that enable cells to sense damage and react appropriately
is essential to our understanding of pathologies such as cancer. The mechanics of the repair
pathway have long been known and illustrate the initiation of various repair proteins
depending on the type of break. Single stranded breaks are quickly repaired before turning
into double stranded breaks that, if left unrepaired, may result in gross chromosomal
aberrations. Therefore, in order to prevent these potentially lethal effects, cells initiate cell
cycle arrest to allow time to repair the damage or induce programmed cell death if the
damage is excessive. While the regulation of these pathways is well understood under
normal or disease states, the effect of hibernation on the DNA damage repair response is

poorly understood. It has long been postulated that because hibernation is a period of
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metabolic rate suppression, that the repair machinery is likely also paused until the return
to euthermic conditions. Previous studies have shown that ground squirrels exit from
hibernation without any ill effects to their DNA and tissues [207]. Therefore, the aim of
the research described in Chapter 3 was to elucidate the regulation of the DNA repair
response during hibernation to determine whether the response is in fact globally

suppressed or whether damage is in fact accumulating, but being quickly repaired.

As previously mentioned, the cycle of torpor and arousal is marked by periods of
ischemia-reperfusion which result in a highly oxidative environment. A well-studied
marker of oxidative stress is the oxidation of guanine bases in DNA to produce in 8-
hydroxy-deoxyguanosine. This marker has been shown to occur in numerous pathologies
including cancer, stroke, atherosclerosis, diabetes, neurodegenerative diseases, liver
diseases and sleep apnea [39, 140, 149, 150, 280, 281]. Poly-(ADP)ribosyl-polymerase-1
(PARP-1) is a multifaceted enzyme at the center of a wide variety of cellular stress
responses. It processes diverse signals and directs cells to specific fates (e.g. repair or cell
death). PARP-1 is the most abundant and ubiquitous member of a family of 17 related
mammalian proteins [132]. PARP-1 catalyzes the covalent attachment of PAR polymers
on itself, the site of the break, as well as acceptor proteins (histones, DNA repair proteins,
transcription factors and chromatin modulators) using NAD" as a donor of ADP-ribose
units [166]. PARP-1 then recruits many other enzymes to the site of the lesion to initiate
repair. Understanding how the repair is initiated in a tissue-specific, or site-specific manner
is vital to its medical application as a suppressor of apoptosis during organ transplantation.
Hibernation in ground squirrels thus represents a unique opportunity to understand the

regulatory mechanisms of DNA repair in a stress-responsive pathway.

In light of this, I chose to study whether DNA damage is in fact occurring during
hibernation, by assessing a canonical marker of DNA damage and tracing this control
mechanism down to the recruited repair enzymes (Ku80, PARP, Mrel 1, P95, Rad50, XLF,
ATM and ATR). I proposed that the DNA repair response would be differentially regulated
at various levels including by post-translational modifications (PTMs) and protein-protein
interactions that require very little ATP expenditure. Indeed, the data showed that PARP-
1 was differentially expressed in a tissue-specific manner. Other PTMs of PARP-1,
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including sumoylation, acetylation, and phosphorylation [282, 283] also appear to regulate
PARP-1 enzyme activity but, to date, the molecular tools (e,g, specific antibodies) are

unavailable since discovery these modifications is very recent.

Of particular interest was the differential regulation of downstream enzymes in the
liver and skeletal muscle tissues. The protein expression levels of individual repair
enzymes were differentially regulated whereby a significant increase in the sensors (Ku80
and Rad50) was noted in the liver and muscle, respectively, but a decrease in the XLF
ligase was noted in both tissues. The only other specific change was a decrease in p-Mrel 1
in the liver but a strong increase in this target in the muscle. These results suggest that there
is likely a steady-state maintenance of binding to sites of damage, but no actual resection
of broken ends. Ku80 is a DNA-binding subunit of the DNA-PK complex in NHEJ and is
involved in double-stranded break repair [284]. Mice lacking Ku80 have growth
dysfunctions, show deficiency in V(D)J recombination and are hypersensitive to gamma-
irradiation [285, 286]. Ku80 knockout cells also exhibit significant repair defects, telomere
shortening and chromosomal instability [287]. PARP-1 and Ku80 have high affinity for
DNA strand breaks and their interaction is important for genomic stability and other
chromatin functions [287]. Therefore, it is likely that the increase in these two factors is as
a result of binding to sites of damage to initiate repair, but actual resection does not appear
to occur during torpor. Similarly, in the muscle, Rad50 is part of the MRN multi-protein
complex composed of Mrel 1, Rad50 and Nbs1 which assemble at the site of DNA damage
and participate in repair [288] analogously to Ku80.

The suppression in the XLF ligase suggests that binding of sensor enzymes is not
suppressed, but ligation or repair of broken ends does not occur during torpor. However,
subsequent studies would be required to examine XLF expression during early arousal and
interbout arousal to confirm this hypothesis. XLF stimulates ligation repair by interacting
with XRCC4 to form filaments of alternating XRCC4 and XLF dimers that bridge DNA
ends in vitro[169]. Interestingly, a recent study examined the regulation of XLF in the
context of DNA repair and found that AKT-mediated phosphorylation of XLF impairs its
NHEJ-repair [170]. Although we did not measure the phosphorylation status of XLF, it is

possible that this is an added layer of regulation that permits the reversible control of XLF-
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dependent ligation during a period of hypometabolism. Studies in our lab have shown that
AKT is in fact differentially regulated in a tissue specific manner and was found to be
induced in the liver and heart of hibernating ground squirrels, but not in the skeletal muscle
[102, 171]. This suggests a possible mechanism for energy savings by suppressing some
aspects of DNA repair during a hypometabolic period. During this time, I suspect that the
binding of stabilizer enzymes to the sites of the break occurs, but ligation of broken ends
is until the arousal period, once body temperature returns to euthermia and normal

metabolic functions are reinstated.

In summary, more remains to be explored to further elucidate the regulatory
mechanisms of the DNA-damage repair response. The liver appears to succumb to higher
levels of damage, but also appears to repair itself in an energy-dependent manner whereas
skeletal muscle also appears to be mitigating the damage, but it is also possible that it does
not succumb to the same level of stress as the liver. The liver is the central organ that
coordinates many aspects of metabolism for the whole body (e.g. nutrient processing,
storage of glycogen, gluconeogenesis, ketogenesis (supplying fuel for brain during torpor),
processing of nitrogenous wastes for excretion, detoxifying xenobiotics, and more and
therefore, stronger protective strategies are employed to protect this tissue. This has been
supported in numerous studies including this one and those mentioned early in this thesis
where increased antioxidant defenses, anti-apoptosis, and chaperone defenses are induced
in liver. By contrast, the skeletal muscle is fairly quiescent during torpor and does not have
the same metabolic requirements as the liver. Additionally, skeletal muscle is found closer
to the outside of the body than the liver and therefore could be colder than the internal
organ. This hypothesis has not been examined in hibernators but it could be a potential
explanation for my results due to what is known about hypothermia and decreased
metabolic rate. It is plausible to assume that if the skeletal muscle were a couple of degrees
colder than the liver, that it could be subjected to lesser oxidative stress, and therefore

require less protective mechanisms.

Specific Hypothesis 2 revisited: Although the DNA-damage repair response was

differentially regulated between the liver and the skeletal muscle, certain repair factors

were in fact enhanced during torpor while others are likely delayed until arousal in order
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to complete repair. Various layers of regulation appear to control these mechanisms

including post-translational mechanisms.

Induction of Interferon genes

The ability of cells to respond to extrinsic and intrinsic signals depends on the
transmission of signals through highly ordered signaling pathways. Understanding how
these mechanisms provide the cell with the information required to react to a specific signal
is essential to our understanding of human health and disease. Several mechanisms have
been identified as being activators of various signaling pathways. Phosphorylation by
protein kinases and phosphatases is an important regulatory mechanism for the rapid and
reversible activation of vital regulatory mechanisms. As well, various ligands such as fatty
acids, growth factors, and hormones function to activate signaling pathways in response to
a particular signal representative of the metabolic environment. It has been widely accepted
that signal transduction and transcription factor activation play crucial roles in the overall
health of the cell [289, 290] but the molecular mechanisms that connect signaling to
response are not well understood in many instances. Therefore, by elucidating these
mechanisms, this knowledge will provide valuable information and bridge the gap so that
we may determine the components of these signaling pathways, the mechanisms for the

coordinated response, and how these signals are transmitted to elicit the desired response.

The immune response relies on both innate and adaptive components mediated by
various immune cells including leukocytes that phagocytose, kill pathogens and coordinate
additional host responses by releasing inflammatory mediators and cytokines [291]. Once
the invading agent is killed, components of the pathogen are presented to T cells, resulting
in activation of the adaptive immune response and the establishment of protective
immunity [291]. A key challenge is pathogen discrimination from self and, therefore, the
evolution of receptors that recognize conserved motifs have greatly benefited this
regulation. Pathogen-associated molecular patterns (PAMPs) are recognized by specific
receptors and initiate the immune response. An important receptor family known as the
Toll-like receptor (TLR) family has been shown to play an essential role in the activation

of innate immunity. TLR signaling occurs through one of two major pathways: the MyD88-
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dependent pathway, which triggers the release of pro-inflammatory cytokines and the
Toll/IL-1R domain-containing adaptor-inducing IFN-beta (TRIF)-dependent pathway
which also contributes to pro-inflammatory cytokine release, and most importantly,
induces type 1 IFN responses. To induce this response, TRIF recruits TRAF3, TBK1 and
IKKe¢, which activate IRF3.

In light of this, I chose to identify the activation profile of the IRF3 signaling
pathway and trace this down to the IFN genes transcribed by this factor. The upstream
regulators of IRF3 were also examined in order to assess how they are regulated during
hibernation. Importantly, I proposed that the IFN genes would be expressed in a time-
specific manner implying that different stages of the torpor-arousal cycle would be more
favourable for the expression of select genes depending on ATP expenditure. In fact, the
data showed that the IRF3 transcription factor was subject to differential phosphorylation
during hibernation and that its expression was induced in a tissue-specific manner. IRF3
transcript levels were maintained in the liver aside from during torpor, were maintained
and then suppressed during arousal in BAT and were induced in WAT during arousal.
Relative protein levels revealed a suppression in the liver during arousal, maintenance in
BAT, and an induction in WAT during entrance into hibernation. Taken together, these
data suggest a tight layer of regulation mediated by protein phosphorylation and perhaps
suggest that IRF3 is translocated into the nucleus and initiates transcription of IFN genes

during critical periods for specific tissues.

Although most tissues undergo a significant suppression of ATP-expensive
processes during torpor, the liver has been shown to remain quite metabolically active, as
evidenced by the increase or maintenance in various processes such as translation,
apoptosis, autophagy and others mentioned previously. Therefore, it is plausible that IRF3
is phosphorylated, translocates into the nucleus and induces the expression of pro-survival
inflammatory agents as a protective mechanism during this crucial time. However, upon
arousal, interferon genes are not as necessary since the immune response will be reinitiated
on a global level, and ATP supply will again be plentiful. By contrast, brown adipose is
well-known to be involved in thermogenesis, a process of rewarming induced during early

arousal. The data reveal a maintenance of p-IRF3 expression during early arousal and the
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time-points surrounding it, but a suppression during entrance. This aptly suggests a
protective phenotype during the period most critical for this tissue’s function [20, 43].
Finally, analysis of white adipose revealed a strong increase in p-IRF3 protein expression
during entrance into torpor and a maintenance during early arousal at control levels.
Although the WAT is well-known to provide the main source of fuel (triglycerides) during
torpor, its role as a key endocrine organ has also been well-established. Therefore, it is
postulated that the entrance into torpor stage is a key time-point for the induction of
hormones and other factors (possibly including immune cells). Physiological and cellular
functions during deep torpor and arousal have been examined in several studies, but our
knowledge about entrance into hibernation is more limited. Entrance occurs rather
spontaneously and is hard to be predicted, but it is characterized by a decrease in body
temperature and a decrease in metabolic function. Several studies in woodchucks,
marmots, and squirrels have shown that metabolic rate suppression precedes the
development of hypothermia, indicating a temperature-independent depression [292—-294].
Several studies from our lab have demonstrated differential regulation of various pathways
across the torpor-arousal cycle and have noted an increase in certain ones during entrance
such as HSP70 and Nrf2 expression, that were elevated in intestine and heart, respectively
[69, 125]. Other factors have also been measured in WAT but do not show significantly
elevated expression during entrance aside from HSP60 [178]. Therefore, further studies
into the exact protective mechanisms being employed by WAT during entrance into torpor
should be performed. However, another study from our lab measured the levels of AGE-
RAGE in WAT and revealed an increase in RAGE signaling and the downstream
transcription factor nfat5 [180]. Therefore, although IRF3 may not be as significantly
implicated for the immune response in WAT, it is possible that other mechanisms are being

induced.

Upstream IRF3 inducers were differentially regulated in all tissues. In the liver,
most targets were differentially regulated at various time points but could be conferring a
method of IRF3 regulation dependent on both control by phosphorylation (by TBK1) and
by alternative splicing of targets. Both IKKe and TBK1 are subject to alternative splicing
and have been shown to regulate IFN gene expression in this way. Conversely, brown

adipose showed an increase in several targets during the arousal stages of torpor, namely
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in MAVS and RIG (although not significantly), MDAS, TBK1 and STING. These results
support the earlier hypothesis that IRF3 induction occurs during the stages of arousal in
order to protect BAT, the tissue whose most critical function is exerted during this time.
Finally, targets in WAT were postulated to be induced during entrance, but this theory did
not correlate with the results. Three targets, IKKe, MAVS and MDAS were all found to be
significantly upregulated, but mainly during late torpor, and early and interbout arousals.
However, TBK1 and STING expression were maintained at control levels. It is possible
that the maintenance of TBK1 and IKKe expression was sufficient to activate p-IRF3.
Incidentally, IRF3 activation has been shown to be site-specific. TBK1 and IKKe both
phosphorylate IRF3 at site 2 (Ser’®® — Ser*®) which results in the removal of an
autoinhibitory structure to allow interaction with the CBP/p300 coactivators. This then

385

facilitates phosphorylation at site 1 (Ser’®> and Ser®®®), required for IRF3 dimerization

[295]. Therefore, it is possible that the increase seen in p-IRF3 Ser**°

is simply the first
phosphorylation event and that dimerization and shuttling into the nucleus for transcription

has not yet occurred.

Further data are required to confirm the direct regulation between the upstream
regulators and IRF3 activation during hibernation, but general correlations can be made
based on their expression. In fact, downstream gene expression provides a good picture of
IRF3-dependent transcription and provides an overall view of inflammatory activation. In
all three tissues, various inflammatory cytokines were found to be induced at different
points of the cycle. This suggests that the squirrel is maintaining its inflammatory
pathways, but upregulating expression of specific genes during crucial times based on
need. It is possible that these immune targets help to confer cytoprotection rather than
simply acting as a response to viral infection and help to mitigate tissue damage such as in
the case of liver. On the other hand, BAT appears to induce inflammatory gene expression
mainly during arousal, suggesting the reactivation of the immune system during a time

when there is larger energy availability.

Specific Hypothesis 3 revisited: IRF3 transcription and the expression of its downstream

genes was shown to be regulated in a tissue-specific manner. However, inflammation does
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not appear to be suppressed in a global manner in all tissues but, instead, appears to confer

cytoprotection in addition to pathogen protection.
S-humanin

Mitochondria are morphologically distinct from other organelles due to their
double-membrane and the presence of the electron transport chain coupled with oxidative
phosphorylation used to generate ATP [296]. Although they have a central role in energy
transduction, they participate in a variety of other cellular functions including ion
homeostasis, intermediary metabolism and apoptosis [57]. However, only a few functions
are encoded by their own DNA as most mitochondrial proteins are specified by nuclear
genes. Mitochondria have their own genetic system — a genome originating from an
endosymbiotic a-proteobacterial ancestor. The genetic function of the mitochondrial DNA
(mtDNA) is well-conserved being involved in respiration, oxidative phosphorylation,
transcription-translation, RNA maturation and protein import [57]. The size of the
mitogenome in most eukaryotes is in the range of 15-60kbp, but there are some
exceptions[57]. The vertebrate mitochondrial genome is composed of 13 tightly packed
protein-coding open reading frames (ORFs), two ribosomal RNAs and multiple tRNA
clusters [297]. Transcription of these genes produces large polycistronic RNAs which are
processed into distinct coding and non-coding molecules. Transcription also proceeds in
an “all or none” fashion, meaning that if one transcript increases, they all increase [297].
The complete mitochondrial genome of the 13-lined ground squirrel was recently
sequenced to analyze its gene arrangement [298]. It was determined to be 16,458 bp in
length and include the 37 genes typically found in other mammals and was assigned the
GenBank accession number KP698974. From this, a portion of the 16S rRNA ORF was
identified to contain the sequence analogous to a human mitochondrial peptide known as

humanin.

Humanin is an important target of study since it has been confirmed as having a
significant role as a neuroprotective peptide in humans. Upon its discovery, it was shown
to exhibit strong protective roles in mediating AB-related pathologies as well as suppress
tau plaque formation [226]. At the same time, other studies revealed that it has more than

a neuroprotective effect and was also implicated in protection against apoptosis, insulin
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resistance and oxidative stress [219, 225, 254]. This led to the characterization of humanin
in other vertebrates including cows, dogs, rats, mice, and other mammals (Szereszewski
and Storey, 2019)[74]. This led us to hypothesize as to whether an analogue was present in
the 13-lined ground squirrel and whether its expression would be differentially regulated
across the torpor-arousal cycle. In this chapter, results revealed that s-humanin, the
squirrel-specific analogue of humanin was indeed highly expressed in several tissues
including the brain cortex at both the mRNA and protein expression level, as well as at the

mRNA transcript level in the adipose tissues (Szereszewski and Storey, 2019).

Sequence homology between humanin, s-humanin and the peptide from other
vertebrates revealed supporting evidence for amino-acid functional patterns. Previous
studies revealed important amino acids for IGFBP-binding, pro-apoptotic function and for
secretion. As well, the amino acid in position 3 was suggested to provide species-specificity
as a result of being different in each of the animals analyzed. Data on mRNA and protein
expression suggested that s-humanin has both a neuro- and cyto-protective function and
likely plays a supporting role in hibernation. Ground squirrel neurons have been found to
exhibit remarkable neuroplasticity, therefore s-humanin was suggested to be implicated in
this process. Additionally, the adipose tissues are heavily involved in thermogenesis,
antioxidant regulation, fatty acid storage and hormonal regulation and therefore are likely

to need greater protection from oxidative damage over the torpor-arousal cycle.

Specific Hypothesis 4 revisited: The squirrel analogue of humanin was indeed found to

be differentially regulated and was proposed to play a cytoprotective role in protecting key

tissues during the transition in and out of hibernation.

Final conclusions

Oxidative stress is a critical component of the hibernation experience that cannot
be avoided. However, hibernating mammals have developed extensive adaptive
mechanisms to deal with this stress. The regulation of gene expression, signal transduction
pathways, transcription factors, post-translational modifications and mitochondrial peptide

secretion all provide the ground squirrel the proper tools to maintain smooth transitions
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from euthermia to torpor to arousal back to euthermia. Despite the global suppression of
energy-expensive processes and control mechanisms that characterizes torpor, many
pathways remain active, but others, as described in this study, show mechanisms that fine-
tune their response so that pro-survival mechanisms are still maintained, but energy-
expensive processes are preferentially suppressed until arousal. In this way, the ground

squirrel is able to protect its tissues and macromolecules from damage.

Previous studies have characterized the physiological and molecular adaptations
and regulatory mechanisms used by 13-lined ground squirrels (1. tridecemlineatus) and the
results from these studies have generated many hypotheses with respect to the animal’s
responses at the cellular level, which were addressed in this thesis. In Chapter 2, the study
of the PRDX isoforms suggested that they are regulating the antioxidant response in a
tissue-specific manner during hibernation and in a time-dependent manner. Several PRDXs
are induced at different times across the torpor-arousal cycle and are suggested to play roles
in processes such as cytoprotection, anti-apoptosis, maintenance of mitochondrial integrity
and function as well as some immune system regulatory functions. Chapter 3 focused on
the DNA damage repair response. The results revealed that damage repair may be in a
“holding state” during torpor. That is, although damage still occurs, repair enzymes are
shuttled to the location of damage and bind to the site of the lesion, but maintain this
holding pattern until conditions become more favourable for resection of broken ends.
Specifically, more damage could be occurring in the liver in comparison to the muscle, and
this is explained by the significant metabolic demands placed on the liver during the
hibernation period. In Chapter 4, the inflammatory response to hibernation was examined
at different time points throughout the torpor-arousal cycle with a particular focus on the
IRF3 transcription factor and the expression of IFN-regulated genes. The results revealed
that IRF3 activation is tissue-dependent where the adipose tissues appear to be most
significantly implicated. Expression of downstream IFN genes revealed the strongest
response in the brown adipose tissue where several genes were induced during interbout
arousal. A specific response was initiated in the white adipose tissue for IFN activation,
but not with the specific cytokines examined, and the liver revealed an induction for the
recruitment of leukocytes. Therefore, the adipose tissues appear to exhibit the most

significant pro-inflammatory response during the arousal period, likely for the recruitment
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of immune targets to sites of infection or as a means of cytoprotection. Results from
Chapter 5 revealed the regulatory mechanisms of the squirrel-specific analogue of
humanin, s-humanin. This newly identified mitochondrial peptide was shown to have high
sequence similarity to the human analogue and revealed tissue-specific regulation during
hibernation. Its expression was enhanced particularly in the brain cortex, skeletal muscle
and adipose tissues at the gene level, and in the cortex at the protein level. This suggests
that the brain, which is actively involved in maintaining neuronal connections and synaptic
plasticity during torpor, is employing the use of this peptide as a neuroprotective target by
suppressing apoptosis and the immune response as well as by suppressing Ap-related

pathologies such as tau plaque formation.
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