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Abstract  

The freeze-tolerant wood frogs (Rana sylvatica) are incredible creatures that can tolerate 

the freezing of up to ~70% of their total body water during winter. Once frozen, these 

frogs are considered clinically dead, exhibiting no signs of breathing, heartbeat, muscle 

movement and nerve conductance; yet, they come back to life, unharmed, after a few 

hours of thawing. Freezing is associated with ischemia due to the freezing of the blood, 

with hyperglycemia due to the production of large quantities of glucose for 

cryoprotection, and with dehydration as water moves from inside the cell to the 

extracellular space to prevent intracellular freezing. Interestingly, wood frogs can tolerate 

all these stresses independently of freezing, thereby creating a multifactorial model for 

studying vertebrate freeze-tolerance. Oxygen availability is very low to non-existing 

during freezing, anoxia, and dehydration; therefore, wood frogs are hypothesized to 

reduce their overall metabolic rates to balance energy production with energy expenditure 

in a process called metabolic rate depression (MRD). Animals that undergo MRD reduce 

energy expensive or detrimental processes and allocate the limited energy available only 

to pro-survival responses. This thesis examined the effects of freezing and its associated 

stress on responses to autophagy, angiogenesis, select group of antioxidant enzymes, and 

energy metabolism. Molecular responses to autophagy demonstrate a significant 

reduction in autophagosome formation and lysosomal biogenesis in response to 

anoxia/reoxygenation and to a lesser degree in response to dehydration/rehydration in 

liver, whereas these two processes were significantly reduced under all conditions in 

skeletal muscle. Current results also indicate that angiogenesis is regulated in a temporal 

and stress-dependent manner, where wood frogs increase the expression of certain pro- 
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and anti-angiogenic factors in anticipation of potential damage to capillaries or injury to 

tissues. Investigation into the role of ETS1 as a transcriptional activator and repressor 

demonstrated its potential involvement in promoting the expression of select antioxidant 

enzymes, while repressing the expression of certain nuclear-encoded mitochondrial 

proteins. Overall, findings in this thesis demonstrate the complexity of the mechanisms 

involved in controlling metabolic rate depression in adaptive responses in wood frogs.  
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Animals living in the wild can be challenged with various unfavorable 

environmental conditions (e.g. low oxygen levels, scarce food sources, extreme hot or 

cold temperatures, etc.) that can put their life at risk. Some organisms are highly 

susceptible to stressful environmental conditions, whereas others have developed 

sophisticated physiological and biochemical mechanisms that enable them to endure 

harsh conditions. Understanding the molecular adaptations that stress-tolerant animals 

use not only increases our knowledge on the plasticity of different 

biochemical/physiological mechanisms that support life in these conditions, but could 

also potentially help us solve various medical complications such as diabetes, ischemic 

stroke and prolonging the storage time of organs prior to transplantation by designing 

interventions that mimic natural adaptive responses. 

1.1 Adaptations to cold temperatures 

Surviving winter in the wild can be challenging; therefore, adapting a survival 

strategy becomes imperative for dealing with the deleterious effects of cold temperatures. 

While different organisms such as some species of birds and butterflies opt for migrating 

to places with warmer temperatures, others deal with cold temperatures by developing 

adaptive strategies such as vitrification, anhydrobiosis, freeze-avoidance or simply 

embracing the cold whether by developing a freeze-tolerance [1].  Vitrification is a 

survival strategy where the free water available is solidified into an amorphous glass, 

without forming ice crystals [2]. This process is used by many insect larvae (such as the 

flat bark beetle) and select species of plants (such as birch trees) to survive winter [2,3]. 

Anhydrobiosis is another surviving strategy where organisms (such as some prokaryotes 

and micro fauna) undergo complete dehydration and survive long periods in “suspended 
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animation” until favorable conditions arrive [4,5]. While anhydrobiosis is not a freeze-

specific response, a study demonstrated that the Antarctic tardigrades undergoing 

anhydrobiosis were able to survive and reproduce after ~30 years of freezing [6]. Freeze-

avoidance is a winter survival strategy used by many insects, arthropods, and 

invertebrates to prevent the body fluids from freezing in winter. This is done through the 

accumulation of high levels of antifreeze proteins, solutes and cryoprotectants (e.g. 

sorbitol, ribitol, xylitol, erythritol, mannitol, glycerol, glucose, sucrose, or trehalose), 

which promote the supercooling of the body fluids to temperatures well below the limits 

that these organisms might have encountered in their natural overwintering habitats [7]. 

Lastly, freeze-tolerance is an overwintering strategy used by many reptiles, invertebrates, 

insects, intertidal species, and amphibians [1,8–11]. In this category of species, freezing 

is initiated with a controlled ice nucleation process resulting in the formation of ice 

crystals on the skin, extracellular and extra-organ spaces, while maintaining a liquid 

intracellular state. 

1.2 The freeze-tolerant wood frog, Rana sylvatica 

The wood frog, Rana sylvatica, can endure whole body freezing during the winter 

months. As such, it has become a suitable vertebrate model for studying natural freeze 

tolerance (and its implications for organ cryopreservation). With a geographic 

distribution stretching from Alaska, across the boreal forests of Canada and northeastern 

USA, and down the Appalachian mountain range into the southern USA, these animals 

endure varying degrees of sub-zero temperatures of -18 C to -3 C for weeks or months 

at a time [12,13]. The large range of geographical distribution of these animals suggests 

that wood frogs have different degrees of freeze tolerance. Indeed, a study comparing two 
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populations of wood frogs demonstrated that frogs native to interior Alaska have a higher 

degree of freeze-tolerance than frogs native to southern Ohio, as the former population 

can survive freezing at -16 ℃, which is ~10-13 ℃ below the tolerance limit of the 

Ohioan frogs [14]. Moreover, Alaskan wood frogs were shown to endure ~193 

consecutive days of freezing in their natural habitat, with 100% of survival rate upon 

thawing [15]. This was partly attributed to the fact that Alaskan wood frogs had 

accumulated higher levels of hepatic glycogen (233% higher during freezing), higher 

plasma urea (106 µmol/mL), and higher levels of unidentified solutes (73 µmol/mL) 

compared to Ohioan frogs, which accumulated much lower levels of glycogen, lower 

uremia (28 µmol/mL) and exhibited no additional unidentified solutes [14].  

1.3 Ice nucleation in wood frogs 

When the temperatures fall in late autumn, wood frogs hide into the subnivean space, 

under layers of duff and liter on forest floors in hibernacula, that would later prove to be 

pivotal for their survival. Prolonged periods of physical inactivity (as experienced during 

freezing) in plain sight renders wood frogs susceptible to predation and extreme 

dehydration; therefore, hiding under the forest floor is necessary to mitigate these risks. 

Controlled ice nucleation is an important aspect of freeze-tolerance as it would provide 

enough time for the wood frog to adjust its physiology and metabolism in preparation for 

full body freezing. When the moisture in the hibernacula freezes, it seeds the wood frog’s 

skin, and that seeding is necessary to initiate the ice nucleation process that typically 

occur at -2.5 ℃ to -3 ℃ [8]. Indeed, while 98% of the wood frogs kept on damp surfaces 

froze at -2 ℃ without supercooling below the freezing point of their body fluid (-0.5 ℃), 

only ~20% of these frogs were able to freeze on dry surfaces after they supercooled to ~-
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3 ℃ [16,17]. On dry surfaces, ice nucleation can be triggered by bacterial species 

(Pseudomonas and Enterobacter species) found on frog’s skin or in the gut, a finding that 

is consistent with the limited supercooling capabilities of these tissues [18]. Amphibian 

skin is permeable, and this allows ice crystals on the surface of the skin to penetrate into 

the body and inoculate body fluids, thereby causing internal ice nucleation [17]. Indeed, 

the movement of ice through the wood frog body was visualized by proton magnetic 

resonance imaging, and results show that ice moves from outside-in and accumulates in 

the abdominal cavity, bladder, ventricles of the brain, eye lenses and creates ice sheets 

between the skin and the skeletal muscle [19]. 

1.4 Challenges associated with freezing 

Frozen frogs exhibit no signs of heartbeat, breathing, nerve conductivity or physical 

movement, but miraculously, recover with no measurable sign of damage soon after 

thawing [8]. Freezing can be lethal for many reasons. First, formation of ice crystals 

within the cell can result in architectural damage to the cell membrane and subcellular 

compartments, the latter resulting in dysfunctional compartmentalization of different 

cellular processes [20]. Freezing typically occurs in the extracellular space, with ice 

slowly propagating through the space between organs (between the skin, skeletal muscle, 

abdominal cavity, etc.), the lumen of the vascular system, and the extracellular fluids that 

surround the tissues. While intact cell membrane prevents ice penetration into the cell, 

there are serious challenges that are associated with ice crystal formation in the body. 

These challenges include but are not limited to [1,2,8,21]: A) potential rupture of 

capillaries due to ice crystal expansion leading to the loss of vascular integrity and 

internal bleeding upon thawing, B) potential membrane damage due to extreme 
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dehydration as water is withdrawn from the cell to form ice crystals in the extracellular 

space, resulting in dangerously high cytoplasmic ionic strength C) ischemic damage due 

to interruption in blood flow, which  not only prevents oxygen delivery to organs, but 

also prevents the cleanup of accumulated waste products, D) metabolic dysfunction as 

normal oxygen delivery is interrupted, E) oxidative damage due to outburst in reactive 

oxygen species (ROS) levels soon after thawing and F) potential disuse-induced atrophy 

of muscles due to prolonged freezing. As such, freeze-tolerant animals must have 

mechanisms that protects them against the deleterious effects of freezing both at the 

physiological and molecular levels.  

1.5 Adaptations to freezing and thawing in wood frogs 

Wood frogs have developed physiological, biochemical, and molecular mechanisms 

that enables their successful survival following freeze-thaw episodes. One of the most 

important issues that must be addressed in response to freezing is maintaining the 

architectural integrity of cell and organelle membranes. Indeed, freeze-tolerant 

invertebrates stabilize the architecture of their cell membranes by incorporating trehalose 

and prolines, and use large quantities of various cryoprotectants to maintain cellular 

integrity [1]. Recent studies report the presence of a membrane-associated high molecular 

mass antifreeze glycolipid (xylomannan) in many freeze-tolerant animals including the 

Alaskan wood frog, which function to stabilize the membranes in winter [15,22]. 

Moreover, transcript levels of stearoyl-CoA desaturase (SCD), an enzyme reported to 

play a significant role in membrane fluidity and repair, were significantly up-regulated in 

liver of wood frogs during freezing [23,24]. SCD converts palmitoyl-CoA and stearoyl-

CoA to palmitoleate and oleate; two monounsaturated fatty acids that can provide the 
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substrates needed for synthesizing different membrane phospholipids [24]. In support of 

this, a study demonstrated a seasonal change in the liver membrane composition of wood 

frogs, where winter increased levels of phosphatidylethanolamine to increase membrane 

fluidity [25]. In addition, organisms that survive long term freezing often have 

specialized ice-binding proteins that either prevent the recrystallization of smaller ice 

crystals or minimize their growth into larger crystals, thereby reducing the risk of injuries 

to tissues or the lumen of the capillaries [8]. For example, wood frogs were reported to 

express a novel freeze-responsive protein, FR10, which has been recently identified as an 

ice binding protein. The transcript levels of this protein were significantly induced in 

liver, brain, lungs, heart, testes, and skeletal muscle in response to freezing, and has been 

also shown to increase in response to dehydration in heart and brain, and in response to 

anoxia in the heart, kidneys and lungs [26,27]. Although direct interactions between 

FR10 and ice crystals has not been shown yet, the 3-dimentional modeling of this protein 

suggests that it could function as either an ice-binding protein or an anti-freeze protein 

[8,26,27]. 

Maintaining extracellular freeze-tolerance and intracellular freeze-avoidance is 

crucial for wood frog survival, therefore wood frogs and other freeze-tolerant animals use 

large quantities of cryoprotectants to address this problem. In fact, wood frogs 

accumulate large reserves of hepatic glycogen in the fall (180 mg/g wet weight, 233% 

higher in Alaskan frogs) to use as glucose later during freezing [14,17,28]. As early as 2-

5 minutes post the initial ice nucleation event on wood frog skin, signals are sent through 

β-adrenergic signaling to the liver in efforts to initiate glycogenolysis and generate 

glucose [29–31]. Glucose levels rise rapidly within minutes, increasing from 5 mM to 
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~40 mM within the first hour post ice nucleation and increasing up to 150-300 mM in 

core organs in fully frozen animals [28,32]. Simultaneously, within 1 minute of ice 

nucleation, the heart rate of wood frog doubles to 8 beats/minute to facilitate glucose 

distribution to different organs [33]. In support of this, wood frogs showed a tissue-

dependent increase in the numbers of glucose transporters (GLUT) in cell membranes 

during freezing to enable fast export (from liver) and uptake (by all other organs) of 

cryoprotectants. For example, it was shown that Glut4 transcripts increased by 2-3 fold in 

heart to allow glucose uptake, whereas GLUT2 proteins increased significantly in liver to 

allow for glucose distribution [32,34]. The uptake of blood glucose in different tissues is 

rapid, however it appears that the brain and the core organs have higher concentration of 

glucose than peripheral tissues such as skeletal muscle and skin, where glucose levels in 

peripheral tissues rising only to 30-60 mM during freezing [17]. This is potentially due to 

the inward propagation of ice after ice nucleation, which cuts blood circulation to these 

tissues, thereby inhibiting glucose delivery to these organs. While glucose is the main 

cryoprotectant used during freezing, a study on Alaskan wood frogs also reported a 

modest increase in plasma urea (106 µmol/mL), and additional levels of unidentified 

solutes (73 µmol/mL) that could be important during freezing [14].  Carbohydrates such 

as glucose are excellent source of cryoprotectants during freezing for many reasons: a) 

glucose can be easily synthesized from stored hepatic glycogen, b) it can be easily 

transported in or out of the cell, c) it can be easily removed from the body when its 

presence is not needed, d) it has the ability to stabilize proteins and maintain their 

function during stress, and lastly, e) it is a compatible solute and its accumulation at high 

levels does not interfere with various enzymatic activities [20]. Although the use of 
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glycerol as a cryoprotectant can offer similar benefits without the potential cytotoxicity, 

glucose is a better choice as its synthesis is more energy efficient [8]. However, high 

levels of glucose in presence of oxidative stress can result in the formation of highly 

reactive carbonyl containing compounds that could be conjugated to macromolecules, 

resulting in various unfavorable outcomes [35]. As such, wood frogs must have 

developed a regulatory mechanism that would reduce the formation of these conjugates to 

prevent glucose-induced damage.  

Ice crystals exclude solutes from their matrix and given that 65% of the wood frog’s 

total body water is converted into ice, there is a profound imbalance in the fluid contents 

between the intracellular and the extracellular compartments. As such, the fluid left in 

cells and organs will have highly elevated osmolality and ionic strength, that is 

exacerbated even further after the freeze-induced production of various cryoprotectants 

[8]. To manage this situation, cells restrict the movements of water as well as small 

solutes across the plasma membrane and strictly regulate this process via either active 

transport or facilitated diffusion to maintain an electrochemical gradient that is conducive 

to each cell’s function [36]. The movement of water and small solutes are regulated by 

the availability and the activity of specific transporters that are either already localized to 

the surface of the plasma membrane or that are transported to that location via secretory 

vesicle in response to external stimuli [8]. The availability of these transporters is 

regulated at multiple biological levels, including during transcription, post-transcription 

and during translation, whereas their activity is regulated by post-translational 

modification, localization, and various allosteric inhibitors or activators in response to 

various internal stimuli [8]. For example, the nuclear factor of activated T cell 5 (NFAT5) 
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is an osmoregulatory transcription factor that is sensitive to hypertonicity in different cell 

types partly by regulating the transporters needed to facilitate the movement of betaine 

and myo-inositol molecules in or out of the cell [37–40]. NFAT5 regulates the expression 

of the sodium/myo-inositol cotransporter (SMIT) and the sodium and chloride-dependent 

betaine-GABA transporters (BGT1) in different cells, and these were shown to be 

important in regulating the osmotic gradient [37–40]. Previous studies have reported 

differential regulation of NFAT5 in response to freezing, anoxia and dehydration in 

multiple tissues of wood frogs [39,40]. Interestingly, while protein levels of NFAT5 

increased significantly in response to freezing and thawing in wood frog muscle, levels of 

SMIT remained the same over the course of freezing and thawing, while levels of BGT1 

only increased in response to thawing [39]. The same study also demonstrated that 

despite an increase in NFAT5 levels in liver during freezing, levels of BGT1 and SMIT 

remained unchanged under the same conditions, there were no significant changes in 

either protein levels or NFAT5 in response to freezing in the kidney. In response to 

anoxia, protein levels of NFAT5 were significantly increased which correlated with an 

increase in BGT1, but not SMIT under the same conditions in the muscle, whereas in 

liver and kidney there was a significant reduction in NFAT5 levels in response to 24 hour 

anoxia [40]. Interestingly, the decrease in NFAT5 in the liver had no effect on the protein 

expression of BGT1 and SMIT in response to anoxia, but levels of BGT1 increased 

significantly in the kidney under the same condition [40]. On the other hand, responses to 

dehydration were somewhat different where levels of SMIT in muscle, and BGT1 and 

SMIT in liver increased significantly despite no change or a decrease in total protein 

levels of NFAT 5[40]. Altogether, both studies concluded that the expression of these 
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transporters is in part regulated at the transcriptional level by NFAT5, and that their 

expression is tissue and stress dependent in efforts to maintain appropriate intracellular 

osmolality. While a few of these transporters are studied in wood frogs (GLUTs, as 

discussed above), future studies are needed to decipher the regulatory mechanisms 

involved in facilitating or inhibiting the activity of other important transporters in 

response to stress.  

Thawing is another highly regulated process that must be orchestrated in a controlled 

manner to ensure survival. When temperatures rise in the spring, wood frogs begin to 

thaw slowly; but unlike freezing, thawing occurs depending on glucose concentrations in 

tissues. Because high glucose concentration lowers the melting point of the cellular 

fluids, when temperatures rise, wood frogs thaw from the inside out, with tissues that 

have higher glucose concentration thawing first [19]. This is advantageous to the frog 

because it allows the heart, which is necessary to pump blood to all other organs to 

facilitate thawing, to defrost first. In fact, the first measurable physiological change after 

thawing is the initiation of cardiac function as early as one hour post thaw, although heart 

rate is slow and arrhythmic (~1 beat/min)  at that time point [33].  Moreover, heart rates 

increased to 13.6 beats/min after 6 hours of thawing as the body temperature of the wood 

frogs increased to 5 ℃, suggesting that perhaps increased cardiac activity plays a crucial 

role in thawing the remaining organs. Indeed, it was hypothesized that resumption of 

tissue reperfusion in early hours of thawing and the increase in energy demands in 

warming organs is potentially the switch needed to change from anaerobic to aerobic 

metabolism [33]. Following increases in cardiac function and tissue reperfusion, 

pulmonary breathing, nerve excitability, limb reflexes and normal postures were restored 
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within 12 hours post-thawing [13,33]. However, despite a fast-physical recovery from 

freezing, some physiological and biochemical parameters remain in place for longer 

periods. For example, given that temperatures in early spring fluctuate, wood frogs retain 

their high glucose levels for over a week following the initial thawing episode in case 

another freezing episode occurs [41]. As such, wood frogs must also have regulatory 

mechanisms in place not only to deal with the ROS generated from reperfusion, but also 

to protect themselves against glucose-induced damage.  

1.6 Adaptations to dehydration, anoxia  

As discussed earlier, one of the main regulatory mechanisms that enables freezing 

survival is intracellular dehydration, which not only prevents intracellular ice formation 

but also provides a sequestration mechanism where ice crystals can form. The skin of 

many terrestrial amphibians including wood frogs, has very low resistance to water loss 

under dry or hot environmental conditions; therefore, such amphibians display greater 

tolerance to dehydration, increased ionic strength and intracellular osmolality compared 

to other vertebrates [1]. Indeed, it is highly likely that freeze-tolerance stems from pre-

existing mechanisms that enable animal survival in response to dehydration. For 

example, when subjecting two freeze-tolerance species of frogs (wood frogs and the 

spring peeper) to controlled dehydration at 5 ℃, both species lost up to 60% of their total 

body water and responded with rapid initiation of glycogenolysis in liver and glucose 

secretion to different organs [42,43].  Like thawing, glucose levels in both animals 

returned to normal after rehydration. It is noteworthy to mention that initiation of 

hyperglycemic responses during dehydration are not due to water loss by liver cells 

directly. Instead, water is initially lost from extra-organ pools without affecting the water 
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content of the core organs, unless high percentage of total body water is lost [42,43]. This 

can be seen in wood frogs where despite undergoing ~60% dehydration of total body 

water, the water content in liver remained unchanged [43]. Moreover, dehydrating 

anurans also accumulate high levels of urea and this trend has also been observed in 

freeze-tolerant animals, albeit to a lower degree [44,45]. Urea plays a significant role in 

increasing the osmolality of body fluids and provides resistant to extreme volume 

reductions in the cell during dehydration or freezing [14,46].  

Wood frogs and other freeze-tolerant animals must also have adaptations to overcome 

problems associated with anoxia (ischemia) and reoxygenation (reperfusion). This is 

because after the full onset of freezing, cardiac function comes to a halt and blood 

freezes, thereby prevent oxygen delivery to organs and creating a state of ischemia. Not 

surprisingly, wood frogs have been shown to tolerate up to 48 hours of anoxia in 

chambers filled with N2 gas without exhibiting any sign of damage, independently 

freezing [47]. Interestingly, exposure to anoxic conditions did not have a significant 

effect on inducing a hyperglycemic response in wood frogs [9,48]. Understandably, a 

strong hyperglycemic or uremic response is used for cryoprotection purposes during 

freezing and dehydration where cell volumes are significantly reduced; a response that is 

absent in anoxic frogs. As such, the limited amount of glucose available is probably used 

for energy metabolism rather than cryoprotectant purposes. In support of this, a recent 

phosphoproteomics study of anoxic wood frog liver demonstrated that levels of 

phosphorylated fructokinase-2 remained unchanged in liver, probably in efforts to 

promote anaerobic glycolysis until the available glucose is depleted [49].  
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While anoxia tolerance is not extensively studied in the wood frog, research on other 

anoxia-tolerant models have provided insightful information on the molecular responses 

needed to survive. Long-term anoxia survival requires several adaptive mechanisms that 

if absent, could negatively impact survival. These adaptive mechanisms include: A) 

maintaining a large internal reverse of fermentable fuels such as glycogen, B) 

supplementing basic glycolytic pathways with other reactions to increase ATP yield per 

molecule of glucose, C) optimizing the neutralization and acid buffering capacities of the 

cell, D) managing ATP production with ATP consumption rates, and E) maintaining or 

inducing a strong antioxidant response system [50]. In most organisms, lipids cannot be 

used as a source of fuel in anaerobic conditions, therefore such organisms rely on 

carbohydrate catabolism via glycolysis using glycogen (in animals), starch (plants) or 

free sugars available in the system to generate energy [50]. Indeed, many anoxia-tolerant 

vertebrates, including some species of turtles and frogs, build up large glycogen reserves 

in their liver, which can be converted to glucose and mobilized via the blood to other 

organs for energy production [51]. Studies on mollusks and other anoxia tolerant 

organisms also show the use of certain amino acids (e. g. aspartate, asparagine, 

glutamate, and glutamine) as metabolic fuels under oxygen deprived conditions [50,52]. 

While using glycolysis to generate energy under anerobic conditions is logical, it has its 

own limitations: A) low ATP yield per glucose molecule and B) high cellular 

acidification due to end-product accumulation [50]. As such, some anoxia-tolerant 

species generate alternative end products (such as opines, ethanol, alanine, propionate, 

acetate or succinate) to lactate, which not only generate more ATP per glucose molecule 

catabolized, but also reduce intracellular acidification [50]. In wood frogs, exposure to 
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freezing was associated with a significant increase in lactate levels in liver (going from 

0.76 ± 0.11 in control to 12.1 ± 1.40 µmol/g wet weight (gww)), heart (going from 6.17 ± 

1.00 µmol/gww to 31.0 ± µmol/gww), kidney ( going from 8.15 to 35.2 ± 2.36 

µmol/gww) and skeletal muscle (going from 1.99 ± 0.70 to 14.8 ± 1.83 µmol/gww); 

suggesting a strong reliance on glycolysis for energy production under this condition 

[41]. In a species of hypoxia tolerant frogs (Rana temporario), submergence in hypoxic 

water at 3 ℃ resulted in the elevation of plasma lactate levels (~9 mmol/L), which was 

returned to baseline (~1.5 mmol/L) after 8 weeks of treatment [53], suggesting that 

perhaps alternative regulatory mechanisms exist to buffer lactic acidosis. In anoxic 

turtles, excessive production of lactate and H+ is buffered by the release of Ca2+ and 

HCO-
3, which allows for maintaining a safe acid-base homeostatic balance in cells [51]. 

Due to limited oxygen availability under freezing, anoxia and dehydration, the 

mitochondrial electron transport chain becomes greatly reduced, thereby shifting cellular 

metabolism toward anaerobiosis [54].  Despite the presence of large quantities of 

fermentable fuels under various conditions in wood frogs and adequate buffering systems 

to prevent intracellular lactic acidosis, using glycolysis to generate energy will not be 

enough to sustain normal metabolic rates. Under aerobic conditions, one mole of glucose 

yields 38 moles of ATP; however, under anaerobic conditions, the catabolism of glucose 

to lactate and H+ provides a net of only 2 moles of ATP [55]. The imbalance between 

energy production and energy consumption is so great that without reprioritizing energy 

expenditure, wood frogs will not be able to fuel their cells. Hence, these frogs (and many 

other stress-tolerant species) have developed a coordinated biochemical response that 

enables them to allocate the finite amount of energy available to fuel pro-survival 
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processes while decreasing or completely interrupting all other nonessential or highly 

energy-expensive processes [8,51,53,55,56]. This phenomenon is termed metabolic rate 

depression (MRD). While metabolic rates have not measured in wood frogs, studies in 

other animals undergoing similar conditions suggest that without MRD, surviving such 

conditions is not possible. For example, some species of adult turtles (Chrysemys picta 

belli) submerged in anoxic water set to 3 ℃ reduce their metabolic rates by ~90% 

compared to normal conditions, and rely mainly on hepatic glycogen reserve for months 

[57]. Moreover, frogs that over winter in ice-locked ponds also demonstrate a significant 

reduction in metabolic rates (down to ~90%), as do toads and other species of frogs that 

live in arid regions of the world [44,58]. Accurate measurement of metabolic rates in 

frozen animals is difficult because decreasing the body temperature causes a substantial 

decrease in metabolic rates, and interruption in breathing and cardiac function after the 

full onset of freezing prevents accurate measurement of oxygen consumption and carbon 

dioxide release [8]. A study on freeze-tolerant moor frogs (Rana arvalis) showed that 

oxygen consumption was reduced significantly as body temperature decreased, and this 

reduction continued until frogs reached a body temperature of -2 ℃, thereafter oxygen 

consumption remained the same [59]. Moreover, a study on frozen lizards (Lacerta 

vivipara) showed initiation of freezing resulted in a 40% decrease in oxygen consumption 

compared to supercooled animals, and both oxygen consumption and carbon dioxide 

release fell to zero after ~6 hours of freezing [60]. These studies show that freezing, 

anoxia and dehydration (hypoxia-like state)-induced MRD is common amongst stress-

tolerant animals; suggesting that perhaps wood frogs also reduce their metabolic rates in 

response to these treatments. This was also partly evident by a study on wood frogs 
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where exposure cooling temperatures (4 ℃ to1 ℃) showed a significant reduction in 

carbon dioxide release; suggesting that cold temperatures could potentially reduce 

metabolic rates [61]. 

1.7 Regulation of MRD 

The process of MRD is a complicated network of events that requires synchrony 

between all cellular processes. Under MRD, the limited energy available is used only to 

fuel pro-survival processes (e.g. antioxidant response, anti-apoptotic response, etc.) while 

shutting down all detrimental (e. g. apoptosis), non-essential, or energy expensive 

processes (e. g. cell cycle, growth, and proliferation) [62–67]. Multiple stress-tolerant 

organisms decrease their metabolic rates to 1-30% of their normal levels when faced with 

unfavorable conditions to conserve the finite amount of energy available [8,51]. By 

decreasing the metabolic rates, many stress-tolerant animals can stay “inactive” for 

prolonged periods of time (days, weeks, months or even years) and emerge once 

environmental conditions are favorable again.  

MRD is regulated at various levels of metabolic organization such as at 

transcriptional, post-transcriptional, translational and post-translational levels [8]. 

Successful entry into and exist from MRD relies on the synchrony between all regulatory 

stages; as such, wood frogs must have a coordinated response that enable the induction of 

few pro-survival processes while reducing or halting the majority of non-essential or 

detrimental processes. At the transcriptional level, epigenetic modification can alter the 

accessibility of the DNA to the transcriptional machinery; thereby preventing 

transcription [68,69]. For example, DNA methylation and histone acetylation were shown 

to play a significant role in regulating hypometabolism in hibernating 13-lined ground 
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squirrels and anoxia tolerant freshwater turtles [70,71]. With respect to wood frogs, a 

reduction in protein levels of histone methyl transferases as well as monomethylated 

histone (Lys4) proteins were evidence of translational suppression during freezing [68]. 

The availability of certain transcription factors also contributes to transcriptional 

regulation in wood frogs. For example, one of the downstream targets of the nuclear 

factor of activated T cell 4 (NFATc4) transcription factor is the atrial natriuretic peptide 

(ANP) gene, which plays a significant role in liver regeneration and repair under stress 

[72]. As such, NFATc4 DNA binding was elevated in response to anoxia in liver but not 

skeletal muscle of wood frogs, resulting in the activation of ANP transcription in the 

former but not the latter tissue [72]. Moreover, the myocyte enhancer factor-2 (MEF2) 

transcription factor family has been shown to regulate the expression of several genes 

involved in glucose transport, phosphagen homeostasis and protein quality control check 

[73]. In wood frogs, total levels of phosphorylated MEF2C remained the same in 

response to 24-hour anoxia but not 40% dehydration in skeletal muscle, a trend that was 

also similar to MEF2C nuclear localization [73]. Interestingly, transcript expression 

patterns of glut4, one of the targets regulated by MEF2C that is responsible for glucose 

uptake, also exhibited no change in response to dehydration but demonstrated a 

significant increase in response to anoxia in wood frog muscle [73]. The same study also 

reported no significant change in transcript levels of calreticulin and muscle creatine 

kinase, suggesting that perhaps their induction is not necessary during dehydration or 

anoxia survival. Altogether, wood frogs use a combination of DNA modifications and 

transcription factor availability to regulate transcription under MRD in a temporal and 

tissue-dependent manner. 
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At the post-transcriptional level, wood frogs and other stress-tolerant species have 

been shown to use microRNA-mediated mechanisms to control the availability and levels 

of specific transcripts; whereby the increased abundance of specific microRNAs imply 

translational suppression of the mRNA targets, and reduced microRNA levels imply 

translation initiation [74,75]. MicroRNAs are short (21-25 nucleotide) single stranded 

non-coding RNA molecules that negatively regulate the expression of their target genes 

by silencing the messenger RNA (mRNA) [76]. MicroRNAs are transcribed as pri-

microRNAs and subsequently cleaved by Drosha to form ~70 nucleotide precursor-

microRNAs (pre-microRNAs) consisting of hairpin structures [76] (Figure 1.2). Pre-

microRNAs are then exported to the cytoplasm using a RanGTP dependent transporter, 

Exportin 5 [77]. Once in the cytoplasm, the pre-microRNA is cleaved by Dicer to form 

short (21-25 nucleotide) single stranded RNAs that will further associate with different 

proteins to form the RISC structure (RNA-induced silencing complex) and target mRNA 

via complementarity [76]. The degree of complementary between the microRNA and the 

target mRNA transcript dictates the fate of that mRNA. High complementarity leads to 

complete degradation of the transcript, whereas partial complementarity can signal the 

transcript for storage in p-bodies and stress-granules for future retrieval [78]. In wood 

frogs, a series of studies have shown differential regulation of microRNAs in a tissue and 

stress specific manner. For example, miR-16 (microRNA-16) levels increased 

significantly in liver when wood frogs were exposed to freezing, indicating that 

translation of downstream transcripts under its control (all components of the cell cycle) 

was suppressed [79]. Indeed, wood frogs suppress cell cycle activity in response to 

freezing, anoxia or dehydration stresses using multiple mechanisms including 
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microRNA-mediated action [66]. Furthermore, screening of 53 microRNAs in cardiac 

and skeletal muscle of wood frogs over freeze/thaw showed differential microRNA 

regulation in a tissue specific manner with 21 microRNAs showing decreased abundance 

in heart during thawing whereas 16 microRNAs increased during freezing in skeletal 

muscle [80]. The differentially regulated microRNAs regulated targets involved in 

arrhythmogenic right ventricular cardiomyopathy, and actin cytoskeleton remodeling 

[80]. Moreover, differential regulation of microRNAs in response to freezing and 

thawing in wood frog brain hinted to potential activation of neuroprotective mechanisms 

such as synaptic signaling and various intracellular signal transduction pathways that lead 

to protection against ischemia/reperfusion injuries. For example, both exposure to 

freezing and thawing resulted in the downregulation of miR-204, a microRNA known to 

negatively impact the expression of the anti-apoptotic BCL2 protein in neuronal cells 

[81]; suggesting a potential role for miRNAs in regulating apoptosis and promoting 

survival [82].  

Protein synthesis can consume up to ~40% of the total energy available in the 

cell. As such, this process is strictly regulated in animals that undergo MRD in efforts to 

conserve energy. Regulation of protein synthesis occurs mainly by modulating the 

activity of the translational machinery. This could occurs via polysome disaggregation, 

which is a hallmark of translational suppression [50,83]. Indeed, protein translation rates 

in liver, kidney and brain was significantly reduced, with levels in the latter tissue 

decreasing to 0.04% in response to hibernation (a condition also characterized by MRD) 

in ground squirrels compared to their euthermic counterparts [84,85]. Regulating the 

activity of the translational machinery can also dictate the rate of protein synthesis. For 
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example, studies on liver from frozen wood frogs showed that the AMP-activated protein 

kinase (AMPK) phosphorylates and activates eEF-2K (eukaryotic elongation factor 2 

kinase) which in turn leads to the phosphorylation of eEF-2 (eukaryotic elongation factor 

2), thereby inhibiting peptide chain elongation in the frozen state [86]. Moreover, 

exposure to freezing caused a greater than 50% decrease in 4EBP (eukaryotic initiation 

factor 4 binding protein) and S6K (ribosomal protein S6 kinase) total and phosphorylated 

levels (Jing Zhang, unpublished data). Both 4EBP and S6K play significant roles in 

controlling mRNA translation and the decrease in both total and active forms of these 

proteins indicate a significant reduction of mRNA translation during freezing.  

At the post-translational level, reversible protein modification (such as 

phosphorylation, acetylation, ubiquitination, SUMOylation, etc.) has been involved in 

regulating MRD in several cases [8,83]. Post-translational modifications (PTMs) are 

mediated by various enzymes and the level and activity of these enzymes is subjected to 

tight regulation in response to various stress conditions. For example, AMPK activity was 

increased by 2-fold in liver of frozen wood frogs and by 2.5, 4.5 and 3-fold in skeletal 

muscle of dehydrated, frozen or thawed wood frogs compared to controls [86]. AMPK 

inhibits multiple biosynthetic enzymes, the best-known being acetyl-CoA carboxylase 

(ACC), a rate-limiting enzyme of fatty acid biosynthesis, that is inhibited by AMPK 

phosphorylation at S79. Accordingly, phosphorylated ACC levels rose by 2.5-folds in 

liver of frozen wood frogs compared to controls, which lead to the inhibition of fatty acid 

biosynthesis [86]. Moreover, glycogen synthase kinase 3 (GSK3) was originally known 

for its involvement in regulating glycogen synthase (GS) activity via phosphorylation and 

inhibition. Indeed, while total levels of GSK3 did not change in most tissues, 
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phosphorylation at S9 decreased significantly during freezing in most wood frog organs, 

implying that GSK3 was active [87]. Active GSK3 then inhibits GS, and that prevents the 

re-conversion of glucose back to glycogen under conditions where cryoprotection is still 

needed [87]. Moreover, the activity of the pyruvate dehydrogenase complex (PDH), a 

multi-subunit enzyme that links anaerobic glycolysis to the aerobic tricarboxylic acid 

cycle (TCA), was also shown to be regulated at the post-translational level in wood frog 

[88]. A study demonstrated an increase in levels of various pyruvate dehydrogenase 

kinases in response to freezing and but not anoxia in liver of wood frogs [88]. 

Accordingly, PDH also demonstrated an increase in phosphorylation levels at S293 and 

S300 in response to freezing but not anoxia; suggesting that this complex is inhibited in 

response to the former stress [88]. Regulation by PTMs can also facilitate localization 

and the activity of transcription factors. Indeed, under metabolically depressed states 

when energy levels are limiting, it is more ideal for animals to stabilize or increase the 

activity of certain proteins instead of increasing their expression. For example, while the 

total levels of MEF2C did not change in response to anoxia exposure, it phosphorylated 

form increased under the same condition, which resulted in its nuclear localization and 

the induction of select downstream genes [73]. Moreover, the localization of the 

carbohydrate-responsive element binding protein (ChREBP) transcription factor was 

hypothesized to be regulated by PTMs in response to freezing in a temporal manner [23]. 

Phosphorylation can also act to inhibit the activity of select transcription factors. For 

example, NFATc4’s activity is inhibited by phosphorylation; and an increase in its 

phosphatase (calcineurin A) was demonstrated in response to anoxia exposure in wood 

frog liver  [72]. This increase resulted in NFATc4 dephosphorylation, NFATc4 activation 
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and its subsequent nuclear translocation, resulting in the induction of its pro-survival 

downstream genes in anoxic wood frogs [72]. Altogether, reversible PTMs play a 

significant role in regulating MRD by modulating the activity, stability, and localization 

of various proteins.  

Although each regulatory stage is significant on its own, MRD requires a 

coordinated response at all regulatory levels. For example, while inhibitory mechanisms 

at the epigenetic level may be enough to prevent transcription by denying DNA 

accessibility to the transcriptional machinery, decreased activity (controlled by post-

translational modifications) of specific transcription factors or co-regulators could also be 

involved. Likewise, even if total protein levels of specific targets remain unchanged, an 

increase in various post-translational modifications could modulate their activity by either 

causing temporary inhibition or by stabilizing the available proteins to increase their half-

life. However, even under conditions with ~80-95% overall suppression in metabolism, 

stress-tolerant organisms manage to increase the activity a small set of pro-survival 

pathways by strategically channeling the available energy to those processes. For 

example, whereas the cell cycle is halted, the anti-apoptotic response is induced to help 

protect cells. A study on wood frogs exposed to anoxic conditions showed the 

overexpression of anti-apoptotic proteins, Bcl-xL and c-IAP in the liver [64]. Moreover, 

ROS production is a major hallmark of hypoxic/ischemic events and can cause even more 

problems upon reoxygenation/reperfusion. Furthermore, hyperglycemia and increased 

protein glycation are also known to promote prooxidant environments in the cell. 

Therefore, wood frogs and other stress-tolerant animals increase their antioxidant defense 

system accordingly. Indeed, wood frogs were confirmed to have higher basal levels of 
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antioxidant defenses compared to leopard frogs [8,62]. For example, glutathione 

peroxidase activity rose by 2.5-fold in various tissues, and was also accompanied by an 

increase in glutathione levels during freezing [8,62]. Moreover, levels of select 

antioxidant enzymes such as the cytosolic superoxide dismutase1 (SOD1) and the 

mitochondrial SOD2 were upregulated in brain and heart of wood frogs respectively in 

response to freezing [65]. Additionally, protein levels of catalase was also upregulated in 

response to anoxia in brain, suggesting that this antioxidant enzymes is required for ROS 

detoxification in this tissue [65]. Wood frogs also differentially regulate the protein levels 

of various heat shock proteins (HSPs) and glucose-regulated proteins (GRPs) in response 

to stress. Indeed, protein levels of HSP110 was significantly elevated in response to 

freezing in liver and kidney, in response to anoxia treatment in liver, brain, and heart, and 

in response to dehydration treatments in muscle, brain heart and skin of wood frogs [63]. 

Protein levels of HSP70 also showed differential regulation, with levels rising in liver, 

muscle, heart and kidney in response to freezing, in muscle in response to anoxia, and in 

muscle, heart and kidney in response to dehydration [63]. Differential regulation of 

HSP60, HSP10, GRP78, and GRP94 were also reported in a tissue and stress-dependent 

manner [63]. Altogether, it is clear that despite strict energy utilization under MRD, wood 

frogs strategically and selectively induce the expression of select antioxidant and pro-

survival factors to mitigate potential damage that could be cause in early stages, 

prolonged exposure or early phases of recovery from different stresses.  

1.8 General hypothesis: Molecular response to freezing, anoxia and dehydration 

require the induction of various genes involved in regulating autophagy, 

angiogenesis, antioxidant response and energy metabolism in a temporal, tissue, and 

stress-dependent manner in anticipation for potential damage. 
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Objective 1: Multifaceted regulation of the autophagic machinery in wood frogs 

Autophagy is a complex process, characterized by multiple stages (initiation, 

nucleation, elongation, and fusion) involving the formation of an autophagosome, a 

vesicle-like structure that engulfs defective cytoplasmic molecules, before fusing with the 

lysosome to facilitate cargo degradation [89,90]. Autophagy has been extensively studied 

in multiple animal models and in response to many environmental and disease conditions, 

as dysregulation in autophagy could result in cell death [89,91,92]. Given its importance 

in maintaining cellular homeostasis, it was of interest to see how autophagy is regulated 

in response to dehydration/rehydration and anoxia/reoxygenation treatments in wood frog 

liver and skeletal muscle. Briefly, regulation of autophagy involves the activity of several 

transcription factors, chiefly Transcription factor EB (TFEB), which promotes the 

transcription of numerous genes involved in autophagosome formation and lysosomal 

biogenesis [93,94]. Autophagy is also regulated at the post-transcriptional level by 

microRNAs, which target specific components of the autophagosome machinery, thereby 

promoting or inhibiting their translation [95,96]. Moreover, autophagy can also be 

regulated at the post-translational level by PTMs [97]. Indeed, series of PTMs 

(phosphorylation, glycosylation, acetylation, methylation, lipidation, etc.) have been 

demonstrated to be crucial for either inducing or inhibiting autophagy in response to 

various stimuli [97,98]. In Chapter 2, regulation of autophagy will be studied at multiple 

biological levels to decipher the dominant mode of regulation under each stress and tissue 

in wood frogs. Logically, wood frogs have regulatory mechanisms that are induced early 

after the initial exposure to stress in anticipation of potential damage that could result 

after the full onset of stress or in early hours of recovery. While these regulatory 
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mechanisms may not be required at first, their availability on standby mode may be 

crucial for mitigating potential damage when it arises. However, autophagy is an energy 

expensive process, therefore it is likely that wood frogs reduce autophagic flux during 

stress. 

Specific hypothesis 1: Autophagy is an energy expensive process, therefore 

autophagosome formation and lysosomal biogenesis will be attenuated in response to 

stress, and this process is regulated at multiple biological levels in a tissue and stress 

dependent manner. 

 

Objective 2: RAGE management: ETS1- EGR1 mediated transcriptional networks 

regulate angiogenesis in wood frogs 

Freezing, thawing, dehydration, and or rehydration can cause potential rupture of 

capillaries, leading to the loss of vascular integrity. Moreover, these stresses could also 

result in tissue damage that if not dealt with appropriately, could result in organ failure. 

As such, one of the protective mechanisms that could be induced in anticipation of these 

events is angiogenesis; the formation of new blood vessels rooting from pre-existing 

parent vessels [99–101]. Induction of angiogenesis in response to ischemia in the heart or 

in response to tissue injury has been demonstrated to improve cardiac function and 

accelerate wound healing [102,103]. Angiogenesis, like many other processes in the cell 

is regulated at multiple biological levels. At the transcriptional level, pro and anti-

angiogenic targets are regulated by many transcription factors chiefly the early growth 

response 1 (EGR1) and the E26 transformation-specific sequence 1 (ETS-1) transcript 
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factors [99–101]. Upstream to these two factors is the activation of the receptor for 

advanced glycation end product (RAGE), which results in phosphorylation of several 

kinases that lead to the induction and activation of EGR1 and ETS1 in response to stress 

[104,105]. Freezing and dehydration are hyperglycemic events, and the presence of high 

levels of glucose in the cell concurrently with the presence of oxidative stress accelerates 

the formation of advanced glycation end products (AGEs) [35]. AGEs can associate with 

various macromolecules, and negatively impact their function, stability, and clearance. 

An earlier study on wood frogs demonstrated that glycated serum albumin is elevated 7 

days post-thawing, thereby providing the first line of evidence that AGE formation could 

be occurring in wood frogs. On the other hand, exposure to oxidative stress causes the 

release of the nuclear high mobility group box 1 (HMGB1) protein to the cytoplasm and 

subsequently extracellular space [106,107]. Both AGEs and HMGB1 are ligands of 

RAGE and could potentially result in the activation of this receptor and subsequent 

induction of EGR1 and ETS1 transcription factors. In Chapter 3, activation of 

HMGB1/AGE/RAGE in response to freezing/thawing, anoxia/reoxygenation and 

dehydration/rehydration in wood frog liver will be investigated. Moreover, this chapter 

will focus on EGR1 and ETS1- regulated targets that are involved in angiogenesis to 

determine whether this process occurs in wood frogs in response to stress.  

Specific hypothesis 2: Pro and anti-angiogenic factors will be induced in response to 

stress in wood frog liver, however their expression will be regulated in a temporal 

manner in preparation for potential repair of damaged capillaries or wound healing. 
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Objective 3: RAGE-mediated transcriptional responses in wood frog heart 

As mentioned in objective 2, freezing and dehydration are hyperglycemic events that 

could result in the formation of AGEs, HMGB1 release from the nucleus to the 

cytoplasm, and RAGE activation. A previous cDNA array screen in wood frog heart 

demonstrated an increase in RAGE levels in response to freezing [32]. RAGE-mediated 

signaling results in the activation of ETS1, a transcription factor that regulates a wide 

range of downstream genes involved in numerous processes [108–112]. Other than 

angiogenesis (discussed in objective 2), ETS1 also regulates genes encoding antioxidant 

enzymes, glucose transport and metabolism, and nuclear encoded mitochondrial proteins 

[110–113]. Interestingly, ETS1 can also act as a transcriptional repressor to select group 

of downstream genes [114,115]. Studies have shown that overexpression of ETS1 results 

in transcriptional inhibition of select nuclear encoded mitochondrial genes such as the 

NADH dehydrogenase (ubiquinone 1) α/β subcomplex 1 (NDUFAB1), cytochrome c1 

(CYC1), and ATP synthase H+ transporting mitochondrial F1 complex,α subunit 1 

cardiac muscle (ATP5A1) [111,112]. This chapter will examine whether 

AGE/HMGB1/RAGE mediated activation of ETS1 occurs in the heart of wood frogs 

exposed to freezing, anoxia and dehydration, and whether this activation will result in 

induction or repression of select downstream genes.  

Specific hypothesis 3: ETS1 acts both as a transcriptional activator and a transcriptional 

repressor. Specifically, ETS1 will inhibit the transcription of select nuclear encoded 

mitochondrial genes, while inducing the expression of select antioxidant enzymes in 

response to stress. 
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Figure 1.1: Schematic diagram of microRNA biogenesis.  
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1.1 Abstract 

 

The wood frog, Rana sylvatica, is one of the freeze-tolerant vertebrates known to 

date. After the full onset of freezing, the wood frog is clinically dead, exhibiting no signs 

of brain activity, breathing, heartbeat or muscle movement; but returns to normal function 

hours after thawing. As a consequence of freezing, wood frogs must also endure extreme 

cellular dehydration, hyperglycemia and anoxia. The current study investigates the effects 

of the dehydration/rehydration and anoxia/recovery cycles in regulating autophagy and 

lysosomal biogenesis in wood frog liver and skeletal muscle. The results show that 

components of the autophagosome biogenesis machinery are significantly downregulated 

in liver during anoxia/reoxygenation, and in muscle during anoxia/reoxygenation and 

dehydration/rehydration. However, select components of the autophagosome machinery 

are upregulated in response to dehydration in wood frog liver; suggesting the formation 

of few mature autophagosomes that could engulf damaged macromolecules. Components 

of the lysosomal machinery appear to be either unaffected in response to stress or 

decrease in response to recovery in both tissues, suggesting potential impairment in 

autophagosome and lysosome fusion. Autophagic flux under all conditions in liver and 

muscle was shown to be regulated at multiple levels, mainly by transcriptional control 

mediated by Transcription Factor EB, microRNAs, and reversible protein modification. 

Reduced autophagic flux in liver and muscle under all conditions appears to be a 

coordinated response to conserve energy and contribute to stress-induced metabolic rate 

depression.   

Keywords: Autophagy, lysosomal biogenesis, microRNA, dehydration/rehydration, 

anoxia/reoxygenation, wood frogs, hypometabolism, wood frog  
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2.2 Introduction  

Natural freeze-tolerance is an astonishing phenomenon that only a handful of 

species have mastered. One of such species is the wood frog, Rana sylvatica [1,2]. When 

temperatures decrease, wood frogs burry themselves into subnivean, and start the 

freezing process as soon as ice from their hibernacula touches their skin [3,4]. Nuclear 

magnetic resonance imaging showed that ice formed on the wood frog skin will slowly 

propagate inwards to inoculate internal organs [5]. Concurrently, the liver starts the 

glycogenolysis process and distributes glucose to different organs to be used as a 

cryoprotectant [6]. In fact, blood glucose levels rise from 5 mM under normal conditions 

to ~300 mM during freezing, making the wood frog extremely hyperglycemic [7]. Once 

fully frozen, wood frogs become clinically dead with no signs of brain activity, heartbeat, 

breathing or muscle movement; but resume to normal soon after thawing [8]. Freezing is 

also associated with dehydration, because cells move their intracellular water to the 

extracellular space to prevent internal ice formation in efforts to maintain cellular 

integrity [9]. During this time, the wood frogs could lose up to 70% of their total body 

water and become extremely dehydrated [9]. Moreover, complete cardiac arrest after the 

full onset of freezing and the freezing of blood itself render the wood frog fully ischemic, 

therefore freeze-tolerant frogs must also be anoxia tolerant [10]. Indeed, wood frogs have 

been shown to tolerate up to 40% dehydration [11], 48-hour anoxia [12] and glucose 

loading (~200 mM plasma glucose levels) [13] independently of freezing; thereby 

providing a novel and multifaceted model for studying adaptations to freezing. 

In this study, the effects of dehydration/rehydration and anoxia/reoxygenation 

treatments on autophagy was investigated in wood frogs. Tolerance toward dehydration is 

an evolutionarily conserved phenomenon across many species, especially anurans in 
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response to dry and hot temperatures [14]. Dehydration decreases cell volume and 

increases both osmolality and ionic strength in the cytoplasm as it shrinks the cell. To 

prevent excessive cellular shrinkage and damage to plasma membrane bilayer, wood 

frogs use colligative cryoprotectants [9]. Indeed, exposure to dehydrating condition 

stimulated the production and accumulation of glucose in liver, heart, brain, muscle and 

kidney, with levels increasing by 9 to ~313 folds (with levels peaking at 1092, 1409, and 

1263 nmol/mg protein in brain, heart and liver respectively) compared to control values 

[9]. The same study also reported a concurrent decrease in liver glycogen levels and 

increase in lactate production; the latter suggesting that wood frogs switch to anaerobic 

energy metabolism as blood viscosity increases and blood volume decreases. 

Dehydration also stimulates the production of urea, another colligative cryoprotectant 

that not only retards water loss, but also contributes to increasing the body fluid 

osmolality that is needed to combat excessive cell volume reduction [15,16]. Indeed, 

Alaskan wood frogs increase their plasma urea levels from ~10 to ~86 µmol/mL in late 

summer to over 187 µmol/mL under dehydrating conditions [17]. Less information is 

available on metabolism in anoxia exposed wood frogs, but it has been reported that 

exposure to anoxia does not initiate a strong hyperglycemic response as seen during 

freezing or dehydration [18,19]. Interestingly, a lack of hyperglycemic response was also 

observed in anoxic turtle livers; thereby suggesting that perhaps hyperglycemia is not a 

suitable response to anoxia [20]. Understandably, a strong hyperglycemic response is 

required for cryoprotective purposes during freezing and dehydration; a response that 

may not be necessary under anoxic conditions since there are no evidence of cell volume 

reduction, cellular shrinkage, or osmotic pressure. Therefore, glucose levels normally 
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present in anoxic wood frogs would be allocated for energy production rather than 

cryoprotection. In support of this, a recent study on the phosphoproteome of the anoxic 

wood frog liver proposed that the unchanged levels of phosphofructokinase-2 potentially 

allows for anaerobic glycolysis to move forward until fuel levels are depleted [21]. 

Current literature lacks information on urea metabolism in anoxic wood frogs; however, 

it appears that enzymes that regulate the urea cycle are preferentially more active in 

frozen and dehydrated rather than anoxic wood frog livers [21]. This finding is also 

supported by findings in turtle liver, where biosynthesis of urea drops to zero in anoxic 

animals [20]. Although dehydration and anoxia appear to be different from each other, 

they appear to share common features and elicit some common responses, one of which 

is selective reduction in metabolic rates.  

Under anoxic and dehydrating conditions, wood frogs have limited access to 

oxygen; as such, they switch to anaerobic metabolism for energy production [22]. 

However, anaerobic metabolism cannot sustain full metabolic functions, therefore wood 

frogs strategically reduce their metabolic rates to allocate the limited energy available 

only for processes that promote survival, while reducing or halting all other detrimental 

or non-essential ones. For example, cell destructive processes such as apoptosis [23] and 

energy expensive proliferative processes such as the cell cycle [24] are attenuated, 

whereas pro-survival targets such as protein chaperons, antioxidant enzymes, and 

antioxidant metabolites are up-regulated [25,26]. Strict regulation of metabolic rate 

depression (MRD) occurs at multiple biological levels: at the transcriptional level, 

epigenetic modifications can alter the accessibility of DNA to the transcriptional 

machinery; thereby preventing transcription [27]. At the post-transcriptional level, wood 
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frogs have been shown to use microRNA-mediated mechanisms to control the 

availability and levels of specific transcripts, where perfect complementarity between 

mRNA-microRNA would lead to transcript degradation and partial complementary 

would lead to transcript storage [28]. At the translational level, strict regulation of the 

ribosomal machinery suppresses protein synthesis to conserve energy [29], and at the 

post-translational level, reversible protein modification functions to stabilize/enhance the 

enzymatic activity of a given protein or render it inactive until it is needed [22]. Entry 

into and exit out of a hypometabolic states depends on perfect synchrony between all 

these biological levels; as such, any dysregulation at one or multiple level could lead to 

catastrophic outcomes in wood frogs. 

Macroautophagy (hereafter referred to as autophagy) is an energy expensive, 

catabolic process where defective or dysfunctional cytoplasmic organelles and proteins 

are degraded to generate metabolic substrates under different conditions [30]. Although 

initial studies on autophagy focused on its role during starvation, recent studies have 

investigated the importance of this process in maintaining cellular homeostasis during a 

stress response and under different conditions [31–33]. Several studies focus on the 

regulation of autophagy during ischemia/reperfusion and normoglycemia/hyperglycemia 

events; however, some of these findings are conflicting. For example, one study showed 

that excessive autophagy in hippocampal neurons treated with hypoxia/ischemia led to 

cell death and inhibition of autophagy reversed this process [34] whereas another 

reported that inhibition of autophagy accelerated ischemia-induced liver injury and 

induction of autophagy in the same model decreased the levels of reactive oxygen species 

and necrotic cell death [35]. Despite these conflicting reports, it is reasonable to propose 
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that basal autophagic activity is beneficial as it could prevent the accumulation of 

damaged proteins, organelles, and macromolecules inside the cell.  

Autophagy is a multiphase process (initiation, nucleation, elongation and fusion) 

involving the fusion of a double-membraned vesicle (autophagosome) that engulfs 

defected cytoplasmic material and then fuses with lysosomes, where the cargo will be 

degraded [32,36]. A detailed explanation of the sequence of events that occur in 

autophagy is outline in Figure 1.1. Given the complexity and the importance of 

autophagy, this process is regulated at multiple biological levels. For example, at the 

transcriptional level, the induction of autophagy and lysosomal biogenesis are controlled 

by multiple epigenetic modifications (histone methylation [37], acetylation [38]), and 

multiple transcription factors (for review [39]), one of which is Transcription factor EB 

(TFEB). TFEB is a member of the MiT/TFE (microphthalmia/transcription factor E) 

family and a master regulator of both autophagy and lysosomal biogenesis [40–42]. The 

binding of TFEB to DNA occurs at a conserved E-box sequence (CACGTG), flanked by 

specific nucleotides (GTCACGTGAC) that are characteristic to the Coordinated 

Lysosomal Expression And Regulation (CLEAR) motif [40,41]. Bioinformatic analysis 

revealed the existence of the CLEAR motif within the promoter region of many genes 

involved in autophagy initiation and lysosome fusion (BECLIN1, NRBF2, RAB7a, 

SQSTM1, various VPS proteins, etc.), lysosomal hydrolases and accessory proteins 

(ASAH1, CTSA, GALNS, HEXA/B, etc.), lysosomal membrane formation (CLCN7, 

CTNS, MCOLN1, TMEM55B), lysosomal acidification (ATP6 variants), and non-

lysosomal proteins that are involved in lysosomal biogenesis (SMURF1, NAGPA, etc.) 
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[40,41]. As such, activation of TFEB plays a significant role in regulating autophagy and 

must therefore be strictly regulated to prevent excessive autophagic influx. 

Beside regulation at the transcriptional level, autophagy is also regulated at the 

post-transcriptional level by microRNAs (miRNA) [43]. MiRNAs are highly conserved, 

small non-coding, single stranded RNAs (~22 nucleotides) that bind to the 3’-

untranslated region (UTR) of specific mRNA transcripts, and based on the degree of 

complementarity, they can either degrade the transcript or sequester it in stress granules 

and p-bodies for future retrieval [44]. Given the importance of miRNAs in regulating 

mRNA translation, they appear to be a feasible and an energy efficient way of controlling 

protein synthesis during MRD. Indeed, multiple studies in our laboratory have 

demonstrated the involvement of microRNAs in regulating mRNA translation in different 

animals that undergo MRD [28,45–48] and also as a response to whole body freezing in 

wood frogs [45]. The versatility of miRNAs allows them to bind to multiple target 

transcripts and regulate their translation under different conditions. In theory, given their 

conserved nature and degree of complementarity to a given transcript, it is reasonable to 

assume that the same miRNAs under one condition will likely bind to the same transcript 

under different conditions. For example, overexpression of miR-17 resulted in a 

significant decrease in protein levels of p62, whereas inhibition of this miRNA increased 

the protein levels of p62 in human chondrosarcoma cells [49]. Similarly, overexpression 

of miR-17 (along with its AAAGUGC-seed containing miR-20, 93, and 106) resulted in a 

decrease protein levels of p62 in hematopoietic progenitors [50].  

Autophagy can also be regulated by post-translational modifications (PTMs) [51]. 

Reversible protein modification is another energy efficient way of controlling protein 
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activity that results in either stabilization of the active form or inhibition of enzymatic 

activities [52]. There are numerous known (phosphorylation, glycosylation, acetylation, 

methylation, lipidation, etc.) and unknown modifications that can either modify the 

proteins once or in sequential and combinatorial manner to regulate their activity [51,52]. 

Autophagy-regulating proteins (ATGs) are subjected to multiple forms of PTMs, namely 

phosphorylation, acetylation, ubiquitination, and lipidation), where the identity of the 

modification will dictate the functional role of the corresponding proteins [53,54].  

This study evaluated the effects of 40% dehydration, rehydration and 24 h anoxia 

and 4 h aerobic recovery on autophagy and lysosomal biogenesis at various biological 

levels. The overall results demonstrate a strong attenuation in autophagic degradation 

(marked by reduction in protein levels of the autophagic machinery) during anoxia, 

reoxygenation, and rehydration (less so during dehydration) in liver and more strongly in 

skeletal muscle in all conditions. Current results also demonstrate that the level at which 

autophagy is regulated is highly dependent on the type of tissue and the nature of the 

stress treatment. 

2.3 Methods  

Animal treatment 

Animal treatment was carried out as described previously [11]. Briefly, adult male 

wood frogs were collected from breeding ponds near Ottawa, Ontario during the spring, 

kept on ice and transported to Carleton University. Frogs were washed in a tetracycline 

bath, housed in plastic boxes lined with damp sphagnum moss, and acclimated at 5 ℃ for 

two weeks. The control group (normoxic and hydrated wood frogs) was sampled from 

this condition. Animals were euthanized by pithing and liver and hind leg skeletal muscle 
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samples were excised quickly, and flash frozen in liquid nitrogen before being stored at -

80 ℃. All animal care, experimental and euthanasia protocols were carried out as 

previously approved by the Carleton University Animal Care Committee (Protocol no. 

106935) following /guidelines set by the Canadian Council on Animal Care. 

Anoxia/reoxygenation exposure 

Sealed plastic containers with a layer of damp paper towel on the bottom (wetted 

with water previously bubbled with 100% nitrogen gas for 30 min) were held on crushed 

ice. The lid of each containers had two ports: one that would allow 100% nitrogen gas in 

and one to vent excess air out. Nitrogen gas was flushed into the containers for 

approximately 30 min. and then a group of 4-5 frogs was placed in each jar and lids were 

sealed. The jars were flushed with nitrogen gas for another 15 min, before being 

transferred to 5 ℃ incubators for 24 h. After the 24 h exposure period (hereafter anoxia), 

half of the containers were removed sequentially, placed on ice again, and flushing with 

nitrogen gas was reinstated while frogs were euthanized and sampled, as above. For the 

reoxygenated group, 24 h anoxia-exposed frogs in other containers were transferred 

quickly to new containers lined with damp paper towel (wetted with normoxic water) and 

allowed to recover in normal air for 4 h in 5 ℃ incubators. Following this, containers 

were placed on ice and animals were sampled as above. 

Dehydration/rehydration exposure  

 Other groups of acclimated frogs were individually weighed, ranked based on 

their weight, and placed in dry plastic containers (10 frogs per box) without lids and then 

replaced in 5 ℃ incubators. Over time, frogs lost water through evaporation, and their 

weights were monitored at intervals. The amount of body water lost was calculated using 



51 
 

the following equation (Mi - Md)/(Mi x %H2O) where Mi is the frog initial mass, Md is the 

mass at each weighing, and % H2O is the percentage of total body mass of control, 

normally hydrated frogs that is water (for control wood frogs this is 80.8 ± 1.2%) [55]. 

Under these conditions, wood frogs lost ~0.5% of their total body water per hour. Half of 

the dehydrated frogs were sampled when they reached 40% of total body water lost. The 

remaining 40% dehydrated frogs were transferred to new boxes with ~0.5 cm of water in 

the bottom to rehydrate overnight (~16 h) before being sampled.  

Total protein extraction for Western blot analysis 

Total protein extraction procedures were followed as previously published [56]. 

Approximately 50 mg of frozen liver or muscle samples (n=4 independent biological 

replicates obtained from different animals) were homogenized 1:2 w/v in ice cold 

homogenization buffer containing 20 mM HEPES pH 7.4, 100 mM NaCl, 10 mM NaF, 1 

mM Na3VO4, 10 mM β-glycerophosphate, 0.1 mM EDTA, and 1 µL of protease inhibitor 

cocktail (Bioshop, cat. No. PICoo1.1) per mL of homogenization buffer with a few 

crystals of PMSF (phenylmethylsulfonyl fluoride) added. Samples were homogenized 

using a Polytron homogenizer for 15-20 seconds. Samples were then centrifuged at 

12000 xg for 15 min at 4 ℃, supernatants were collected, and total soluble protein 

concentrations were determined using the Bio-Rad protein assay (Bio-Rad, cat. No 500-

0006). Total protein concentration of control, stress and recovery samples were then 

standardized to a common concentration using homogenization buffer. Aliquots of total 

protein extracts were then mixed 1:1 v:v with 2X SDS loading buffer (100 mM Tris-HCl, 

10% v:v glycerol, 10% v:v 2-β-mercaptoethanol, 4% w:v SDS and 0.2% w:v 



52 
 

bromophenol blue), and then samples were boiled in a water bath for 5 min. After cooling 

on ice for 5 min, samples were stored at -80℃ until use. 

Western blotting 

Equal protein amounts from control, stress and recovery samples for each tissue 

were loaded onto SDS-PAGE gels, 8-10% depending on protein molecular weight 

(M.W.), and electrophoresis was carried out using a Bio-Rad Mini Protean III system 

(60-150 min depending on protein M.W.) as previously explained [11]. Once the desired 

separation was reached, proteins were transferred onto PVDF (polyvinylidene difluoride) 

membranes at 160 mA for 45-120 min, depending on the protein’s molecular weight. 

Following transfer, membranes were washed with TBST (20 mM Tris base pH 7.6, 150 

mM NaCl, 0.05% v/v Tween-20) for 5 min while rocking at room temperature (RT). 

Membranes were blocked with non-fat dry milk dissolved in TBST (1-10% as 

appropriate) to prevent non-specific binding followed by washing for 3 x 5 min in TBST 

while rocking at RT. Membranes were then incubated with 5 mL of primary antibody at 

4℃ while rocking overnight, followed by washing as above and then incubation with 5 

mL of secondary antibody conjugated to hose-radish peroxidase enzyme for 30 min at RT 

while rocking. Membranes were washed again as above and visualized via enhanced 

chemiluminescence reagents (ECL). Subsequently, membranes were stained with 

Coomassie blue and reimaged to obtain a relative quantification of the total protein in 

each lane transferred to the membrane.  The estimated total protein in each lane will be 

used to normalize the intensity of chemiluminescent bands of the protein of interest to 

adjust for slight differences in protein loadings in each gel. 
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The following antibodies were purchased from GeneTex: anti-ULK1 

(GTX132669), anti-p-ULK1 (S758) (GTX132654), anti-ATG14 (GTX128166), anti-

LC3B (GTX127375). Antibodies purchased from Abclonal were: anti-p-ULK1(S555) 

(AP0760), anti-ATG4a (AP1808a), anti-TFEB (A7311), anti-ATP6V0D1 (A4271). The 

following antibodies were from Abgent: anti-Beclin1 Abgent (AP1818a), anti-ATG3 

(AP1807a), anti-ATG5L (AP1812a). The anti-p-Beclin1 (S93) antibody was purchased 

from Cell Signaling (14717) and anti-p62 was from Biolegend (647701). 

Total protein extraction for DNA-Protein interaction enzyme-linked immunosorbent 

assay (DPI-ELISA) 

Samples of frozen tissue (~50 mg each, n=4 independent biological replicates 

from different animals) from control, stress and recovery groups were homogenized in 

1:5 w/v cold lysis buffer (EMD Millipore, cat. No. 43-045) containing 10 mM β-

glycerophosphate, 10 mM NaF, 1mM Na3VO4, and 1% protease inhibitor cocktail per 

mL of buffer for 15-20 sec using a Polytron homogenizer. Samples were incubated on ice 

for ~40 min with intermittent vortexing followed by centrifugation at 14,000 x g at 4℃ 

for 20 min. Then supernatants were collected and stored at -80℃ until use.  

DPI-ELISA 

The DPI-ELISA procedure was followed as previously published [56]. DNA 

oligonucleotides containing the TFEB consensus sequence were purchased from 

Integrated DNA Technologies (Integrated DNA Technologies, Coralville, IA, USA). The 

final concentrations of the forward (5'-Biotin-GTAGGCCCACGTGACCGGG-3') and 

complementary probes (3’-CATCCGGTGCACTGGCCC-5’) were diluted to 500 
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pmol/µL using double distilled water. The single stranded probes were combined in a 1:1 

ratio, before being placed in a thermocycler set to 95℃ for 10 minutes to hybridize. The 

double stranded probes were then cooled RT, and diluted with 1x PBS (phosphate buffer 

saline, 137 mM NaCl, 10 mM Na2HPO4, 2.7 mM KCl, and 2 mM KH2PO4, pH 7.4). A 

volume of 50 µL of the diluted probe was added to each microplate well (40 pmol 

probe/well) coated with streptavidin (R&D Systems, Minneapolis, MB, Canada), and 

wells were incubated for 1 hour at RT without agitation. Following incubation, excess 

unbound probes were removed, and each well was washed 2X with 200 µL of wash 

buffer (1X PBS containing 0.1% Tween-20) and one time with 1X PBS. Probed 

microplates were kept at 4℃ until use. 

The concentration of total proteins extracted for DPI-ELISA was measured using 

a Bio-Rad assay immediately before the experiment was performed. Briefly, equal 

concentrations (n = 4 independent biological replicates obtained from different animals, 

run in duplicates) of the liver and muscle were combined with transcription factor 

binding buffer containing 50 mM KCl, 20 mM DTT, 10 mM HEPES, 3 mM MgCl2, 0.5 

mM EDTA, 0.5 mg/mL BSA, 10% v:v glycerol, 0.05% NP-40, pH 7.9 and 1 µL of 

salmon sperm DNA (1 µg/mL) per well and mixed briefly. The streptavidin coated 

microplate wells were purchased from R&D systems (R&D Systems, cat no. CA73521-

134). A volume of 50 µL (containing 15-25 µg of total protein extract) was added to each 

probed well, and the microplate was incubated for 1 h at RT with mild shaking. Negative 

control wells contained the same assay components, but an equal volume of lysis buffer 

(EMD Millipore, cat. no. 43-045) was added in lieu of proteins samples. Following 

incubation, excess sample was discarded, and the wells were washed 3X with wash 
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buffer. To detect the amount of TFEB bound, 60 µL of 1:1000 anti-TFEB antibody 

diluted in 1X PBST (1X PBS containing 0.05% Tween-20) was added to each well and 

the microplate was incubated for 1 h at RT without agitation. Following the removal of 

excess primary antibody and washing, 60 µL of 1:2000 anti-rabbit IgG conjugated to 

HRP was added to each well, and the plate was incubated for another hour at RT without 

agitation. Excess secondary antibody was removed, the wells were washed and 60 µL of 

TMB (tetramethylbenzidine; Bioshop, cat. no. TMB333.100) was added to each well. 

Once the desired intensity was reached, 60 µL of stop solution (1M HCl) was used to 

terminate the reaction. The absorbance of each well was measured at 450 nm (with 

reference wavelength of 655 nm) using a Multiskan spectrophotometer (Thermo Electron 

Corporation, Waltham, MA, USA).  

To ensure TFEB probe specificity, the same assay was performed using wells that 

either lacked DNA probe, protein sample, or TFEB antibody. The optimum protein 

concentration to be used for each tissue was determined by performing the same assay 

using pooled samples at varying concentrations. The concentrations that had the lowest 

protein amount and the highest signal to noise ratio were used for each tissue in the 

quantification run. 

Total RNA extraction  

Total RNA was extracted as previously published [48]. Briefly, 50 mg of frozen 

liver and muscle (n=4 independent biological replicates from different animals) was 

homogenized in 1 mL of Trizol reagent (Invitrogen, cat. no. 15596-018) using a Polytron 

homogenizer and subsequently samples were incubated for 5 min on ice. Then 200 µL of 

chloroform was added to each tube and mixed for 15 sec. Samples were then centrifuged 
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at 10,000 rpm at 4 ℃ for 15 min. The upper aqueous layer was removed and combined 

with another 200 µL of chloroform. Samples were mixed and centrifuged as above, and 

the resulting aqueous layer containing total RNA was collected. Each sample was mixed 

with 500 µL of isopropanol and placed on ice for ~15 min to precipitate RNA. Samples 

were then centrifuged at 12,000 rpm for 15 min at 4 ℃, the supernatant was discarded, 

and resulting pellets were washed with 1 mL of cold ethanol (70%). Samples were then 

centrifuged at 7,500 rpm for 5 min at 4 ℃, the supernatant was discarded, and remaining 

pellets were air dried for 15 min at RT. Pellets were resuspended in autoclaved double 

distilled water (30-50 µL depending on pellet size), and the quality of the extracted RNA 

was determined by the 260/280 nm ratio using a NanoDrop spectrometer (Fisher 

Scientific, Wilmington, DE, USA); samples with ratios higher than 1.8 were used for 

further analysis. The integrity of the extracted RNA was also tested by running equal 

concentrations of each sample on a 1% agarose gel stained with SYBR Green to visualize 

the 28S and the 18S ribosomal bands. RNA was stored at -80 ℃ for future use.  

MicroRNA polyadenylation and stem-loop reverse transcription 

MicroRNA polyadenylation, stem-loop reverse transcription and quantification 

were performed as previously published [48]. Frozen RNA samples were thawed on ice, 

and their concentration was again measured using a NanoDrop spectrophotometer. All 

RNA concentrations were standardized to 0.8 µg/µL and used for subsequent steps. The 

PolyA tailing kit (Epi-Bio, Cat no. PAP5104H) was used for polyadenylation. Briefly, a 

total of 10 µL of reaction mixture [1 µg of total RNA, 2U of E. coli poly (A) polymerase 

and 1 mM ATP] diluted in reaction buffer (10 mM MgCl2, 0.25 M NaCl, 0.1 M Tris-HCl 

pH 8.0) was incubated for 30 min at 37 ℃ to enable microRNA polyadenylation. The 
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reaction was then heated to 95 ℃ for 5 mins to terminate the process and then incubated 

on ice for ~15 min. To reverse transcribe the polyadenylated microRNA, 10 µL of  each 

sample was combined with 5 µL of 250 pM stem-loop adapter primer (Table 2.1) and 

incubated at 95 ℃ for 5 min, followed by 60℃ for 5 min. Samples were then centrifuged 

and immediately placed on ice for ~5 min. For the reverse transcription step, 15 µL of 

polyadenylated microRNA was combined with 10 µL of master mix containing 1 µL (2 

units) of mouse Maloney leukemia virus reverse transcriptase (Invitrogen, cat. no. 28025-

013), 1 µL of 25 mM deoxynucleotide triphosphate (BioShop, Burlington, ON, CA), 2 

µL of 0.1M of DTT, 1 µL of autoclaved double distilled water, and 5 µL of 5x First 

Strand buffer (ThermoFisher Scientific, cat. no. 18080044). Samples were then placed in 

a thermocycler and subjected to the following protocol: 16 ℃ for 30 min, 42 ℃ for 30 

min, and 85 ℃ for 5 min. Samples were then held at 10 ℃ for ~15 min, serially diluted 

in autoclaved double distilled water and stored at -20 ℃ until needed. 

Relative microRNA quantification 

A select group of microRNAs known to be involved in autophagy regulation was 

curated from literature. Their sequences were retrieved from miRbase 

(http://www.mirbase.org/), compared to multiple vertebrate species and only the 100% 

conserved ones were used for quantification. MicroRNA-specific primers, the universal 

primer and reference primers were purchased from Integrated DNA Technologies 

(Coralville, IA, USA) (Table 2.1). Relative microRNA amplification was carried out 

using the MIQE guidelines [57] using a CFX ConnectTM Real-Time PCR Detection 

System, as described previously [45]. Briefly, 2 µL of cDNA was combined with 18 µL 

of master mix containing: 10.12 µL autoclaved double distilled water, 4 µL of 1 M 



58 
 

trehalose (BioShop, cat. No. TRE222), 2 µL of qRT-PCR buffer (100 mM Tris-HCl pH 

8.5, 500 mM KCl, 20 mM MgCl2, 2 mM dNTPs, 100 nM Fluorescein  and 1.5% Triton 

X-100), 0.5 µL of 100% formamide (BioShop, cat no. FOR001), 0.5 µL of microRNA-

specific forward primer (25 mM), 0.5 µL of universal primer (25 mM), 0.1 µL of SYBR 

green diluted in dimethyl sulfoxide (Invitrogen, cat. no. S7585), 0.16 µL of dNTPs (25 

mM) and 0.13 µL of Taq polymerase (5U/µL, BioShop, cat. no. TAQ001.1). The 

following program was used for microRNA amplification: initial denaturation for 3 min 

at 95 ℃, 40 cycles of 15 sec at 95 ℃ followed by 1 min at 60℃. All RT-qPCR analyses 

were run in duplicates, subjected to post-run melt curve analysis, and only reactions 

amplifying a single peak were used for quantification. 

microRNA binding-site prediction 

The potential binding sites of miR-17-5p to the p62 mRNA were predicted using 

SFold 2.2  STarMir software (http://sfold.wadsworth.org/cgi-bin/starmirtest2.pl) [58]. 

Since the wood frog is not genome sequenced, the mRNA sequences of another frog 

(Xenopus laevis) were used as input sequences for the prediction. The HITS-CLIP based 

model (mouse) was used to determine the predicted binding sites. 

mRNA cDNA synthesis 

First strand cDNA synthesis was carried out by combining 1 µg of RNA and 1 µL 

of 200 ng/µL Oligo(dT) (Sigma Genosys) diluted to a final volume of 10 µL with 

autoclaved ddH2O and incubated at 65 ℃ for 5 min in a thermocycler (iCycler,Biorad). 

Samples were then chilled on ice for 2 min, combined with 4 µL of 5x First Strand Buffer 

(Invitrogen), 2 µL of 100 mM DTT, 1 µL of MMLV reverse transcriptase (Invitrogen), 
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and 1 µL of 25 mM dNTPs (Bioshop), and incubated in a thermocycler at 42 ℃ for 60 

min. Samples were then chilled on ice, serially diluted, and stored at -20 ℃ until needed. 

Primer design & mRNA quantification 

Given that the wood frog genome is not sequenced, the forward and reverse 

primers for p62 (sequestosome 1; sqstm1) were designed using the Xenopus tropicalis 

p62 gene sequence as input in PrimerQuest 

(https://www.idtdna.com/pages/tools/primerquest). Only the forward and reverse primers 

that were conserved across multiple vertebrate species were used for quantification using 

a CFX ConnectTM Real-Time PCR Detection System (Bio-Rad, cat. No. 1855201) 

following MIQE guidelines [57]. Each reaction (20 µL in total) contained 10.12 µL of 

ddH2O, 4 µL of 1 M trehalose (BioShop, Cat no. TRE222), 2 µL of 10X qRT-PCR buffer 

(500 mM KCl, 100 mM Tris-HCl pH 8.5, 20 mM MgCl2, 2 mM dNTPs, 1.5% Triton X-

100, and 100 nM fluorescein), 0.5 µL of 100% formamide (Bioshop, Cat no. For001), 0.5 

µL each of forward and reverse primers (both 0.3 nmol/µL), 0.16 µL of 25 mM dNTPs, 

0.125 µL Taq Polymerase (5U/ µL, BioShop, Cat no. Taq001.1), 0.1 µL of 100X SYBR 

Green diluted with DMSO (Invitrogen, Cat no.S7585), and 2 µL of cDNA. The following 

amplification program was used for p62 transcript amplification (Table 2): touchdown 

PCR for 3 min at 95 ℃, 9 cycles of 10 sec at 95 ℃, 20 sec at 56 ℃, 20 sec at 72 ℃. The 

amplification process then was carried out as follows: 39 cycles of 10 sec at 95℃, 20 sec 

at 54 ℃ and 20 sec at 72 ℃. The sequence and amplification protocols for β-actin (Table 

2) were performed as described previously [59]. The efficiency of each set of primers 

was tested prior to the quantification run, and the specificity of the amplification process 
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was tested by performing a melt-curve analysis after each run. All primers used in this 

study produced a single product, and each sample was run in duplicate.   

Quantification and statistics 

For western blot analysis, the band densities from ECL signals as well as the 

corresponding Coomassie blue-stained membranes were determined using the GeneTools 

software (Syngene, Frederick, MD, USA). The ECL signal for each band of interest was 

standardized against a group of stably expressed bands (well separated from the band of 

interest) in the same lane on the Coomassie stained membrane; this accounted for minor 

variations in protein loading. This method of standardization was reported to more 

reliable than using a single housekeeping protein as reference [60]. The fold changes in 

protein levels observed during 24 h anoxia, 4 h aerobic recovery, 40% dehydration or 

rehydration were calculated relative to the control group, which was set to 1. Histograms 

show mean relative protein expression levels (mean ±SEM) obtained from n=4 

independent biological replicates. Statistical significance as compared with controls 

(p<0.05) was evaluated assessed by a one-way ANOVA with a Dunnett’s post-hoc test, 

using the RBIOPLOT statistical and graphical R package [61]. 

The absorbance values obtained from the DPI-ELISA experiments were measured 

at 450 nm, using 655 nm as the reference wavelength in a Multiskan spectrophotometer 

(Thermo Electron Corporation, Waltham, MA, USA). The relative DNA binding levels 

of TFEB observed during 24-h anoxia, 4h aerobic recovery, 40% dehydration and 

rehydration are calculated relative to the control group, which was set to 1. Relative DNA 

binding levels (mean ±SEM) were obtained from n=4 independent biological replicates. 

Statistical significance from the control (p<0.05) were calculated by a One-Way ANOVA 
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with Dunnette’s post-hoc test, using the RBIOPLOT statistical and graphical R package 

[61]. 

For all RT-qPCR analyses, the relative microRNA or mRNA levels were 

calculated using the comparative ∆∆Cq method. Briefly, raw Cq values were linearized 

(2-Cq), and the obtained values were standardized against reference genes that showed 

stable expression under the experimental conditions tested. Relative microRNA transcript 

levels in liver were standardized against Snord-24-17bp over the anoxia/recovery and 

dehydration/rehydration cycles. Relative microRNA transcript levels in muscle were 

standardized against Snord-74a-15bp over for anoxia/recovery data, and against 5S RNA 

over the dehydration/rehydration cycle in wood frogs. The relative transcript abundance 

of the p62 gene was normalized against β-actin in liver because it showed a stable 

expression during the anoxia/recovery and dehydration/rehydration cycle in wood frogs. 

Transcript levels of both mRNA and microRNA over the stress/recovery cycle were 

expressed relative to the control, which was set to 1. Relative transcript abundance (mean 

±SEM) was obtained from n=3-4 independent biological replicates. Statistically 

significant differences from controls were calculated by a one-way ANOVA with 

Dunnett’s post-hoc test, with p<0.05 accepted as significant using the RBIOPLOT 

statistical and graphical R package [61]. 

2.4 Results 

Relative protein expression levels of autophagy markers 

Using immunoblotting, relative levels of select proteins involved in various stages 

of autophagy were measured over the anoxia/recovery and dehydration/rehydration 

cycles in wood frog liver and skeletal muscle. In liver of anoxia-exposed frogs, levels of 
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ULK1 increased significantly by 1.6 ± 0.10-fold after 24 h of anoxia exposure and 

remained high at 1.67± 0.15-fold over controls after 4 h of aerobic recovery (Figure 2.2). 

Phosphorylation of ULK1 also increased strongly under anoxia with p-ULK1 (S555) and 

p-ULK (S758) contents rising by 5.1 ± 0.58-fold and 2.0 ± 0.10-fold, respectively, after 

24 h anoxia exposure and remaining high at 5.5 ± 0.24-fold and 2.2 ± 0.2-fold over 

controls, respectively, after 4 h of aerobic recovery. By contrast, total protein levels of 

ATG3 and ATG4a decreased significantly by 30 ± 4% and 43 ± 4%, respectively, after 

anoxia exposure and remained low at 30 ± 5% and 32 ± 10% compared to controls, after 

aerobic recovery. Beclin1 levels also decreased significantly by 44 ± 1.0% after anoxic 

exposure, while showing no significant difference from controls after 4 h aerobic 

recovery. Levels of ATG5L, p-beclin1 (S93) and ATG14 remained unchanged over the 

anoxia/recovery cycle, whereas p62 increased by 1.26 ± 0.07-fold after anoxia exposure 

compared to the control group but returned to baseline after aerobic recovery. Levels of 

LC3BI increased by 5.5 ± 0.42-fold after anoxia exposure and remained significantly 

high at 2.7 ± 0.24-fold over controls after aerobic recovery. The same antibody capable 

of detecting both forms of LC3B failed to detect levels of LC3BII in liver from 

anoxic/reoxygenated wood frogs. 

In liver of wood frogs exposed to 40% dehydration and rehydration treatments, a 

similar response was seen for the ULK1 proteins (Figure 2.3). Levels of total ULK1, p-

ULK1 (S555) and p-ULK1 (S758) increased significantly by 2.9 ± 0.36-fold, 2.2 ± 0.11-

fold, and 3.8 ± 0.42-fold after dehydration, respectively. Total ULK1 and p-ULK1 (S555) 

levels returned to control values after rehydration whereas p-ULK1 (S758) levels 

remained high at 3.6 ±0.5-fold over controls. Total protein levels of ATG3, ATG4a and 
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beclin1 showed no significant change over the dehydration/rehydration cycle, but levels 

of ATG5a decreased by 53 ± 4.7% during dehydration before returning to baseline after 

rehydration. Levels of phosphorylated beclin1 (S93) increased by 3.6 ± 0.35-fold during 

dehydration. ATG14 content was unchanged after dehydration but decreased by 48 ± 9% 

after rehydration. Levels of p62, LC3BI and lipidated LC3BI (LC3BII) increased by 2.1 

± 0.13-fold, 3.7 ± 0.63-fold and 8.1±1.3-fold respectively during dehydration compared 

to controls but returned to baseline after rehydration. The ratio of lipidated (LC3BII) to 

non-lipidated LC3BI increased by 2.2 ± 0.9-fold during dehydration before returning to 

control levels upon recovery.  

To investigate whether the expression of autophagy markers occurs in a tissue-

specific manner, we measured the same targets in skeletal muscle over the 

anoxia/reoxygenation and dehydration/rehydration cycles. Notably, most targets showed 

a significant downregulation, whereas targets such as p-ULK1 (S758) and LC3BII were 

below the detection limit under both conditions in the muscle.  

In muscle, total levels of ULK1 decreased to 14 ± 6.4% after 24 h anoxia and 

remained low at to 13 ± 3.2% after reoxygenation, as compared with controls (Figure 

2.4). By contrast, p-ULK1 (S555) levels were unchanged. ATG3 levels decreased by 43 

± 15% after anoxia treatment before returning to baseline after reoxygenation. Levels of 

ATG4a, ATG5L and beclin1 decreased by 43 ± 11%, 77 ± 5.0 %, 64 ± 7.5%, 

respectively, after anoxia exposure treatment, and remained reduced after reoxygenation 

at 52 ± 6.4%, 73 ± 5.7 %, and 47 ± 7.8% as compared to controls. While levels of p-

beclin1 (S93) showed no change in anoxia, levels decreased by 84 ± 1.6% after 

reoxygenation. Both ATG14 and p62 contents also decreased significantly by 64 ± 9.2, 
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and 79 ± 7.2%, respectively, after anoxic treatment and remained low at 54 ± 7.6 and 78 

± 3.3% of controls after reoxygenation. Whereas levels of LC3BI were unchanged after 

anoxia exposure, levels increased by 4.4 ± 0.98-fold compared to the control group after 

reoxygenation.  

The effects of dehydration and rehydration on muscle are shown in Figure 2.5. 

Total ULK1 was decreased by 70 ± 8.2% after dehydration and by 86 ± 1.6% after 

rehydration, whereas levels of p-ULK1 (S555) and ATG3 were unchanged. Levels of 

ATG4a decreased by 44 ± 15% after dehydration but showed no significant change after 

rehydration compared to controls. ATG5L levels decreased by 44 ± 7.2% and remained 

low 42 ± 3.9% after dehydration and rehydration treatments, respectively. Whereas total 

levels of beclin1 were unchanged, levels of p-beclin1 (S93) decreased by 58 ± 3.7% after 

dehydration and by 69 ± 5.7% after rehydration, as compared with controls, respectively. 

Levels of ATG14 and p62 remained the same over the dehydration/rehydration cycle, 

whereas LC3BI showed a significant increase by 2.5 ± 0.15-fold during rehydration, 

compared to the control group.  

Relative expression levels of TFEB, ATPV0D1, and DNA binding of TFEB 

TFEB is a master regulator of lysosomal biogenesis and regulates the expression 

of several autophagy-related proteins [40,41]. To probe TFEB involvement in dealing 

with anoxia or dehydration stresses, we examined the DNA binding activity of TFEB 

using an ELISA method, total TFEB protein levels, and the levels of a key lysosomal 

downstream target, ATPV0D1. Effects of anoxia or dehydration stresses on TFEB 

binding to its DNA consensus sequence were assessed in liver and muscle. Anoxia 

exposure led to a significant 1.5 ± 0.15-fold increase in liver TFEB binding to DNA 
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compared to controls, but this was reversed after reoxygenation (Figure 2.6A). 

Dehydration stress had the same effect with DNA binding increasing by 1.5 ± 0.20-fold 

after 40% dehydration but again returning to baseline after rehydration (Figure 2.6B). A 

very different response was seen for TFEB in skeletal muscle. DNA binding levels by 

TFEB decreased by 48 ± 9.6% after anoxia exposure and by 69 ± 4.2% after 

reoxygenation, as compared with values for control muscle (Figure 2.6A). Dehydration 

stress had a similar effect in muscle with a substantial downward trend in TFEB binding 

in muscle of 40% dehydrated frogs, and a significant 64 ± 9.4% decrease in binding in 

muscle of rehydrated frogs compared to control (Figure 2.6B). 

Total protein expression levels of TFEB as determined by immunoblotting were 

not affected by anoxia/reoxygenation treatment in liver (Figure 2.7A), whereas levels of 

ATPV0D1 protein (a transcriptional target of TFEB) were unaffected by anoxia but 

showed a significant decrease (by 45 ± 5.4%) after 4 h of aerobic recovery compared to 

the control group. By contrast with the response to anoxia, dehydration treatment led to a 

2.1 ± 0.26-fold increase in TFEB protein levels in liver, with a return to baseline levels 

after rehydration (Figure 2.7B). Levels of ATPV0D1 were unaffected by dehydration but 

were decreased by 85 ± 2.8% after rehydration. 

Skeletal muscle showed a different pattern of response by TFEB and ATPV0D1. 

Anoxia exposure led to a strong decreased in both proteins (Figure 2.8A); TFEB and 

ATPV0D1 decreased by 56 ± 7.9% and by 55 ± 10.7% after 24 h anoxia and fell further 

by 78% ± 2% and 61 ± 8.8%, respectively, after reoxygenation, as compared to controls. 

Dehydration/rehydration had a lesser effect on both TFEB and ATPV0D1 in skeletal 

muscle. Dehydration to 40% of total body water loss did not significantly affect the levels 
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of these proteins but both TFEB and ATPV0D1 were significantly decreased by 32 ± 

2.4% and 39 ± 4.7%, respectively, in muscle after rehydration, compared to controls 

(Figure 2.8B). 

Relative transcript levels of autophagy-regulating microRNAs 

A list of ten miRNAs known to regulate components of the autophagic machinery 

was curated from the literature and measured in wood frog liver and muscle over the 

anoxia/reoxygenation and dehydration/rehydration cycles. Figure 2.9 shows the relative 

responses of these miRNAs to stress and recovery in liver using a heat map format. Liver 

transcript levels of miR-25-3p increased by 1.4 ± 0.1-fold after reoxygenation, whereas 

miR-26-5p levels rose by 1.7 ± 0.16-fold and by 1.7 ± 0.1-fold after anoxia and 

reoxygenation, respectively (Figure 2.9A). Levels of miR-30a-5p and miR-30d-5p 

showed significant increases of 1.6 ± 0.09 and 1.5 ± 0.15-fold, respectively, after aerobic 

recovery. Transcript levels of miR-106b-5p increased by 1.6 ± 0.07-fold after anoxia 

treatment and remained high after aerobic recovery at 1.6 ± 0.04-fold compared to 

controls.  

In response to dehydration/rehydration, all but one of the miRNAs evaluated in 

liver were downregulated during dehydration (Figure 2.9B). Transcript levels of miR-17-

5p, miR-20-5p, and miR-25-3p decreased by 50 ± 7.6%, 45 ± 5.7%, and 59 ± 2.9%, 

respectively, after dehydration compared to controls. Similarly, levels of miR-30a-5p and 

miR-30d-5p decreased by 53 ± 6.8% and 46 ± 7.9% respectively, in response to 

dehydration compared with controls. By contrast, the only response to rehydration was a 

1.4 ± 0.11-fold increase in miR-34a-5p levels compared with controls. 
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A comparable analysis of these ten miRNAs in skeletal muscle revealed only one 

significant change in response to anoxia, a 25 ± 2.5% decrease in miR-20-5p in response 

to anoxia followed by a return to baseline after reoxygenation (Figure 2.10A). However, 

four miRNAs showed increased levels in response to dehydration/rehydration treatments 

(Figure 2.10B). Transcript levels of miR-25-3p increased by 1.9 ± 0.1-fold in response to 

dehydration and remained at this level (1.9 ± 0.3-fold) after rehydration, as compared to 

the control group. MiR-30a-5p levels also rose by 1.9 ± 0.2-fold in response to 

dehydration but decreased again after rehydration. Transcript levels of both miR-34a-5p 

and miR-106b-5p increased by 1.4 ± 0.08-fold and 2.0 ± 0.1-fold, respectively, after 

dehydration and levels remained high at 1.6 ± 0.07-fold and by 1.7 ± 0.22-fold after 

rehydration compared to the control group.  

Relative transcript levels of p62 

Relative transcript abundance of p62, a downstream target of TFEB and miR-17-

5p was assessed in liver over anoxia/reoxygenation and dehydration/rehydration cycles 

(Figure 2.11). Transcript levels of p62 increased by 2.0 ± 0.36-fold after anoxia and by 

2.2 ± 0.3-fold after dehydration treatment before returning to baseline after recovery in 

both conditions. 

Bioinformatic analysis of miR-17 binding site 

Previous studies have confirmed that miR-17-5p binds to the p62 transcript to 

regulate its translation under different conditions [49,50]. Given that wood frogs are not 

genome sequenced, the full-length transcript of p62 (NM_001086451.2) from another 

frog, Xenopus laevis, was used to study the logistical probability of its binding with miR-
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17-5p (Figure 2.12). The predictions showed both seed-site and seedless-site binding in 

the 3’-UTR, 5’-UTR and the CDS of the p62 transcript. 

 

2.5 Discussion 

Autophagy is a highly complex process whereby damaged macromolecules and 

organelles are tagged, degraded, and recycled in the cytoplasm. Studies have shown that 

autophagy is initiated in response to many stimuli including but not limited to organismal 

development [62], pathogenesis and disease [63], and during natural adaptation to 

environmental stresses [64,65]. While there are conflicting studies on the role of 

autophagy during stress [34,35], it is reasonable to assume that basal levels of autophagy 

could be beneficial to cells. Autophagy has been extensively studied during nutrient 

starvation [66]; however, wood frogs undergoing anoxia/reoxygenation and/or 

dehydration/rehydration cycles are metabolically depressed and have access to sufficient 

amounts of fermentable fuel (glucose, glycogen) as well as lipid fuels (in the case of 

dehydration). As such, it is unlikely that initiation of autophagy during stress in wood 

frogs is due to nutrient deprivation, but rather it could be a response that acts to clear up 

stress-induced damaged macromolecules and organelles from the cell.  

Immunoblotting was used to assess the effects of anoxia/reoxygenation and 

dehydration/rehydration treatments on the expression levels of select proteins involved in 

autophagosome biogenesis. We hypothesized that energy expensive catabolic processes 

such as autophagy would be downregulated or maintained at a basal level under cell 

stress conditions to conserve energy under hypometabolic states. The results for liver 

show that total protein levels of ULK1 increased significantly in response to both anoxia 
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and reoxygenation (Figure 2.2), and dehydration (Figure 2.3) before returning to normal 

upon rehydration. In agreement with these findings, previous studies have also reported 

an increase in protein levels of ULK1 following hypoxia treatment in different cells lines; 

suggesting that ULK1 activation may be necessary to initiate a similar stress-response in 

wood frogs [67,68]. ULK1 is regulated by reversible phosphorylation at two different 

sites: S555 activates and S758 inhibits. The increase in total ULK1 levels in the present 

study was accompanied by an increase in its active form (p-ULK1 S555) under anoxia 

Fig. 2.2), reoxygenation (Fig. 2.2), and dehydration in liver (Figure 2.3); similar findings 

were also observed in hypoxic cells [68]. Interestingly, although p-ULK1 

phosphorylation at S555 is mediated by AMPK (AMP activated protein kinase) [69], an 

earlier study on wood frogs showed that the enzymatic activity of AMPK was not 

affected by anoxia or dehydration treatments in liver; and modest levels of AMPK 

remained active [70]. As such, perhaps the basal level of AMPK in liver was enough to 

phosphorylate ULK1 at S555 to promote its activation. Active ULK1 can then translocate 

to the isolation membrane (initiating from the endoplasmic reticulum, ER) and initiate the 

nucleation phase of autophagosome formation [71]. Activation of ULK1 by AMPK is 

balanced by deactivation of this kinase by mTORC1 (mechanistic target of rapamycin 

complex 1) to balance autophagic flux. Surprisingly, levels of the inactive form of ULK1 

(phosphorylated at S758) also increased during anoxia, reoxygenation, dehydration and 

rehydration in the liver (Figure 2.2, 2.3). While information on mTORC1 responses to 

anoxia or dehydration stresses is not available for wood frogs, studies on other animal 

models capable of resisting various environmental stresses report either no change 

[72,73] or an increase in mTOR activation following stress in liver [74]. Therefore, it is 
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possible that an increase in p-ULK1 (S758) phosphorylation is caused by mTOR 

activation (or lack of inhibition) in wood frog liver. Interestingly, a recent study 

demonstrated that hyperosmotic stress also promotes ULK1 phosphorylation at S758 

[75]. Given that dehydration in wood frogs not only increases the concentration of all 

ions and metabolites in cells, but also that frogs counter dehydration by a surge of 

synthesis of compatible solutes (glucose, urea) to help defend cell volume [9,17]. As 

such, it is possible that hyperosmotic conditions may be responsible in part for ULK1 

inactivation. Hence, it appears that pools of both active and inactive ULK1 are present in 

liver, perhaps to easily promote or inhibit autophagosome biogenesis depending on the 

cellular requirements. 

Nucleation and further maturation of phagophores involves an interconnected web 

of known and unknown proteins and complexes, that although have similar functions, are 

involved in different mechanisms of autophagy induction. A simplistic paradigm of 

phagophore nucleation depends on ULK1 activation, where active ULK1 in a complex 

with ATG13, FIP200 (FAK family interacting protein 200) and ATG101 promotes the 

recruitment of the nucleation complex containing many proteins including beclin1 and 

ATG14, to the growing phagophore [76,77]. The PtdIns 3K (phosphoinositide-3-kinase) 

is involved in two complexes, where complex I involving VPS15 (vacuolar protein 

sorting 15), VPS34, ATG14 and beclin1 regulates autophagy and complex II (VPS15, 

VPS34, VPS38 and beclin1) regulates vacuolar protein sorting; for review see [78]. The 

coiled-coil domain of ATG14 interacts with beclin1, and this interaction is necessary for 

the recruitment of the VPS34 complex to the autophagosome biogenesis site at the ER 

[79]. This recruitment facilitates the production and incorporation of PI3P 
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(phosphatidylinositol 3-phosphate) to the ER membrane, thereby promoting the 

formation of membrane curvature termed the omegasome (nucleation step) [80]. Beclin1 

is another crucial regulator of autophagy, and it  contains three domains: a Bcl-2 

homology (BH)-3 domain  [81], a coiled-coil domain (CCD) [82], and an evolutionarily 

conserved domain (ECD)[83], where each domain interacts with a set of co-factors to 

maintain homeostasis between autophagy and apoptosis in the cell; for review see [84]. 

For example, under normal conditions, the BH3 domain of beclin1 can physically interact 

with the anti-apoptotic Bcl-2 and Bcl-XL proteins to keep both processes at homeostatic 

levels [85]. This interaction also leads to beclin1 homodimerization and inactivation 

which results in the inhibition of autophagosome biogenesis [86]. There are multiple 

mechanisms that can induce beclin1 activation and the initiation of autophagosome 

biogenesis, and while they are different, the outcome is the same. Firstly, phosphorylation 

of Bcl2 by JNK1 (c-jun N-terminal kinase1) can free beclin1 from its homodimerized 

state, allowing it to heterodimerize with ATG14 to induce autophagosome biogenesis 

[87]. Secondly, phosphorylation by kinases such as ULK1 at S30 [88] and or AMPK at 

S93 [89] can also lead to beclin1 activation, its association with ATG14 [89] and the 

induction of phagophore nucleation. Thirdly, when cells are faced with oxidative stress, a 

non-histone chromatin binding protein called the high mobility group box 1 (HMGB1) is 

translocated to the cytoplasm [90]. HMGB1 shares considerable homology with Bcl2 but 

has higher affinity for beclin1 [91]. As such, it competes with Bcl2 for beclin1, and its 

binding frees Bcl2 from beclin1 in favor of inhibiting apoptosis and promoting autophagy 

[91,92]. Overall, the underlying mechanism is that liberated beclin1 will bind to ATG14 

and promote the nucleation of the autophagosome. In the present study, levels of ATG14 
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were unaffected by anoxia/reoxygenation and dehydration, but levels decreased 

significantly during rehydration in liver (Figure 2.2, 2.3). A lack of positive response 

from ATG14 under such conditions may suggest that autophagosome formation is 

unaffected in liver of wood frogs exposed to anoxia/reoxygenation and dehydration, 

whereas further attenuation in autophagosome formation occurs after rehydration. 

Interestingly, it was reported that ATG14, a crucial regulator of autophagy, is recycled 

back to the cytoplasm after autophagosome maturation following fusion with the 

lysosome [93]. Given that mRNA translation is greatly suppressed during MRD, it is 

energetically more beneficial to increase the stability of proteins by extending protein 

half-life via PTMs [94]. Therefore, despite a lack of positive response during these 

conditions, if we suppose that only basal levels of autophagy are retained in the cell, then 

the present amount of recyclable ATG14 could in theory be enough to facilitate the 

autophagosome biogenesis process, albeit at lower levels. Total levels of beclin1 decrease 

under anoxia, returned to baseline after reoxygenation, and were unchanged in response 

to dehydration/rehydration treatment in liver (Figure 2.2, 2.3). Interestingly, the content 

of p-beclin1 (S93), the active form, remained unaffected after anoxia/reoxygenation but 

increased significantly during dehydration before returning to baseline after rehydration 

in the same tissue (Figure 2.2, 2.3). A decrease in total beclin1 levels during anoxia 

followed by a lack of response by its active form indicates that perhaps autophagosome 

initiation is decreased below basal level during anoxia but returns to baseline after 

reoxygenation. Conversely, a significant increase in the active form of p-beclin1 in 

dehydrated liver hints at a potential increase in autophagosome biogenesis in this tissue, 

whereas this response returns to baseline after rehydration. Phosphorylation of p-beclin1 
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(S93) by AMPK [89] promotes its association with ATG14 [89], and the recruitment of 

more complexes to the growing phagophore. Moreover, the increase in active p-ULK1 

(p-ULK S555) seen during dehydration (Figure 2.3) could also promote the 

phosphorylation of beclin1 at an alternative site (S30) to stabilize its interaction with 

ATG14 [88], and phosphorylation of ATG14 at S29 to promote the PI3P production 

activity of VPS34 [95]. 

Binding of ATG14 to PI3P on the omegasome enhances the membrane sensing 

ability of ATG14, which stabilizes the growing curvature and causes the recruitment of 

the autophagosome elongation complex (ATG5, ATG12 and ATG16) [80]. The ubiquitin 

activating enzyme E1-like ATG7 and the ubiquitin conjugating E2-like ATG10 

covalently attach ATG5 to the ubiquitin-like ATG12 proteins [96]. The constitutive 

binding of ATG5 and ATG12 is irrespective of the autophagic state of the cell and 

together, these proteins are translocated to the isolation membrane upon autophagic 

stimuli [97]. The ATG5-ATG12 complex can also bind non-covalently with ATG16, a 

multimeric protein that is crucial for directing the localization of the elongation complex 

to the growing isolation membrane [97,98]. It was shown that ATG5 is crucial for 

membrane targeting and phagophore maturation [98], and deletion of ATG5 results in 

decreased autophagic vesicles in embryonic stem cells [96]. The current data showed no 

significant change in ATG5 levels over the anoxia/reoxygenation cycle in liver, but 

surprisingly, levels decreased during dehydration before returning to normal after 

rehydration (Figure 2.2, 2.3). A lack of response during anoxia could, again, be indicative 

of basal levels of autophagosome formation; however, a decrease during dehydration 

would suggest a reduction in this process. The latter is inconsistent with the remaining 
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markers that suggest a potential increase in autophagosome formation. During 

phagophore maturation, ATG5 is localized to the outer membrane of the growing 

autophagosome [96]. Indeed, the asymmetric distribution of ATG5 allows the ATG5-12 

complex to dissociate from the fully formed autophagosome and before its fusion with 

the lysosome, suggesting that perhaps this complex is also recyclable [96]. The recycling 

of proteins rather than their degradation and de novo synthesis is a hallmark of MRD as it 

allows cells to conserve the finite amount of energy available while still maintaining 

basal activity levels. Alternatively, a decrease in ATG5 during dehydration may be in 

response to limiting its non-autophagic activities. A previous study reported that cleavage 

of ATG5 by calpain generates a truncated form of ATG5 that can translocated to the 

mitochondria and binds with the anti-apoptotic Bcl-XL protein [99]. This association 

activates Bax and promotes the release of cytochrome c from the mitochondria resulting 

in cell death [99]. In wood frogs, anoxia and reoxygenation treatments induced the 

expression of numerous anti-apoptotic proteins in liver, including Bcl-XL, which in 

summation demonstrate a strong inhibition of apoptosis under such conditions [23]. 

Therefore, the limited amount of ATG5 available under the same conditions is probably 

only allocated to promoting autophagosome assembly and maturation. In contrast, the 

decrease in protein levels of ATG5 during dehydration could be a response to limit the 

initiation of apoptosis in liver and channel the limited ATG5 available only toward 

autophagosome maturation.  

Another step necessary for autophagosome maturation and selective autophagy is 

the attachment of numerous adaptor proteins, including but not limited to LC3 and p62. 

The LC3 family is composed of multiple proteins (including but LC3A, LC3B and 
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LC3C), but LC3B has been extensively used as an autophagy marker [100,101]. The 

ATG12 component of the ATG5-ATG12-ATG16 complex (resembles an E3 enzyme) 

physically interacts with ATG3, facilitates its E2-like activity, and has been shown to be 

crucial for the recruitment of LC3 to the growing autophagosome [102]. Pro-LC3B is 

cleaved by ATG4 to generate LC3I  [103]. This cleavage exposes the C-terminal glycine 

residue of the protein, facilitating the E1-like ATG7, the E2-like ATG3, and the E3-like 

ATG5-ATG12-ATG16 complex-mediated conjugation of phosphatidylethanolamine (PE) 

to LC3BI to generate LC3BII [101,102]. Lipidated LC3B (LC3BII) can then be localized 

both on the inside and outside of the autophagosomal membrane [104], and this 

localization will promote the recruitment of p62 to the maturing autophagosome [105]. 

The p62 protein serves as an adaptor molecule that enables the recruitment and 

engulfment of the polyubiquitinated macromolecules by the maturing autophagosome 

and their degradation later in the autolysosome [106]. Once the maturation of the 

autophagosome is complete, ATG14 can also directly bind many proteins, including the 

SNARE (SNAP receptor) proteins STX17-SNAP29, found on the autophagosome and 

promote their fusion with VAMP8 (vesicle-associated membrane protein 8) proteins 

found on the lysosome, to form the autolysosome [93,107]. It was postulated that 

dephosphorylation of PI3P leads to the dissociation of the majority of ATG14 proteins 

from the autophagosome to promote curvature instability, a process that will prime the 

autophagosomal membrane for fusion with the lysosome [80]. Interestingly, the 

remaining ATG14 along with STX17 proteins can be retrieved from the autolysosome 

and recycled back into the cytoplasm for reuse [93].   
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The present results show that levels of ATG3 and ATG4a both decreased 

significantly in response to anoxia and reoxygenation, whereas levels of p62 and LC3BI 

increased significantly after anoxia treatment liver in (Figure 2.2).  Levels of LC3BI 

remained high after reoxygenation in the same tissue (Figure 2.2). Interestingly, 

correlated with significantly low levels of ATG3 and ATG4a, immunoblotting failed to 

detect any LC3BII under the same conditions, suggesting that perhaps the few 

autophagosome that do form do not fuse with the lysosome to complete the autophagic 

degradation process. Indeed, an LC3BII/LC3BI ratio of higher than1 is indicative of 

autolysosome formation and is considered one of the gold-standard methods for assessing 

autophagic flux in the cell [108,109]. Lack of fusion of the autophagosome with the 

lysosome during anoxia and reoxygenation in wood frog liver is also consistent with the 

lack of p62 degradation (Figure 2.2). Therefore, given that p62 is degraded with the 

tagged cargo in the autolysosome and can be used as a marker to measure autophagic flux 

[108,109], then an increase in the levels of both p62 and LC3BI could suggest a strong 

attenuation in autophagosome fusion with the lysosome in following 

anoxia/reoxygenation treatments. Overall, it appears that cells exposed to these 

conditions form limited numbers of autophagosomes to capture damaged 

macromolecules and organelles but delay fusion with lysosomes and cargo degradation 

until such time as energy levels are high again. 

After the dehydration/rehydration treatments, liver ATG3 and ATG4 levels 

remained constant (Figure 2.3). The data also showed a significant increase in both p62 

and LC3BII/I ratio after dehydration treatment in liver before returning to normal after 

rehydration (Figure 2.3). While levels of the two latter markers increased, the proteins 
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that regulate their attachment to the autophagosome remained the same. This is not 

unusual if low levels of autophagic flux are assumed. Moreover, many proteins of the 

autophagosome biogenesis machinery, including ATG3 and ATG4, will dissociate from 

the mature autophagosome before its fusion with the lysosome and are recycled back to 

the cytoplasm for subsequent conjugations [110]. As such, despite a lack of increase in 

these levels, it is still possible to have a basal level of autophagic degradation. The 

increase in LC3BII levels indicates the formation of complete autolysosomes and 

potentially an increase in autophagic flux, however an increase in p62 levels can also 

indicate a lack of autophagic degradation. While these results are somewhat conflicting, it 

is likely that some of the mature autophagosomes fuse with lysosomes during 

dehydration to degrade the tagged cargo. While dehydration can reduce the frog’s 

metabolic rate substantially, these organisms still have access to oxygen albeit at hypoxic 

levels. Therefore, in comparison to anoxia where no oxygen is available, dehydration 

appears to favor the formation of more autolysosomes in support of increasing autophagic 

flux and cargo degradation under these conditions.  

Autophagy can also be regulated at the transcriptional level by tweaking the 

transcriptional activity of various transcription factors necessary for transcribing proteins 

involved in the initiation, nucleation, elongation and maturation complexes [111]. Of the 

many transcription factors involved, this study focused on TFEB that is a master 

regulator of lysosomal biogenesis and has been shown to regulate various proteins 

involved in autophagosome biogenesis [39,41,42,112]. Under normal conditions, TFEB 

is heavily phosphorylated by multiple kinases (mTORC1, ERK2, etc.) and is sequestered 

in the cytoplasm where it associates with protein 14-3-3 [42,113]. Once the 
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transcriptional activity of TFEB is required, calcineurin facilitates TFEB 

dephosphorylation, thereby allowing it to dissociate from protein 14-3-3 and enter the 

nucleus [113]. In the nucleus, TFEB binds to many autophagy and lysosomal genes 

containing the CLEAR element to induce their expression  [39,41,42,112]. Of interest is 

the localization of TFEB. This transcription factor can be found in the cytoplasm as well 

as on the lysosomal surface where it interacts with the LYNUS (lysosome nutrient 

sensing) machinery, and is either active or inactive depending on the cellular nutrient 

levels [112]. Given the importance of TFEB in regulating both autophagy and lysosomal 

biogenesis, an examination of its transcriptional activity under anoxia/reoxygenation and 

dehydration/rehydration conditions was justified. 

Analysis of the DNA binding activity of TFEB to its consensus sequence used 

DPI-ELISA. The results show that the DNA binding ability of TFEB increased 

significantly under anoxia before returning to baseline after aerobic recovery in liver 

(Figure 2.6A). Interestingly, the total protein levels of TFEB remained the same over the 

anoxia/reoxygenation treatment in the same tissue (Figure 2.7A). This suggests that 

probable regulation of TFEB at the posttranslational level, instead of its de novo 

synthesis, is responsible the increase in DNA binding activity. Indeed, TFEB is 

dephosphorylated in response to various stimuli by calcineurin, and that step is required 

for its nuclear localization and enhanced DNA binding activity [113]. A previous study 

from our lab showed an increase in calcineurin levels after anoxia treatment in liver of 

wood frogs [56]; suggesting that perhaps calcineurin is dephosphorylating and activating 

TFEB in this tissue.  On the other hand, the present results also demonstrate an increase 

in TFEB DNA binding, and total protein levels in response to dehydration, with levels 
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returned to baseline after rehydration (Figure 2.6B, 2.7B). This suggests that perhaps 

dehydrated cells require a higher number of lysosomes, a finding that could be supported 

by a potential increase in autophagic flux in liver during dehydration.  

  TFEB has been shown to directly bind to the promoters of autophagy-related 

genes including but not limited to ATG4, LC3B, beclin1, p62 and the lysosomal 

hydrolase ATP6V0D1 (ATPase H+ transporting V0 subunit D1) [41,111,113]. 

Correlation with the present data, the increase in TFEB DNA binding in liver extracts 

from anoxic and dehydrated correlates with an increase in p62 and LC3BI levels in the 

tissue (Figure 2.2, 2.3), but not with the remaining factors. Moreover, levels of 

ATP6V0D1 remained unchanged during anoxia and dehydration, despite an increase in 

TFEB DNA binding levels, and decreased further during reoxygenation and recovery in 

the same tissue (Figure 2.7A, 2.B). Perhaps maintaining only a basal level of this 

lysosomal hydrolase is necessary during stress in wood frogs. This hypothesis also fits 

with the proposed potential levels of autophagic flux under these conditions. It is likely 

that due to limited energy available, degradation of the tagged cargo occurs at later stages 

of recovery when full aerobic respiration is restored.  

  Regardless, the differential regulation of autophagy and lysosomal biogenesis 

genes by TFEB suggests the involvement of a multi-level surveillance system that 

regulates both processes. Therefore, it is possible that TFEB-mediated gene expression is 

regulated either upstream of transcription by epigenetic factors that render specific genes 

inaccessible to TFEB, or at the posttranscriptional level by miRNAs. To determine 

whether the expression of autophagy targets is regulated at the posttranscriptional level, a 
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list of miRNAs that are known to regulate autophagy was curated from the literature. 

Interestingly, whereas the general pattern of miRNA expression correlates well with the 

dehydration/rehydration data, the correlation between the same miRNAs and their 

downstream targets is poor under anoxia/reoxygenation conditions, suggesting that 

perhaps other modes of regulation may be involved. For example, miRDB 

(http://www.mirdb.org/) predicted 662 potential mRNA transcripts, including ULK1, that 

harbored the conserved sequence for mature miR-25-3p. This prediction was also 

validated by another group, where inhibition or overexpression of miR-25-3p increased 

and decreased levels of ULK1 proteins, respectively [114].  Whereas these results show a 

significant increase in miR-25-3p levels during reoxygenation (Figure 2.9A), protein 

levels of ULK1 remain significantly high under the same condition (Figure 2.2). Given 

the complexity of anoxia tolerance and autophagy, it is possible that induction of miR-25-

3p during reoxygenation is due to its alternative role in regulating other non-autophagy 

targets. The results also showed an increase in miR-26-5p after both anoxia and 

reoxygenation treatments (Figure 2.9A). This miRNA was shown to bind to the 3’UTR of 

ULK2 transcripts in cancer cells leading to ULK2 transcript suppression and the 

inhibition of autophagy [115]. ULK1 and ULK2 are both functionally redundant, and 

therefore activation of autophagy could proceed even if only one of these kinases is 

available. In the present study the levels of ULK1 were significantly increased over the 

anoxia/reoxygenation treatment. As such, it is possible that an increase in miR-26-5p 

suppresses the expression of ULK2 under the same conditions to conserve energy during 

MRD. The present results also show an increase in the levels of miR-30a-5p and miR-

30d-5p after reoxygenation (Figure 2.9A). Previous studies have shown that miR-30a-5p 



81 
 

binds to the 3’UTR of the beclin1 transcript [116,117], whereas miR-30d-5p 

overexpression was shown to reduce protein levels of ATG2B, ATG5, ATG12, beclin1 

and BNIP3L, resulting in the reduction in the  LC3BI to LC3BII conversion [118]. While 

levels of ATG5 and beclin1 were not affected by overexpression of miR-30d-5p or miR-

30a-5p in the case of beclin1 upon reoxygenation, detection of LC3BII did not occur 

under the same condition despite an increase in LC3BI levels (Figure 2.2). Although 

further evaluation is warranted, it is possible that an increase in these microRNAs is 

responsible for the absence of LCBI lipidation observed after reoxygenation, possibly as 

an effort to reduce autophagic flux under this condition.  

Levels of miR-106b-5p increased over the anoxia/reoxygenation cycle (Figure 

2.9A). Previously, it was found that overexpression of miR-106b-5p was shown to 

downregulate ATG16L1 protein expression by targeting its transcript at the 3’UTR, and 

reducing the conversion of LC3BI to LC3BII [119]. Interestingly, the same study also 

demonstrated that transfection with miR-106b-5p inhibited ATG12 gene expression, only 

minimally reduced beclin1 gene expression, and surprisingly caused an increase in p62 

protein levels [119]. Given that the current study shows the absence of LC3BII, a 

minimal decrease in beclin1 and a significant increase in p62 levels, it is possible that 

overexpression of miR-106-5p was associated with these changes during anoxia. Thus, 

with the complexity of autophagy, the versatility of miRNAs, and the nature of the stress, 

it appears that multiple networks of miRNAs regulate the expression of autophagy 

proteins simultaneously. Regardless, these findings demonstrate the precision and rigor of 

controls involved in fine-tuning this process over the anoxia/reoxygenation cycle.  
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The same analysis was performed for liver from dehydrated/rehydrated frogs. The 

trend of miRNA expression following dehydration/rehydration treatments correlates well 

with the liver protein expression data under the same conditions. For example, 

overexpression of miR-20-5p and miR-25-3p was shown to inhibit ULK1 protein 

expression [114,120]. The current study shows the opposite result – a decrease in 

transcript levels of both miRNAs (Figure 2.9B) correlated with an increase in ULK1 

protein levels during dehydration (Figure 2.3). Therefore, upregulation of ULK1 may be 

facilitated by the actions of these two miRNAs during dehydration. Moreover, levels of 

miR-30a-5p and miR-30d-5p were significantly reduced during dehydration (Figure 

2.9B) suggesting that lower levels of miR-30a-5p could help to stabilize the protein levels 

of its downstream target, beclin1, that did not change following dehydration treatment 

(Figure 2.3). Perhaps, given that autophagy appears to be more active in liver of 

dehydrated frogs, it is possible that alternative methods of regulation are involved. 

Indeed, we have demonstrated that beclin1 levels are regulated by phosphorylation and 

that an increase in p-beclin1(S93) could be responsible for promoting autophagosome 

maturation (Figure 2.3). It is possible that a decrease in miR-30d-5p levels during 

dehydration was responsible for the enhanced expression of ATG2B, ATG12 and 

BNIP3L in wood frog liver. The upregulation of these proteins promotes conversion of 

LC3BI to LC3BII, a finding that was evident in the results following 

dehydration/rehydration treatments (Figure 2.3). MiR-40d-5p was also reported to target 

ATG5 and beclin1 [118]. Surprisingly, despite evidence of some autophagic flux during 

dehydration, levels of ATG5 were reduced and beclin1 remained the same in liver 

(Figure 2.3). As such, it is possible that ATG5 and beclin1 levels are regulated by 
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alternative mechanisms that enhance their enzymatic activity and protein stability. The 

present results also demonstrate an increase in miR-34a-5p (Figure 2.9B) during 

rehydration, and this miRNA was shown to target the 3’UTR of the HMGB1 transcript 

[121]. Stress-induced cytosolic translocation of HMGB1 displaces Bcl2 from the beclin1-

Bcl2 complex, thereby allowing beclin1 to participate in autophagosome biogenesis and 

Bcl2 to inhibit apoptosis [91,92]. Therefore, it is possible that induction of miR-34a-5p 

contributes to reducing HMGB1 levels to help dampen autophagic flux during 

rehydration. Further experiments are warranted. 

Since the genome of wood frogs have not been sequenced, validation of all gene 

transcript levels could not be done to support the miRNA results. However, transcript 

levels of p62 were measured in response to anoxia/reoxygenation and dehydration/ 

rehydration in liver (Figure 2.11). The results show that both anoxia and dehydration 

stresses significantly increased p62 transcript levels, but values returned to normal during 

recovery. Correlated with these results, the protein levels of p62 also increased under the 

same conditions (Figure 2.2, 2.3). Previous studies have demonstrated that 

overexpression miR-17 reduces the protein levels of p62 in different cell lines and under 

different conditions [49,50]. The results of the present work show that whereas transcript 

levels of miR-17-5p show a decreasing trend in response to anoxia and reoxygenation, 

their difference is not statistically significant (Figure 2.9A). However, in response to 

dehydration, transcript levels of miR-17-5p decreased significantly but returned to 

baseline following rehydration (Figure 2.9B). These changes during anoxia and 

dehydration may be responsible for promoting p62 protein translation in an effort to 

support autophagosome assembly. Indeed, bioinformatic analysis predicted both seed 
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binding and seedless regions in the 3’UTR, 5’UTR and CDS of p62 transcripts where 

miR-17-5p could bind (Figure 2.12). Therefore, it is highly likely that the expression of 

miR-17-5p could contribute in part to regulating the expression of p62 protein under 

stress conditions in wood frog liver. Altogether, it is evident that miRNAs, at least in 

part, play a role in regulating autophagic flux in response to anoxia/reoxygenation and 

dehydration/rehydration in wood frog liver.  

To study whether the regulation of autophagosome biosynthesis occurs in a tissue-

specific manner, the same analyses were carried out on skeletal muscle from wood frogs 

that underwent anoxia/reoxygenation or dehydration/rehydration treatments. Both liver 

and muscle contain glycogen stores; however, only liver glycogen is used to generate 

glucose to be distributed to the other organs. Muscle glycogen is allocated only to 

muscle-specific use and does not contribute to overall cryoprotection for other organs. As 

such, this raised interest in comparing autophagy and lysosomal biogenesis in a 

metabolically active tissue such as liver with a tissue that is less metabolically active 

under environmental stress conditions such as skeletal muscle.  

In contrast to the liver, many of the targets involved in autophagosome biogenesis are 

significantly downregulated after anoxia/reoxygenation and dehydration/rehydration in 

wood frog muscle (Figure 2.4, 2.5). The results show a significant decrease in 

components of the nucleation complex; where levels of ULK1, beclin1, and ATG14 

decreased significantly in response to anoxia and reoxygenation in muscle (Figure 2.4). 

Furthermore, there was no change in the phosphorylation levels of the active form of p-

ULK1 (S555) following anoxia/reoxygenation or dehydration/rehydration treatments 
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(Figure 2.4, 2.5). The activity of AMPK, the kinase that mediates the phosphorylation on 

ULK1, was not affected by anoxia treatment but increased significantly during 

dehydration in skeletal muscle [70]. Given the extremely low protein levels of ULK1 

following anoxia/reoxygenation, the basal level of AMPK available may be responsible 

for maintaining its S555 phosphorylation status (Figure 2.4). However, despite an 

increase in AMPK levels during dehydration, levels of p-ULK1 S555 remained 

unchanged under the same condition in the muscle (Figure 2.5). This suggests that 

perhaps a basal level of autophagosome formation is occurring in the muscle; however, 

given that total ULK1 levels were minuscule, the number of autophagosomes formed 

must be low.  

Recruitment of ATG13, FIP200 and ATG101 following ULK1 activation 

facilitates the recruitment of beclin1 and ATG14, two factors that are crucial for 

autophagosome biogenesis [76,77]. The results for wood frog muscle show a decrease in 

beclin1 and ATG14 levels following anoxia and reoxygenation, but levels of both targets 

remained unchanged in response to dehydration and rehydration treatments (Figure 2.4, 

2.5). A significant decrease in beclin1 and ATG14 strongly supports attenuation of 

autophagosome nucleation following anoxia/reoxygenation treatments, but a basal level 

of autophagosome initiation would be maintained following dehydration/rehydration 

treatment. As mentioned earlier, recruitment of the ATG5-ATG12-ATG16 complex to 

the growing autophagosome is required for the maturation of the autophagosome and the 

recruitment of other adaptor proteins that are crucial of cargo targeting and 

autophagosome closure [97,98,102]. Our results demonstrate a significant reduction in 

ATG5 protein levels following anoxia, reoxygenation, dehydration and rehydration 
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treatments in wood frog muscle, again suggesting a strong reduction in autophagosome 

biogenesis. Although ATG5 has been shown to be recycled in the cell [96], in 

combination with other factors, a strong case against autophagosome maturation can be 

made.  

As the autophagosome matures, ATG4 cleaves pro-LC3B to generate LC3BI 

[103], and this facilitates the activity of ATG7, ATG3 and the ATG5-ATG12-ATG16 

complex, whereby PE is attached to LC3BI to form LC3BII [101,102]. As a hallmark of 

autophagosome maturation, LC3BII then coats both the outside and the inside of the 

autophagosome [104] before recruiting the p62 adaptor protein to promote selective 

cargo engulfment [106]. The results for wood frog muscle show a significant decrease in 

ATG4 levels following anoxia, reoxygenation and dehydration before returning to normal 

upon rehydration (Figure 2.4, 2.5). Interestingly, the changes in ATG4 levels following 

anoxia, reoxygenation, and rehydration did not appear to affect its downstream activity in 

cleaving LC3B into LC3BI under the same conditions, although levels rose following the 

respective recoveries (Figure 2.4, 2.5). Levels of ATG3, one of the E2-like enzymes 

necessary for LC3BII conversion were significantly downregulated following anoxia but 

were unchanged upon reoxygenation, dehydration or rehydration. The decrease or lack of 

response by ATG3 was evident, since under all conditions skeletal muscle failed to 

convert LC3BI into LC3BII.  Together, these results suggest the absence or a very limited 

number of autophagosomes formed under all conditions. Interestingly, whereas low 

levels of p62 indicated an increase in cargo recognition and engulfment, autophagosome 

fusion with the lysosome and increase in autophagic flux, without other markers, these 

results could be misleading [106]. Levels of p62 decreased strongly under anoxia and 
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reoxygenation, as compared with controls, but remained unaffected following 

dehydration and rehydration (Figure 2.4, 2.5). Low levels of p62, in combination with our 

previous findings, suggest that muscle exposed to anoxia and reoxygenation, and to a 

lesser degree during dehydration and rehydration treatments, significantly reduces the 

process of autophagosome formation, leading to incomplete autophagy. As explained 

earlier, under energy-restricted conditions, ATP-expensive processes such as autophagy 

are suppressed in an effort to conserve energy for pro-survival processes. Therefore, 

wood frogs strategically use checkpoints at multiple biological levels to maintain the 

autophagic machinery at bay under high stress conditions that might otherwise trigger 

this catabolic process.  

As explained earlier, TFEB is a master regulator of lysosomal biogenesis and has 

been shown to also regulate the expression of several genes involved in autophagosome 

biogenesis [39,41,42,112]. The results of this study showed that the DNA binding activity 

of TFEB was significantly reduced following anoxia and reoxygenation, remained 

unaffected during dehydration but decreased significantly following rehydration (Figure 

2.6A, 2.6B). Given that this transcription factor regulates the vast majority of genes 

involved in both autophagy and lysosome formation, the data on TFEB binding to DNA 

are consistent with a decrease in autophagic flux. The reduction in DNA binding could 

also be due to a significant decrease in TFEB protein levels following 

anoxia/reoxygenation treatments (Figure 2.8A). Interestingly, the same correlation was 

seen for dehydration/rehydration treatments, where unchanged DNA binding (Figure 

2.6B) was associated with unchanged protein levels of TFEB following dehydration, 

before significantly decreasing after rehydration (Figure 2.8B). Thus, these results for 
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TFEB protein levels strongly suggest an attenuation of the autophagy and lysosomal 

biogenesis responses at the transcriptional level. Indeed, transcriptional regulation is one 

of the main controlling steps involved in MRD [13,27,122].  

Downregulation of targets involved in autophagosome biogenesis is also 

supported by the results for TFEB analysis. Studies have shown that TFEB regulates the 

transcription of numerous autophagy genes including but not limited to ATG4, beclin1, 

p62 and ATP6V0D1 [41,111,113]. In response to anoxia, expression of ATG4, beclin1, 

p62 and ATP6V0D1 in wood frog skeletal muscle (Figure 2.4, Figure 2.8A) correlated 

well with TFEB DNA binding in response to anoxia, thereby providing another line of 

evidence that both components of the autophagosome machinery and lysosomal 

biogenesis are significantly reduced in muscle under stress conditions. Results for 

dehydrated/rehydrated muscle also showed a correlation between unchanged DNA 

binding activity of TFEB following dehydration, and the protein levels of Beclin1, p62, 

and ATP6V0D1 (Figure 2.5, Figure 2.8B). Altogether, these results suggest that 

transcriptional regulation, mediated in part by TFEB, is responsible for a significant 

reduction in the levels of proteins involved in autophagosome and lysosomal biogenesis, 

resulting in a decrease in autophagic flux in muscle.  

Finally, we also examined the involvement of miRNAs in regulating protein 

synthesis under stress and recovery in muscle. Whereas many of the miRNAs measured 

showed downregulation in response to anoxia, only one miRNA showed a statistically 

significant decrease. MiR-20 is previously shown to suppress the expression of ULK1 

proteins [120], and therefore a reduction in its levels (Figure 2.10A) should lead to an 
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increase in ULK1 protein levels. Interestingly, our analysis shows a significant reduction 

in ULK1 levels; suggesting that perhaps the expression of this kinase is regulated by 

other factors upstream of miRNA control. Indeed, a reduction in TFEB activity could 

account for this change and supports the proposal that ULK1 expression is regulated at 

the transcriptional level during anoxia/reoxygenation in wood frog skeletal muscle.  

Most of the miRNAs measured in muscle showed a significant increase following 

dehydration and rehydration treatments, and our results demonstrate a strong correlation 

between levels of the miRNA and their downstream targets. For example, levels of miR-

25-3p increased significantly in response to dehydration and rehydration (Figure 2.10B), 

which correlates well with the decreased protein levels of ULK1 under the same 

conditions (Figure 2.5A). Indeed, it was previously shown that overexpression of miR-

25-3p resulted in reduced levels of ULK1 protein [114]. As such, it is likely that the 

reduction of ULK1 protein levels seen in wood frog muscle during dehydration and 

rehydration is mediated post-transcriptionally via miRNAs. Other miRNAs such as miR-

30a 5p increased following dehydration, whereas miRNA 34a-5p and miR-106b-5p were 

elevated under both dehydration and rehydration treatments (Figure 2.10B). Previously 

we correlated the expression of miR30a with regulation of beclin1 [116,117], and while 

this remains a possibility, our results for the response to dehydration indicate otherwise. 

The increase in miR30a-5p (Figure 2.10B) did not affect the protein levels of beclin1 

(Figure 2.5) following either dehydration or rehydration treatments, but a strong 

reduction in ATG5 protein levels occurred under the same conditions (Figure 2.5B). 

Considering that ATG5 plays a significant role in autophagosome maturation, reduced 

levels of this protein, in part mediated at the posttranscriptional level, could account for 



90 
 

reduced autophagosome biogenesis in this tissue. Moreover, it was previously 

hypothesized that induction of miR-34a-5p could be responsible for reducing the 

expression of HMGB1, leading to promotion of autophagosome formation [121]. 

Although levels of HMGB1 in muscle were not measured, an increase in this miRNA 

could suggest a decrease in HMGB1 expression levels. As such, this too could decrease 

autophagosome biogenesis by retaining the inactive form of beclin1 in the cytoplasm. 

Lastly, the increase  in miR-106b-5p seen in response to dehydration/rehydration could 

result in the downregulation of ATG16 [119]. Decreased levels of ATG16 could lead to 

an inhibition of the conversion of LC3BI to LC3BII [119], and this was evident in the 

results since LC3BII was not detected in any of the muscle samples (Figure 2.5). 

Altogether, these data demonstrate that miRNAs could be significant contributors to 

regulating autophagosome biosynthesis in response to dehydration/rehydration in wood 

frog muscle. 

In conclusion, our results demonstrate a strong decrease in autolysosome 

formation in response to anoxia/reoxygenation in liver and muscle, a decrease in 

autolysosome formation in response to dehydration/rehydration in muscle, and a potential 

maintenance (or perhaps a small increase) of formation of autolysosomes in liver post 

dehydration/rehydration. The data also show that autophagosome and lysosomal 

biogenesis are regulated at all biological levels (transcript, post-transcription and post-

translation), and that perfect regulation of autophagic flux depends on perfect synchrony 

between all these regulatory check points. 
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Tables 

Table 2.1: Nucleotide sequences of miRNA specific forward primers, universal primer 

and the stem-loop adapter. 

 

Target Primer Sequence (5'-3') 

miR-17-5p ACACTCCAGCTGGGCAAAGTGCTTACAGT 

miR-20-5p ACACTCCAGCTGGGCAAAGTGCTCATAGT 

miR-25-3p ACACTCCAGCTGGGCATTGCACTTGTCTC 

miR-26-5p ACACTCCAGCTGGGTTCAAGTAATCCAGG 

miR-30a-5p ACACTCCAGCTGGGTGTAAACATCCTCGA 

miR-30d-5p ACACTCCAGCTGGGTGTAAACATCCCCGA 

mir-34a-5p ACACTCCAGCTGGGTGGCAGTGTCTTAGC 

miR-93-5p ACACTCCAGCTGGGCAAAGTGCTGTTCGTGC 

mir-106b-5p ACACTCCAGCTGGGTAAAGTGCTGACAGTGC 

miR-124-5p ACACTCCAGCTGGGCGTGTTCACAGCGGA 

Snord-24-17bp  ACACTCCAGCTGGGTGCAGATGATGTAAAA 

Snord-74a-15bp  ACACTCCAGCTGGGGTTGTCAGCTATCCA 

5S RNA  GGCCTGGTTAGTACTTGGATG 

Universal Primer CTCACAGTACGTTGGTATCCTTGTG 

Stem-loop Adapter 
CTCACAGTACGTTGGTATCCTTGTGATGTTCGA

TGCCATATTGTACTGTGAGTTTTTTTTTVN 

 

 

Table 2.2: Nucleotide sequences (5'-3') of forward and reverse primers used for mRNA 

analysis. 

 Forward Reverse 

p62  GGCCTTTCTCTGCTGAATGA   GGGCAGATGAGGCACTTAAA  

β-

actin 
AGAAGTCGTGCCAGGCATCA AGGAGGAAGCTATCCGTGTT 
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Figures 

 

Figures 2.1: Schematic diagram showing different phases of autophagy. The initiation of 

autophagosome formation is regulated by many protein kinases including AMPK and 

mTORC1 that function oppositely to each other. These two kinases maintain cellular 

homeostasis by balancing anabolic and catabolic responses in the cell; where AMPK 

phosphorylation (S317, S467, S555, T575, S637, and S777) under ATP depleting 

conditions and mTORC1 phosphorylation (S638 and S758) under nutrient deprived 

conditions promote the activation and deactivation of ULK1, respectively. ULK1, a key 

initiator of autophagosome formation, is a serine/threonine kinase that forms a complex 

with ATG13, FIP200 and ATG101 [74–76]. Both ATG13 and FIP200 promote the 

stabilization of ULK1, promote its catalytic activity, and facilitate the translocation of the 

complex to the isolation membrane (pre-autophagosomal structure) before starting the 

omegasome formation. At the initiation site, the p-ULK1 complex promotes the 

recruitment of multiple other factors and complexes including the nucleation VPS34 

complex, which consists of the class III phosphatidylinositol (PtdIns) kinase complex 

(VPS34, VPS15, beclin1 and ATG14. Beclin1 activation is mediated by phosphorylation, 

either by AMPK (S93 in humans) or by ULK1 at S30, and these events are necessary for 

induction of autophagy. The VPS34 complex promotes the production of PI3P at the 

growing phagophore, resulting in the recruitment of WIPI proteins, the maturation of the 

phagosome and the recruitment of the elongation complex. ATG12-ATG5-ATG16L (the 

elongation complex) functions as a ubiquitin-like conjugating complex that is necessary 

for phagophore elongation and LC3 recruitment to the growing phagophore. LC3 is then 

cleaved by ATG4 to LC3I which allows it to form a complex with the E1-like ATG7 and 

the E2-like ATG3 before getting conjugated with phosphatidylethanolamine (PE, LC3II). 

WIPI proteins also recruit cargo-recognition proteins such as p62 and NBR1 (neighbor of 

BRCA1 gene 1) which can bind to both LC3 on the maturing autophagosome and act as 
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receptors for ubiquitinated targets for their selective degradation. Both p62 and NBR1 are 

degraded with the ubiquitinated cargo, thus serving as a marker to measure autophagic 

flux in cells. Once autophagosome formation and closure has been completed, they are 

delivered to the perinuclear region, where they can fuse with lysosomes to help many 

proteins including the those in the SNAREs family.  
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Figure 2.2: Relative protein levels of key proteins involved in autophagosome formation 

in liver over the anoxia/reoxygenation cycle measured by immunoblotting. Histogram 

shows means ± SEM, n=4 independent biological replicates obtained from different 

animals. The corresponding enhanced chemiluminescence bands are also shown. 

Significance difference from the control (p<0.05) is denoted by an asterisk (*) as 

determined using a one-way ANOVA with Dunnett’s post-hoc test.  
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Figure 2.3: Relative protein expression levels of key proteins involved in autophagosome 

formation in liver over the dehydration/rehydration cycle measured using 

immunoblotting. For more information, see Figure 2.2. 
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Figure 2.4: Relative protein expression levels of key proteins involved in autophagosome 

formation in skeletal muscle over the anoxia/reoxygenation cycle measured using 

immunoblotting.  For more information, see Figure 2.2. 
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Figure 2.5: Relative protein expression levels of key proteins involved in autophagosome 

formation in skeletal muscle over the dehydration/rehydration cycle measured using 

immunoblotting. For more information, see Figure 2.2. 
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Figure 2.6: Relative DNA binding activity of TFEB to its consensus sequence in liver 

and muscle measured by DPI-ELISA. Measurements were done using tissues of wood 

frogs exposed to A) anoxia/reoxygenation, and B) dehydration/rehydration cycle. For 

more information, see Figure 2.2. 
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Figure 2.7: Relative protein expression levels of TFEB and one of its downstream 

targets, ATP6V0D1, in liver measured by immunoblotting. Measurements were done 

using tissues of wood frogs exposed to A) anoxia/reoxygenation, and B) 

dehydration/rehydration cycle. For more information, see Figure 2.2. 
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Figure 2.8: Relative protein expression levels of TFEB and one of its downstream 

targets, ATP6V0D1 in muscle measured by immunoblotting. Measurements were done 

using tissues of wood frogs exposed to A) anoxia/reoxygenation, and B) 

dehydration/rehydration cycle. For more information, see Figure 2.2. 
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Figure 2.9: Heatmap of relative transcript levels of select autophagy-regulating miRNAs 

in liver measured using RT-qPCR. Data are presented as heat maps for A) 

anoxia/reoxygenation and B) dehydration/rehydration cycles. Significance difference 

from the control (p<0.05) is denoted by an asterisk (*) as determined using a one-way 

ANOVA with Dunnett’s post-hoc test. 
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Figure 2.10: Heatmap of relative transcript levels of select autophagy-regulating 

miRNAs in skeletal muscle measured using RT-qPCR. Data are presented as heat maps 

for the A) anoxia/reoxygenation and B) dehydration/rehydration cycles. For more 

information, see Figure 2.9. 
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Figure 2.11: Relative transcript levels of p62 (sqstm1) in liver of wood frogs measured 

using RT-qPCR. Measurements were done using liver of wood frogs exposed to A) 

anoxia/reoxygenation, and B) dehydration/rehydration cycle. For more information, see 

Figure 2.2. 

 

 

 

 

 



116 
 

 

 

Figure 2.12: Schematic diagram showing the predicted binding sites of mmu-miR-17-5p 

to different regions of the p62 transcript. The prediction of miR-17-5p binding to (A) 

seed-site and (B) seedless-site of the p62 (sqstm1) transcript was using the Xenopus 

laevis transcript sequence. The diagram was generated using the Sfold 2.2 STarMiR 

bioinformatics program. The seed-region (CGUGAAA) of mmu-miR-17-5p is shown in 

red. MiRNA binding to the seed-site showed a logistical probability of 0.579 with 

ΔG=−12.8 kcal mol−1 , whereas binding to the seedless-site  showed a logistical 

probability of 0.831 with ΔG=−21.0 kcal mol−1.   
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3.1 Abstract 

Freeze-tolerant species, such as wood frogs (Rana sylvatica), are susceptible to multiple 

co-occurring stresses that they must overcome to survive. Freezing is accompanied by 

mechanical stress and dehydration due to ice crystal formation in the extracellular space, 

ischemia/anoxia due to interruption in blood flood, and hyperglycemia due to 

cryoprotective measures. Wood frogs can survive dehydration, anoxia, and high glucose 

stress independently of freezing, thereby creating a multifactorial model for studying 

freeze-tolerance. Oxidative stress and high glucose levels favors the production of pro-

oxidant molecules and advanced glycation end product (AGE) adducts that could cause 

substantial cellular damage. In this study, the involvement of the high mobility group box 

1 (HMGB1)-AGE/RAGE (receptor for AGE) axis and the regulation of ETS1 and EGR1-

mediated angiogenic responses were investigated in liver of wood frogs expose to 

freeze/thaw, anoxia/reoxygenation and dehydration/rehydration treatments. HMGB1 and 

not AGE-adducts are likely to induce the activation of ETS1 and EGR1 via the RAGE 

pathway. The increase in nuclear localization of both ETS1 and EGR1, but not DNA 

binding activity in response to stress hints to a potential spatial and temporal regulation in 

inducing angiogenic factors. Freeze/thaw and dehydration/rehydration treatments 

increase the levels of both pro- and anti-angiogenic factors, perhaps to prepare for the 

distribution of cryoprotectants or enable the repair of capillary damaged capillaries and 

wounds when needed. Overall, wood frogs appear to anticipate the need for angiogenesis 

in response to freezing and dehydration but not anoxic treatments, probably due to 

mechanical/architectural stresses associated with the two former conditions.  
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3.2 Introduction 

The freeze-tolerant wood frog, Rana sylvatica, is one of the few vertebrate species 

that can tolerate full body freezing in winter [1]. With over 65-70% of its total body 

water frozen in winter, these animals experience no breathing, no heartbeat, no brain 

conductivity or muscle movement but these functions resume to normal only hours after 

thawing [1]. Freezing is the integration of multiple stresses that occur simultaneously and 

must be adequately dealt with to ensure survival. For example, to prevent damage to 

intracellular organs and cell membrane integrity, wood frogs dehydrate their cells to 

confine ice crystal formation strictly to the extracellular and interstitial spaces [2]. As a 

result, wood frogs experience extreme dehydration, which is associated with increased 

osmolality, ionic strength, and substantial decrease in cell volume [3]. Moreover, freezing 

also interrupts blood delivery to organs as the heart stops beating and blood freezes, 

therefore wood frog organs are left anoxic [4]. Inadequate oxygen availability under these 

conditions initiates a biomolecular response that favors anaerobic metabolism, 

accompanied by a strong reduction in metabolic rate to match energy demand with 

supply [1]. The strict regulation of energy allocation allows for pro-survival pathways to 

be induced [5,6] and processes that are energy expensive and potentially injurious to the 

cell to be reduced [7]. As a cryoprotective measure, wood frogs substantially increase 

their blood glucose levels from 5mM under normal conditions to ~300 mM during 

freezing and become extremely hyperglycemic [2]. Interestingly, wood frogs can survive 

anoxia, dehydration, and glucose-loading even when unfrozen, thereby providing a 

unique model for studying freezing and its associated stresses independently.  
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With glucose used as a cryoprotective agent in response to freezing and 

dehydration [3,8],  glucose-induced cytotoxicity becomes imminent. Indeed, high levels 

of glucose could result in macromolecule glycation, a non-enzymatic process where a 

covalent bond is created between the free amino groups of amino acids (N-terminal 

amino acids, lysine or arginine) and the carbonyl group of a reducing sugar (in this case 

glucose) in a process called the Maillard reaction to form a Schiff base [9]. After 

isomerization, the Schiff base is converted into a stable Amadori product. Fragmentation 

of these products through retro-aldol reactions generates a variety of carbonyl species that 

are highly reactive called glycation intermediaries. These intermediate molecules can 

undergo further oxidation, dehydration, and degradation reactions to form highly stable 

advanced glycation end products (AGEs) [10]. These AGE products can also react with 

amino acid residues to form AGE-protein adducts or protein crosslinks [10]. Carbonyl 

groups can also be generated during lipid catabolism (e. g. malondialdehyde), forming 

the advanced lipoxidation end products (ALEs) [10]. Although originating from different 

sources, AGEs and ALEs cannot always be distinguished from each other. For example, 

the most common AGE compound, N-ɛ-carboxymethyllysine (CML) [11], can be 

generated following both lipid and carbohydrate catabolism [12].  Alternatively, 

excessive glucose in the presence of oxidative stress can undergo autoxidation and yield 

highly reactive carbonyl-containing compounds that can also be conjugated to proteins 

[10]. In short-lived proteins, glycation results in the formation of Amadori products only. 

This is because AGE formation is a very slow process and can take up to months or 

years; therefore, AGE formation predominantly affects long lived proteins such as 
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collagen. However, hyperglycemia or oxidative stress can accelerate the formation of 

AGEs to hours, thereby also affecting short-lived macromolecules [13].  

Previous study on wood frogs demonstrated that despite high levels of glucose 

during freezing, glycated hemoglobin levels decreased after 48 hours of freezing and 

levels continued to decrease following 3-7 days of thawing [14]. Interestingly, the same 

study reported an elevation in glycated serum albumin levels 7 days post-thawing, 

suggesting that perhaps wood frogs have a unique mechanism for selective protein 

glycation [14]. AGE adducts, along with other secretory molecules, can bind to the 

receptor for advanced glycation end products (RAGE) and initiate a cascade of 

intracellular events that results in the repression or induction of numerous signaling 

pathways [15]. RAGE is a cell surface receptor from the immunoglobulin superfamily, 

and it recognizes its ligands based on their three-dimensional structures, rather than 

specific amino acid epitopes [15]. Along with AGEs, the high mobility group box 1 

(HMGB1) is another widely acknowledged ligand for RAGE [16]. Under normal 

conditions, this non-histone DNA binding protein resides in the nucleus, but upon 

stimulation with oxidative stress, it becomes acetylated and is secreted into the cytoplasm 

[17]. There, it can interact with other regulatory proteins to promote or repress numerous 

signaling processes. For example, in response to various stimuli, HMGB1 has been 

shown to promote autophagy by binding to and activating Beclin1, an important 

autophagy initiator [18]. HMGB1 can also translocate to the extracellular space via 

secretory vesicles and bind to various receptors including RAGE [19]. Association of 

AGEs and RAGE has been implicated in regulating inflammation, autophagy and 

angiogenesis amongst other processes [15,20]. Angiogenesis, in theory, could be a 
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beneficial response to freezing and dehydration as it would speed up the delivery of 

cryoprotects such as glucose and urea to different organs. Interestingly, a cDNA array 

screen in our laboratory demonstrated an increase in RAGE levels in wood frog heart 

following freezing [21]. Therefore, it was of interest to study whether a) AGEs 

accumulate in wood frogs during freeze/thaw, anoxia/reoxygenation, 

dehydration/rehydration cycles and b) if so, can RAGE induce a transcriptional response 

under these conditions.  

Binding of ligands to RAGE activates several kinases that ultimately lead to the 

activation of various transcription factors such as the E26 transformation-specific 

sequence 1 (ETS-1) and the early growth response 1 (EGR1) under conditions of hypoxia 

or oxidative stress [22,23] (Figure 3.1). Upon ligand binding to the extracellular domain 

of RAGE, its cytoplasmic domain interacts with diaphanous-1 (mDia-1), a protein that is 

necessary to transduce signals to downstream kinases. Indeed, activation of mDia-1 was 

necessary for protein kinase CβII activation and its subsequent phosphorylation of 

ERK1/2 and JNK under low oxygen conditions resulting in the phosphorylation and 

activation of the ELK-1 transcription factor [22,23]. This facilitates ELK-1 cytoplasmic 

to nuclear translocation, and induction of the egr1 gene [24]. After being translated in the 

cytoplasm, EGR1 enters the nucleus and induces the transcription of various genes 

involved in tissue repair, inflammation and angiogenesis [25]. The transcriptional 

regulation by EGR1 depends on two co-repressors, NAB1 (NGFI-A binding-1, 

constitutive) and NAB2 (inducible), which physically interact with EGR1 to prevent its 

association with DNA and transcriptional activity [26,27]. The mechanism of ETS1 

activation is similar to the mechanism of EGR1 activation. Following ERK1/2 activation, 
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this kinase phosphorylates ETS1, a process that is necessary to facilitate its cytoplasmic 

to nuclear translocation [28].  

Both EGR1 and ETS1 are involved in angiogenesis; the formation of new blood 

vessels stemming from pre-existing ones [29–31]. While angiogenesis is a normal 

physiological process during development and adulthood, its inappropriate initiation 

could manifest in serious pathology such as cancer [32]. By contrast, activation of 

angiogenesis in ischemic heart or during tissue injury has been shown reduce the 

progression of cardiac infarction [33], and accelerate would healing [34]. Under normal 

conditions, endothelial cells (ECs) are in their quiescent state and reside in the luminal 

surface of the vessels. Upon stimulation by inflammation or injury, several growth factors 

are released including but not limited to vascular endothelial growth factor (VEGF), 

transforming growth factors (TGFs), endothelial growth factors (EGFs), tumor necrosis 

factor α (TNFα), angiogenin, angiopoietin, and fibroblast growth factors (FGFs) [34,35]. 

These growth factors bind to receptors (e.g. VEGF receptors, FGF receptors, tyrosine 

kinase with immunoglobulin-like receptors, and EGF-like domain 1/2 receptors, Tie1, 

Tie2, and integrin receptors) found on the EC surface of the parent vessel, and promote 

the induction and release of proteolytic enzymes that degrade the basement membrane 

surrounding the parent vessel [35]. Following a chemotactic gradient toward growth 

factors, EC cells will proliferate and sprout until the two or more sprouts fuse together to 

form a lumen. Oxygenated blood with flow through the lumen to supply local tissue with 

oxygen, and when levels return to normal, growth factor secretion (mainly VEGF) 

decreases and returns to baseline. Pericytes are then recruited to promote the maturation 

and stabilization of the newly formed capillary. While angiogenesis is a complex process 
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and requires a coordinated response from multiple signaling pathways, the underlying 

mechanism remains the same: to detect secreted pro-angiogenic ligands from secreting 

vessels by receptors found on the parent vessels. Here, the role of AGE/HMGB1/RAGE 

axis in regulating angiogenesis in response to environmental stressors in the wood frog 

was studied. Current results show that angiogenic responses are likely induced by the 

HMGB1/RAGE axis, and that ETS1 and EGR1 regulate the expression of angiogenic 

targets in a temporal manner in response to freezing and dehydration in frogs.  

3.3 Materials and methods 

Animal treatment 

Animal treatment was performed as previously published [36,37]. Briefly, adult 

male wood frogs were captured at breeding ponds near Oxford Mills, Ontario and 

transported on ice to Carleton University’s animal care facility. Following a tetracycline 

bath and a two-week acclimation period at 5℃, the frogs were divided into 7 groups. The 

control group was sampled following the acclimation period, whereas the remaining 

groups (~25 frogs per group) destined for the freeze/thaw treatments were placed in 

plastic containers (3-4 frogs per container) previously lined with damp paper towel, and 

housed in incubators set to -4℃ for 45 minutes. This process is done to promote a 

gradual decrease in body temperature and initiate the ice nucleation process. Following 

incubation, the temperature of the incubator was increased to -2.5℃ and wood frogs were 

maintained at this temperature for 24 hours. This incubation period was chosen because it 

was previously reported that wood frogs reach maximum body ice content and exhibit no 

signs of breathing, movement, heartbeat, or brain conductivity following 24 hours 

freezing [38]. The frozen group were sampled at this time point, and the other frozen 
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group was transferred to a 5℃ incubator for the next 8 hours to facilitate wood frog 

thawing. This incubation period was chosen because wood frogs have been shown to 

regain most of their physiological functions at that time [38]. The thawed group was 

sampled at this time point. The anoxia/reoxygenation and dehydration/rehydration 

treatments were performed as previously published [36]. 

All animals were euthanized by pithing. Tissues were excised quickly and 

immediately flash frozen in liquid nitrogen to preserve the metabolic profile in each 

condition before storage at -80℃. All animal treatment protocols were approved by 

Carleton University’s Animal Care Committee (protocol no. 13683), and all procedures 

were performed following the guidelines set by the Canadian Council on Animal Care. 

Total protein extraction 

Total protein extraction was performed as previously described [37]. Briefly, ~50 

mg of frozen liver tissue from control, 24 hour freezing, 8 hour thaw, 24 hour anoxia, 4 

hour reoxygenation, 40% dehydration and rehydration was homogenized 1:5 (w:v) with 

lysis buffer (EMD Millipore, catalogue no. 43-045) containing 1 mM Na3VO4, 10 mM β-

glycerophosphate, 10mM NaF, and 10 µL/mL of protease inhibitor cocktail (Bioshop, 

catalogue no. PIC001.1) using a Polytron homogenizer for ~20 seconds. All samples 

were placed on ice for ~40 minutes with intermitted vortexing every 10 minutes. Samples 

were then centrifuged at 10,000 xg at 4℃ for 20 minutes, and the supernatant containing 

the soluble protein fraction was collected. The total protein concentration of all samples 

was measured using the Bradford method (Bio-Rad, catalogue no. 500-0006), and the 

concentration was adjusted to 10 µg/µL before storage at -80℃ using the respective 

cytoplasmic and nuclear extraction buffers. 
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Cytoplasmic-nuclear fractionation 

To assess the localization of transcription factors and other secretory proteins, a 

cytoplasmic-nuclear fractionation procedure was performed. Approximately 50 mg of 

frozen tissue was homogenized 1:5 (w:v) with 1x buffer A (10 mM HEPES, 10 mM KCl, 

10 mM EDTA, 20 mM β-glycerol phosphate (pH 7.9), 10 µL of 100 mM DTT per mL of 

buffer and 10 µL of protease inhibitor cocktail per mL of buffer) using a Dounce 

homogenizer for a total of ~3-4 stokes. Samples were then incubated on ice for 25 

minutes to allow for adequate extraction before centrifugation at 12,000 rpm for 15 

minutes at 4℃. The supernatant was collected and stored as the cytoplasmic fraction. 

The pellets were resuspended in ~300 µL of 5X buffer B (100 mM HEPES, 2 M 

NaCl, 5 mM EDTA; 50% (v:v) glycerol, 100 mM β-glycerol phosphate (pH 7.9), 10 µL 

of 100 mM DTT and 10 µL of protease inhibitor per mL of buffer), and sonicated for 10 

seconds. All samples were incubated on ice for 10 minutes, before being centrifuged at 

14,000 rpm for 10 minutes at 4℃. The supernatant was collected and stored at -80 ℃ as 

the nuclear fraction.  

The concentration of both cytoplasmic and nuclear fraction was measured using 

the Bradford method, and the sample concentration was normalized to 5 µg/µL. The 

successfulness of the fractionation procedure was determined by western blotting, where 

the enrichment of β-tubulin (cytoplasmic marker) and histone H3 (nuclear marker) in the 

cytoplasmic and nuclear fractions respectively was demonstrated in the respective 

fractions. 

Western blotting 
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The concentration of total proteins as well as cytoplasmic and nuclear fractions 

for all samples was measured using a Bradford assay and standardized to a constant 

concentration immediately before the start of protein treatment. All samples were mixed 

with equal volumes of 2X SDS loading buffer (0.2% w:v bromophenol blue, 4% w:v 

SDS, 10% v:v 2-β-mercaptoethanol, 20% v:v glycerol and 100 mM Tris-base pH 6.8), 

and boiled for 5 minutes in a water bath. Subsequently, samples were cooled on ice and 

stored at -20℃ for future use. 

The western blot procedure was performed as previously described [37]. The 

following antibodies were purchased from Abclonal: Ac-HMGB1 K29 (A16002), NAB1 

(A15692), NAB2 (A5827), FGF2 (A0235), ANGPT1(A7877), ANGPT2 (A0698), 

Tie1(A3334), Tie2(A0743), VEGFR1, VE-cad (A0734). ETS1(Sc-55581) and EGR1 

(Sc-189) antibodies were purchased from Santa-Cruz biotechnology. RAGE(GTX23611) 

and VEGF(GTX129844) antibodies were purchase from GeneTex and the 

HMGB1(PCRP-HMGB1-3A7) antibody was purchase from the University of Iowa 

hybridoma bank. 

Advanced glycation end-product (AGE) measurement 

Wood frogs are exposed to high levels of hyperglycemia in response to freezing 

and dehydration, and this could promote protein glycation resulting in RAGE activation. 

Therefore, total levels of AGEs formed under each condition was measured using a 

commercially available OxiSelect TM Advanced Glycation End Product (AGE) 

Competitive ELISA Kit (Cell BioLabs, catalogue no. STA-817) following the 

manufacturer’s protocol. All reagents except for phosphate buffered saline (137 mM 

NaCl, 10 mM Na2HPO4, 2.7 mM KCl, and 2 mM KH2PO4, pH 7.4) were provided by the 
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manufacturer. AGE conjugates (10 µg/mL) were diluted in PBS and mixed in a 1:1 ratio 

with 1x conjugate diluent also diluted in PBS. A volume of 100 µL of the resulting 

mixture was added to each well, and the plate was incubated at 4℃ overnight without 

agitation. Following incubation, excess AGE conjugates were decanted, and the wells 

were washed twice with 1X PBS. To block unreactive sites, 200 µL of assay diluent was 

added to each well and the plate was blocked at room temperature for 1 hour. Following 

incubation, excess assay diluent was discarded and 50 µL of total liver extracts (55 µg) 

diluted with 1X PBS containing 0.1% BSA, or AGE-BSA standard was added to each 

well in duplicate. The plate was incubated for 10 minutes at room temperature on a 

rocker, before the addition of 50 µL of anti-AGE antibody to each well. The plate was 

incubated at room temperature for 1 hour while rocking and subsequently washed 3x with 

250 µL of wash buffer. A volume of 100 µL of secondary antibody conjugated to HRP 

was added to each well and the plate was incubated for 1 hour at room temperature while 

rocking. Following incubation, the wells were washed three times and incubated with 100 

µL of substrate solution for ~10 minutes at room temperature while rocking. Following 

color development, the reaction was stopped by adding 100 µL of stop solution to each 

well and the plate was read at 450 nm. The amount of AGE protein adducts in the sample 

was calculated using the standard curve.  

DNA-protein interaction enzyme linked immune sorbent assay (DPI-ELISA) 

To assess the DNA binding activity of ETS1 and EGR1 to their consensus 

sequence, a DPI-ELISA technique using DNA probes specific to these transcription 

factors was performed following a previously established method [39]. DNA 

oligonucleotides containing the consensus sequence of ETS1 (forward, 5'-Biotin-
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GATCTCGAGCAGGAAGTTCGA-3', complementary 3'-

CTAGAGCTCGTCCTTCAAGCT-5') and EGR1 (forward- 5'–Biotin 

GGATCCAAGCGGGGGCGAGCGGGGGCGA–3', complementary 3'–

CCTAGGTTCGCCCCCGCTCGCCCCCGCT–5') were purchased from Integrated DNA 

Technologies (Coralville, IA, USA). The concentration of 1:1000 was used for anti-ETS1 

and anti-EGR1 antibodies and a concentration of 1:2000 anti-rabbit-HRP antibody was 

used in this experiment. Probe specificity for each transcription factor was tested by 

performing the same assay but omitting either the probes, primary antibody, or proteins 

from the reaction. Varying concentration of pooled samples was used to determine the 

optimum protein concentration for each transcription factor under each condition.  

Total RNA isolation and cDNA synthesis 

Total RNA extraction was carried out as previously described [40]. First strand 

cDNA synthesis and mRNA quantification was done following a previously established 

protocol [41]. In a final volume of 10 µL, 1 µg of RNA and 1 µL of 200 ng/µL Oligo 

(DT) (Sigma Genosys, TX, USA) were combined and incubated in a thermocycler 

(iCycler, Bio-Rad) set to 65 ℃ for 5 minutes. Samples were cooled on ice for few 

minutes, combined with 1 µL of dNTP (BioShop), 1 µL of MMLV Reverse Transcriptase 

(Invitrogen), 2 µL of 100 mM DTT and 4µL of 5x First Strand Buffer (Invitrogen), and 

incubated for 60 minutes at 42 ℃. Following cDNA synthesis, all samples were cooled 

on ice and serially diluted before storage at -20 ℃.  

The forward and reverse primers for ets1 were designed using a conserved region 

of the coding sequence found in several species and purchased from Integrated DNA 

Technologies. For transcript quantification, 18 µL of master mix (10.12 µL of ddH2O, 4 
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µL of 1M Trehalose, 0.5 µL of 100% formamide, 0.5 µL of forward and 0.5 µL of 

reverse primers (0.3 nmol/ µL), 0.16 µL of 25 mM dNTPs, 0.125 µL of 5U/ µL Taq 

Polymerase (BioShop, catalogue no. TAQ001.1), 0.1 µL of 100x SYBR Green diluted 

with DMSO, and 2 µL of 10X q-RT-PCR buffer (500 mM KCl, 100 mM Tris-HCl pH 

8.5, 20 mM MgCl2, 2mM dNTP, 1.5% Triton X-100 and 100 nM Fluorescein) was added 

to 2 µL of cDNA, and amplification was carried out using the CFX ConnectTM Real-Time 

PCR Detection System (Bio-Rad, cat. No. 1855201) according to MIQE guidelines [42]. 

The amplification protocol for ets1 is as follows: 95 ℃ for 3 minutes, 39 cycles of 95 ℃ 

for 20 seconds, 56.7 ℃ for 20 seconds and 72 ℃ for 20 seconds. The amplification 

protocol for the reference gene, β-actin, was performed according to previously 

optimized parameters [43]. The following primers were used: β-actin Forward (5’-

AGAAGTCGTGCCAGGCATCA-3’), Reverse (5’-AGGAGGAAGCTATCCGTGTT-

3’) and ets1 Forward (5’-ATCAAGCAGGAGGTGGTGTC-3’) And Reverse (5’-

GATTGGTCCACTGCCTGTGT-3’). 

Quantification and statistics 

For western blot measurements, band intensities obtained from the enhanced 

chemiluminescent signal and the corresponding Coomassie Blue-stained membranes 

were analyzed using GeneTools (Syngene, Frederick, MD, USA). To account for loading 

variation, band densities from the enhanced chemiluminescent signal were standardized 

against a group of stably expressed proteins within the same lane. This method of 

analysis is more reliable than using a single housekeeping protein [44]. Fold changes in 

response to stress and recovery are reported relative to the control group (set to 1). 

Absorbance values from DPI-ELISA and AGE measurement were measured at 450 nm, 
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with 655 nm set as the reference wavelength. Relative DNA binding of ETS1 and EGR1 

under different conditions are reported relative to the control, which was set to 1. Values 

obtained from AGE measurement were converted to protein amount using an AGE-BSA 

standard curve and are reported as levels of AGE adducts for each condition. Relative 

mRNA transcript levels were calculated by linearizing the raw Cq values (2-Cq), and ets1 

values were standardized against values obtained for β-actin. Fold-change during stress 

and recovery are reported relative to the control, which was set to 1. Histograms for all 

experiments represent the mean relative protein expression (mean ± SEM) measured in 

n=4 independent biological replicates. Statistically significant difference compared to the 

control (p<0.05) were calculated using a One-Way ANOVA and analyzed using the 

Dunnett’s post-hoc test. All statistical analyses and graphical presentations were 

performed using the RBIOPLOT statistical and graphical R package [45]. 

3.4 Results 

Relative expression levels of RAGE and its ligands 

Protein levels of RAGE, HMGB1 and Ac-HMGB1 (K29) were measured using 

western blotting in liver of wood frogs undergone freeze/thaw, anoxia/reoxygenation and 

dehydration/rehydration treatments. For freeze/thaw experiments, total levels of HMGB1 

(T-HMGB1) were unchanged in response to freezing but increased by 2.8 ± 0.6-fold after 

thawing (Figure 3.2A). Levels of acetylated HMGB1 (Ac-HMGB1 K29), the cytoplasmic 

form of HMGB1, increased by 1.4 ± 0.07-fold following freezing but returned to baseline 

after thawing. Protein levels of RAGE rose by 2.7 ± 0.7-fold after freezing, and showed a 

reduction following an 8 H thaw, although the decrease was not deemed statistically 

significant.  
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Anoxia/reoxygenation treatment results demonstrate that T-HMGB1 is 

significantly increased by 1.5 ± 0.1-fold following anoxia exposure, but levels returned to 

control values after reoxygenation (Figure 3.2B). Levels of Ac-HMGB1 K29 remained 

unchanged in response to treatment, whereas levels of RAGE significantly rose by 2.5 ± 

0.2-fold and 2.3 ± 0.14-fold following anoxia/reoxygenation treatment. 

Dehydration/rehydration treatment showed a similar response as anoxia/reoxygenation 

treatment. Here, levels of T-HMGB1 rose by 1.8 ± 0.1-fold in response to dehydration 

before decreasing to near control values after rehydration (Figure 3.2C). Like previous 

results, dehydration/rehydration had no effects on HMGB1 acetylation, whereas levels of 

RAGE rose by 10.9 ± 0.7-fold and 7.6 ± 0.9-fold, respectively.  

Total levels of AGE in liver from different conditions was measured using a 

commercially available kit and the amount of AGE-adduct was calculated based on a 

BSA-AGE standard curve. Under normal conditions, wood frog liver had 4.4 ± 0.5 

µg/mL of AGE adducts. This level decreased significantly down to 2.3 ± 0.2 µg/mL and 

2.7 ± 0.6 µg/mL in response to freezing and thawing (Figure 3.3). In response to anoxia, 

levels decreased to 1.8 ± 0.2 µg/mL but rebound to near control values (4.7± 0.2 µg/mL) 

after reoxygenation. A similar response was observed during dehydration where levels 

decreased to 2.2 ± 0.2 µg/mL but rebound to near control values after rehydration (4.4 ± 

0.5 µg/mL).  

Relative expression levels of ETS1 and EGR1   

Using qRT-PCR, transcript levels of ets1 were measured across all conditions. 

Relative to the control, transcript levels of ets1 rose by 1.7 ± 0.2-fold and by 2.0 ± 0.2-

fold after freezing and thawing respectively (Figure 3.4A). The same pattern was seen in 
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response to anoxia and reoxygenation where transcript levels rose by 2.1 ± 0.3-fold and 

by 2.0 ± 0.3-fold, respectively (Figure 3.4B). In contrast, transcript levels of ets1 

decreased significantly by 91 ± 1.4% and by 84 ± 2.3% in response to dehydration and 

rehydration, respectively (Figure 3.4C).  

Using western blotting, the levels of ETS1 and EGR1, two transcription factors 

that are activated downstream of RAGE and are involved in angiogenesis were measured 

[29,30,46]. Relative to the control, total protein levels of ETS1 increased significantly by 

3.5 ± 0.6-fold in response to freezing but returned to normal upon thawing (Figure 3.5A). 

EGR1 protein levels rose by 2.1 ± 0.17-fold after freezing and increased further by 3.2 ± 

0.4-fold after thawing. Anoxia and reoxygenation had no influence on total protein 

expression of ETS1 or EGR1 (Figure 3.5B). In response to dehydration, levels of ETS1 

remained the same but decreased by 58 ± 3% after rehydration. Dehydration and 

rehydration treatments did not appear to affect the total protein expression of EGR1 in 

liver (Figure 3.5C). 

Relative nuclear localization level of ETS1, EGR1 and two repressors of EGR1 

Following cytoplasmic and nuclear fractionation, the nuclear fraction of all 

conditions was used in western blot analysis to assess the relative nuclear localization of 

ETS1, EGR1, NAB1 and NAB2, where the latter two proteins are EGR1 repressors. In 

response to freezing, the nuclear localization of ETS1 increased by 2.3 ± 0.6-fold but 

returned to near control values after thawing (Figure 3.6A). Levels of EGR1 rose 

significantly in response to freeze/thaw treatment by 3.0 ± 0.5-fold and by 3.1 ± 0.6-fold, 

respectively. Nuclear levels of NAB1 increased by 1.4 ± 0.04-fold in response to freezing 
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but decreased by 37 ± 9% after thawing. NAB2 levels also increased by 1.9 ± 0.2-fold 

after freezing but returned to near control values after thawing.  

Anoxic treatment increased ETS1 nuclear localization by 1.4 ± 0.1-fold, but levels 

returned to normal after reoxygenation (Figure 3.6B). There was no significant change in 

nuclear localization levels of EGR1 or NAB1, but NAB2 levels increased by 2.1 ± 0.2-

fold and by 3.5 ± 0.4-fold respectively following anoxia and reoxygenation. In response 

to dehydration and rehydration treatment, nuclear accumulation levels of ETS1 increased 

by 2.3 ± 0.3-fold and by 2.1 ± 0.3-fold (Figure 3.6C), whereas the same treatment did not 

show a statistically significant change in EGR1 nuclear levels. Nuclear levels of NAB1 

decreased by 39 ±6.1% and by 37 ± 7.3% in response to dehydration and rehydration, 

respectively. For NAB2, exposure to dehydration did not have an effect on its nuclear 

localization, but rehydration treatments reduced its levels by 67 ± 7.1%.  

DNA binding activity of ETS1 and EGR1 

To determine whether ETS1 and EGR1 were transcriptionally active, a DPI-

ELISA was performed. Freezing and thawing treatments resulted in a significant 

reduction in ETS1 DNA binding activity by 53 ± 4.5% and 50 ± 11% respectively, 

whereas no effect was seen on EGR1 DNA binding in response to either treatment 

(Figure 3.7A). Similar results were obtained after anoxia/reoxygenation treatment where 

relative ETS1 DNA binding activities decreased by 81 ± 5 % and by 61 ± 6% 

respectively. (Figure 3.7B), The same treatment had no effect on EGR1 DNA binding. 

Dehydration also resulted in a significant decrease in ETS1 DNA binding by 53 ± 7%, 

but levels return to near normal after rehydration (Figure 3.7C). In response to both 
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dehydration and rehydration, levels of EGR1 DNA binding increased by 1.4 ± 0.05-fold 

and by 1.7 ± 0.1-fold, respectively. 

Protein expression levels of angiogenic factors regulated by ETS1 and EGR1 

Using western blotting, protein expression levels of select angiogenic markers 

previously reported to be under the transcriptional control of ETS1 and EGR1 were 

measured. In response to freezing and thawing, protein levels of VEGF remained the 

same, whereas levels of FGF2 decreased by 80 ± 4.3% after freezing but increased by 1.8 

± 0.1-fold after thawing, relative to the control group (Figure 3.8). Protein levels of 

ANGPT1 increased by 1.9 ± 0.2-fold after freezing but returned to baseline after thawing, 

whereas levels of ANGPT2 increased in response to both treatments by 1.5 ± 0.03-fold 

and by 1.8 ± 0.2-fold, respectively. Levels of Tie1 showed no statistical change in 

response to freezing but increased by 2.0 ± 0.05-fold after thawing. Similar trends were 

seen in Tie2 protein levels where a 5.1 ± 0.3-fold and 3.9 ± 0.3-fold increase was seen in 

response freezing and thawing, respectively. Protein levels of VEGFR1 also increased by 

3.3 ± 0.3-fold after freezing but returned to near control values after thawing, whereas 

levels of VE-cad increased in response to both treatments by 1.3 ± 0.1-fold and 1.3 ± 0.1-

fold, respectively.  

 Anoxia and reoxygenation treatment showed a slightly different response (Figure 

3.9). In response to anoxia and reoxygenation, protein levels of VEGF decreased by 34 ± 

9 % and by 41 ± 5% respectively, relative to the control. There were no statistically 

significant changes in FGF2, ANGPT1 or VEGFR1 in response to either treatment. 

Levels of ANGPT2 did not show a significant decrease after anoxia treatment, but levels 

decreased significantly by 34 ± 5% in response to reoxygenation. Total levels of Tie1 
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increased in response to both treatments by 2.4 ± 0.4-fold and by 4.3 ± 0.2-fold, 

respectively. Tie2 protein levels increased by 1.8 ± 0.1-fold after anoxia treatment and 

further by 2.1 ± 0.1-fold after reoxygenation. Levels of VE-cad did not show a 

statistically significant change in response to anoxia, but levels decreased by 72 ± 5% 

after reoxygenation.  

 Dehydration and rehydration treatment, to a certain degree, showed similar 

responses as the freeze/thaw experiments. Levels of VEGF were not affected by 

dehydration but decreased by 59 ± 5% in response to rehydration (Figure 3.10). No 

significant changes were seen in FGF2 or VEGFR1 levels in response to either condition. 

Levels of ANGPT1 increased by 2.5 ± 0.2-fold after dehydration and by 2.0 ± 0.04-fold 

after rehydration. Similar results were observed in ANGPT2 where levels increased by 

2.0 ± 0.1-fold and by 1.5 ± 0.2-fold in response to dehydration and rehydration, 

respectively. Levels of Tie1 increased by 3.8 ± 0.3-fold and by 2.6 ± 0.5-fold in response 

to dehydration and rehydration, respectively. Tie2 protein levels also showed the same 

trends where levels increased by 2.3 ± 0.2-fold and by 1.7 ± 0.2-fold in response to the 

dehydration, rehydration treatments. VE-cad levels increased significantly by 1.3 ± 0.08-

fold in response to dehydration but returned to baseline values after rehydration.  

3.5 Discussion 

Wood frogs are resilient to many environmental stresses and can be used as model 

organisms to decipher the key molecular events in many complications associated with 

oxidative stress. Here, the involvement of the HMGB1/RAGE/AGE axis in promoting 

transcriptional responses to angiogenesis was studied in liver of wood frogs exposed to 

freeze/thaw, anoxia/reoxygenation and dehydration/rehydration treatments. HMGB1, a 
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pro-inflammatory molecule, is predominantly a nuclear protein and is only secreted to the 

cytoplasm or extracellular space upon undergoing posttranslational modification in 

response to stress [17]. Among other posttranslational modifications, acetylation of 

HMGB1 was shown to be necessary for its nuclear export. Indeed, a single acetylation 

event at either of HMGB1’s two nuclear localization signals can promote its nuclear 

export and cytoplasmic accumulation [17,47]. In addition to participating in multiple 

cytoplasmic events [48], and binding to extracellular receptors [49], HMGB1 has been 

studied extensively for its interaction with RAGE in hyperglycemic or pro-oxidative 

stress conditions, since this interaction can promote numerous downstream events such as 

inflammation, tissue repair, and angiogenesis [50–52]. In this study, total levels of liver 

HMGB1 showed an upwards trend in the 24 hour frozen condition, but this change was 

not statistically significant with respect to the control group (Figure 3.2A) Instead, 

HMGB1 levels rose significantly after recovery (Figure 3.2A). Interestingly, levels of 

acetylated HMGB1 (K29) increased significantly following freezing and returned to near 

control values after recovery. K29 is located within the nuclear localization signal and a 

single acetylation event on this residue has been shown to promote nuclear export [17]. 

Cytoplasmic HMGB1 can be exported to the extracellular space in two ways: 1) via 

pyroptosis, a proinflammatory program of cell death [53] or 2) via engulfment in 

secretory lysosome that will exocytose with cell membrane [19]. Given that wood frogs 

experience no sign of apoptosis under stress [7], it is logical to assume that acetylated 

HMGB1 probably reaches the extracellular membrane by exocytosis of secretory 

lysosomes. In correlation with HMGB1 acetylation, levels of RAGE also significantly 

increased in response to freezing before returning to near normal values after thawing 
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(although a decreasing trend is observed, the change was not statistically significant). The 

increase in total HMGB1 but not in its acetylated form in response to thawing suggests 

that perhaps HMGB1 is retained in the nucleus. HMGB1 plays a significant role in 

maintaining the dynamics of the chromatin structure, transcription, and DNA repair. As 

such, its increase during thawing and probably nuclear retention is perhaps due to its 

nuclear specific functions [54]. Altogether, this suggests that perhaps acetylated HMGB1 

following freezing associates with RAGE to induce downstream regulatory signals.  

HMGB1 and RAGE responses to anoxia/reoxygenation (Figure 3.2B) and 

dehydration/rehydration (Figure 3.2C) were similar. In both cases, total levels of HMGB1 

showed a significant increase during stress but returned to control levels during recovery; 

HMGB1 levels remained the same and RAGE levels increased following both stresses 

and both recoveries. Given that HMGB1 can be hyperacetylated at multiple sites, it is 

possible that in response to anoxia/reoxygenation and dehydration/rehydration cycles, a 

site other than K29 was acetylated [17]. Indeed, studies have shown that hypoxia or 

ischemia/reperfusion in hepatocytes promotes HMGB1 acetylation and its nuclear export 

[55]. Moreover, differential phosphorylation and methylation, along with changes in the 

redox state of HMGB1 have also been implicated in its nuclear export [56,57]. Reduced 

HMGB1 has been shown to bind to RAGE, whereas oxidized HMGB1 was shown to 

increase cytotoxicity and apoptosis [58]. Taking these studies into consideration, it is 

possible that posttranslational modifications other than acetylation and changes to 

HMGB1 redox status may regulate its translocation from the nucleus to the cytoplasm or 

extracellular space in anoxic or dehydrated wood frog liver. The increase in RAGE 

proteins in response to anoxia/reoxygenation and dehydration/rehydration treatments was 
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also expected (Figure 3.2 B, 3.2 C respectively), as previous studies have reported the 

involvement of hyperglycemia and oxidative stress in promoting the expression of this 

receptor [59]. 

The experiments that measured the total levels of AGE adduct showed interesting 

results (Figure 3.3). In response to freeze/thaw treatment, anoxia and dehydration, total 

levels of AGE-adducts decreased significantly but returned to baseline after 

reoxygenation and rehydration. This was unexpected, as freezing, thawing and 

dehydration are accompanied by extreme hyperglycemia [3,8]. A previous study in wood 

frogs showed that levels of glycated serum albumin were unchanged in response to 

freezing and only increased 7 days post thawing [14]. Although speculative, it is possible 

that wood frogs show differential glycation patterns with respect to the nature of the 

protein. It is also possible that the duration of treatments in this study were not long 

enough to induce AGE formation. Indeed, the first step of AGE formation is the 

production of Schiff bases (reversible) and Amadori products, which are often short-lived 

[60]. Moreover, given the strong antioxidant capacity of wood frogs, it is possible that 

enhanced antioxidant responses during treatment prevent the formation or accumulation 

of AGEs. Antioxidant metabolites and antioxidant enzymes including superoxide 

dismutase, catalase, glutathione peroxidase, as well as carbonyl metabolizing enzymes 

such as aldehyde dehydrogenase, aldo-keto reductase, carbonyl reductase and glutathione 

S-transferases play a significant role in AGE removal [61]. Indeed, levels of aldo-keto 

reductases, glutathione S-transferases, and other antioxidants are significantly 

upregulated in response to stress in wood frogs [6,62,63]. As such, it is possible that the 

antioxidant response generated during stress and early hours of recovery, neutralizes, 
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and/or prevents the formation of AGEs in wood frogs. Although levels are significantly 

decreased across different conditions, AGE-adducts exist in detectable levels in the cell; 

therefore, it is possible that even the limited number of AGE-adducts are enough to elicit 

a RAGE response.  

Activation of RAGE by its ligands results in the induction and activation of the 

ETS1 and EGR1 transcription factors, and both are involved in the early stress response 

[22,23]. Transcript levels of ets1 increased in response to freezing and thawing in wood 

frogs (Figure 3.4A). Protein levels of ETS1 and EGR1 rose significantly in response to 

freezing, and levels of EGR1 remained high even after thawing (Figure 3.5A), a trend 

that correlates with RAGE activation during freezing. While levels of ets1 in response to 

freezing correlate with its protein levels, there is a discrepancy between the two levels 

after thawing. This is perhaps because high levels of the ETS1 transcription factor are not 

required after thawing, and that ETS1 activity is regulated by other mechanisms such as 

posttranscriptional modifications. The discrepancy between the transcript levels and 

protein levels after thawing could be due to regulation by microRNAs. MicroRNAs are 

small non-coding, single-stranded RNA species that bind to the transcript and prevent its 

translation [64]. Indeed, miR-1 and miR-499 were reported to suppress the translation of 

ets-1 by regulating its sequestration away from the translational machinery or degradation 

[65]. Therefore, it is likely that the discrepancy seen in this study is due to regulation of 

the ets1 transcripts at the posttranscriptional level. The increase in EGR1 total protein 

levels, despite unchanging levels of RAGE during thawing, could be due to its 

accumulation during freezing or early stages of thawing. Indeed, the transcription of egr1 

is mediated by ELK-1, and is dependent on JNK-mediated ELK-1 phosphorylation and 
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nuclear localization [24]. In fact, JNK activity increased 90 minutes after thawing in 

wood frog liver [66]. Therefore, it is possible that induction of JNK activity in early 

hours of freezing is associated with EGR1 expression later stages of thawing as seen in 

the current study. 

 Transcript levels of ets1 in response to anoxia/reoxygenation treatments showed 

the same response as exposure to freezing/thawing, where levels under both conditions 

increased significantly (Figure 3.4B). However, ets1 transcript levels were significantly 

decreased in response to dehydration and rehydration (Figure 3.4C). There was no change 

in levels of ETS1 or EGR1 in response to anoxia/reoxygenation treatments (Figure 3.5B). 

By contrast, in response to dehydration, EGR1 remained the same and ETS1 levels 

decreased after rehydration (Figure 3.5C). It appears that ets1 translation is also regulated 

at the posttranscriptional level in response to anoxia/reoxygenation, perhaps to provide 

the cell with a reservoir of ETS1 proteins when needed. However, in response to 

dehydration, ETS1 transcription factors appear to be regulated by posttranslational 

modifications or subcellular localization, and not at the transcriptional level. Given that 

RAGE transactivates ETS1 via phosphorylation, it is likely that perhaps ETS1 

phosphorylation status is elevated under those conditions to facilitate its nuclear 

translocation. Indeed, JNK, one of the kinases involved in ETS1 phosphorylation was 

shown to be elevated in response to short- and long-term anoxia in liver of hatching 

turtles [67]. Similarly, ERK2, another kinase that phosphorylates and activates ETS1 is 

also upregulated in response to early dehydration in liver of Xenopus laevis [68]. 

Therefore, it is possible that an increase in kinase activity in early hours of dehydration is 

responsible for translocating ETS1 to the nucleus.   
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Wood frogs and other hypometabolic species induce the expression of specific 

transcription factors when conditions are optimal, before the full onset of freezing or 

long-term anoxia/rehydration but maintain these factors in their inactive form until they 

are needed. This can be achieved by reversible protein modifications, a regulatory 

mechanism that is widely used in animals that undergo metabolic rate depression, which 

not only regulates enzymatic activities, but also controls subcellular localization of 

proteins [69]. As such, nuclear levels of ETS1, EGR1 and two EGR1 co-repressors were 

analyzed to determine whether this mode of regulation is used by these factors. In 

response to freezing, nuclear levels of ETS1 increased significantly but rebounded to 

control values after thawing (Figure 3.6A). This trend was similar to HMGB1-RAGE 

activation under the same conditions. On the other hand, the levels of EGR1 were 

elevated after both freezing and thawing, whereas levels of NAB1 increased after 

freezing but decreased after thawing. Moreover, levels of NAB2 also increased following 

freezing, but returned to normal after thawing (Figure 3.6A). An increase in nuclear 

ETS1 and EGR1 levels is consistent with RAGE-mediated activation of these two 

transcription factors. Both ETS1 and EGR1 are early response genes and are either 

induced and or transactivated in response to stresses such as hypoxia [24,70]. Not 

surprisingly, amongst many targets, these transcription factors induce the expression of 

numerous genes such as HIF-1, tissue factor, apoptosis markers, and angiogenic markers 

that are crucial for adapting to, or eliminating damage during, early onset of unfavorable 

conditions [24,70,71]. However, their timely activation (or suppression) is crucial for 

launching an appropriate response. For example, hypoxia can stimulate ETS1 expression, 

but it can also enhance ETS1 protein degradation via the ubiquitin proteasome system; 
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and this is necessary for keeping a strict regulation on its transcriptional activity [70]. 

Indeed, EGR1 regulation is likely tightly controlled by its two co-repressors since they 

are both upregulated in wood frog livers following freezing. NAB1 is an active repressor 

that is tethered to the promoter region of certain genes to prevent their transcription [26]; 

however, NAB1 can also physically interact with EGR1 to decrease its transcriptional 

activity [27]. The NAB2 co-repressor also interacts with and inhibits EGR1 transcription, 

and is itself regulated by EGR1 in a negative feedback loop [27]. As such, it is possible 

that having both NAB1 and NAB2 in the nucleus is necessary to regulate the expression 

of certain EGR1 induced genes in a temporal manner without removing EGR1 from the 

nucleus.  

Nuclear localization of ETS1 and EGR1 responded in a similar manner to 

anoxia/reoxygenation and dehydration/rehydration treatments (Figure 3.6B, 3.6C). 

Nuclear accumulation of ETS1 increased in response to anoxia but returned to baseline 

levels after reoxygenation (Figure 3.6B). Interestingly, levels of EGR1 and NAB1 

remained the same, but levels of NAB2 significantly increased in response to both anoxia 

and reoxygenation. This suggests that perhaps at 24-hour anoxia and 4-hour 

reoxygenation, transcriptional activity of EGR1 is interrupted by NAB2, to prevent the 

untimely transcription of downstream targets. In response to dehydration and rehydration, 

nuclear accumulation of ETS1 increased, and while EGR1 showed similar trends, the 

changes were not statistically significant (Figure 3.6C). Interestingly, levels of NAB1 

were decreased in response to dehydration and rehydration, while levels of NAB2 

showed no change in response to dehydration but increasing after rehydration. 

Nonetheless, it is likely that nuclear accumulation of ETS1 and to some degree EGR1 
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could occur to ensure appropriate and time-dependent expression of select downstream 

genes.  

To assess this hypothesis, the DNA binding activity of both EGR1 and ETS1 was 

measured (Figure 3.7). Interestingly, despite an increase in ETS1 nuclear accumulation 

during freezing, the DNA binding activity of ETS1 significantly decreased after freezing 

and thawing (Figure 3.7A). Similar decreases in ETS1 DNA binding were seen in 

response to anoxia/reoxygenation and dehydration (Figure 3.7B, 3.7C). As mentioned 

earlier, the presence of these transcription factors in the nucleus does not necessarily 

suggest of active transcription at that time, specifically. It is possible that the nuclear 

accumulation of ETS1 was required for early hours of freezing, but because it is also 

required for early or late hours of thawing, it remains in the nucleus but in its inactive 

form to provide temporal-dependent gene expression [72]. Different posttranslational 

modifications or regulatory proteins could facilitate this process. Indeed, an early study 

showed that Sp100 physically interacts with ETS1 to enhance its transcriptional activity 

[73]. In addition, alternative calcium-dependent phosphorylation of four serine residues 

in ETS1 inhibit its DNA binding activity significantly [74]. Therefore, with respect to the 

evidence provided, it is possible that despite having ETS1 available in the nucleus, it may 

be present in its inactive form [72]. Comparably, EGR1-mediated gene expressions 

appeared to be regulated by its two co-repressors. While DNA binding levels remained 

unchanged in response to freeze/thaw (Figure 3.7A) and anoxia/reoxygenation (Figure 

3.7B), EGR1 DNA binding levels increased in response to both dehydration and 

rehydration (Figure 3.7C). Though nuclear EGR1 levels increased in the livers of frozen 

and thawed wood frogs, NAB1 and NAB2 also increased, which could potentially 
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prevent EGR1 DNA binding from increasing relative to the control group under the same 

conditions. Similarly, NAB2 levels increased in the nucleus in response to 

anoxia/reoxygenation to levels, which was consistent with unchanging EGR1 DNA 

binding levels following anoxia/reoxygenation. The decrease in levels of NAB1 in 

response to dehydration/rehydration treatments and NAB2 in response to rehydration also 

supports an increase in the DNA binding activity of EGR1 under the same conditions 

(Figure 3.6C). Therefore, EGR1, like ETS1 appears to be regulated by factors present in 

the nucleus to provide time-dependent gene expression activities.  

The complex nature of angiogenesis requires highly regulated transcriptional 

responses that must occur in a spatial and a temporal manner for successful vessel 

formation [75]. Angiogenesis relies on signal integration from different growth factors, 

receptors, and adhesion molecules among other pathways. In sprouting angiogenesis, new 

blood vessels are formed from parent vessels in multiple steps including the proteolytic 

degradation of the basement membrane of capillaries, proliferation of ECs and their 

migration, EC tubulogenesis, fusion of the vessels and their pruning, and finally 

stabilization of the vascular pericytes [76]. While many transcription factors are involved, 

ETS1 and EGR1 have been reported to induce the transcription of several pro-angiogenic 

genes and are involved in wound healing and tissue repair [29–31,77–79]. The first 

evidence of potential angiogenic responses in wood frogs came from a study that reported 

an increase in fibrinogen levels in liver following early hours of freezing, dehydration, 

rehydration, but not in response to anoxia, possibly to facilitate wound healing [80]. 

Fibrinogen is cleaved into fibrin, and this is necessary for allowing EC spreading and 

angiogenesis. VEGF, a necessary proangiogenic protein, binds at saturating levels to both 
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fibrinogen and fibrin clots to provide directionality to the site of angiogenesis [81]. 

Moreover, FGF2, another secreted protein involved in promoting endothelial cell 

proliferation has also been shown to bind to both fibrinogen and fibrin [81]. In fact, the 

presence of both VEGF and FGF2 function synergistically to promote angiogenesis and 

their attachment to fibrinogen or fibrin provides the localization and the spatial 

orientation information needed for maximum angiogenic responses under many 

conditions including wound healing [81,82]. Other studies report that the promoter region 

of VEGF contains an ETS1 binding site, whereas FGF2 expression is regulated by EGR1 

[31,77]. Given our previous conclusions that ETS1 and EGR1 may be temporally 

regulated in response to stress in wood frogs, it is possible that their temporal regulation 

is involved in a timely expression of both VEGF and FGF2. 

While levels of VEGF did not change in response to freezing or thawing, levels of 

FGF2 decreased in response to freezing but increased drastically after thawing (Figure 

3.8). Since EGR1’s DNA binding activity was not affected by the same treatment (Figure 

3.7A), it is possible that alternative inhibitory mechanisms are involved to prevent FGF2 

transcription. Indeed, while the synergistic effects of VEGF and FGF2 are needed for 

enhanced angiogenesis, each factor can also induce this process on their own [81,82]. 

Interestingly, the angiogenic response of wood frog livers to anoxia and reoxygenation 

was opposite of the response to freezing and thawing, where the levels of VEGF 

decreased significantly under both conditions and the levels of FGF2 remained consistent 

(Figure 3.9). Decreased VEGF levels correlate with decreased ETS1 DNA binding after 

anoxia and reoxygenation (Figure 3.7B). Therefore, it is likely that ETS1 is involved in 

regulating this process at that time point. While FGF2 levels remained the same in 
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response to dehydration and rehydration treatments, VEGF levels only decreased in 

response to rehydration (Figure 3.10). The inconsistency between the DNA binding 

levels of ETS1 and EGR1, and protein levels of VEGF and FGF2 could be due to their 

temporal regulation at different durations of stress. Indeed, many of the changes required 

at the full onset of stress, are done either early on following exposure or are induced at 

later hours of recovery when energy levels are high. Alternatively, although these 

proteins are differentially regulated in response to each stress, their levels are not entirely 

depleted, and may still perform angiogenic activities albeit at lower capacity. It is 

possible that the expression of VEGF and FGF2 occur at either early hours of freezing, 

dehydration or anoxia to expand the vascular before delivering cryoprotective glucose to 

different organs, or later during the recovery stage in case of wound healing and dealing 

with injuries.   

ANGPT1 and ANGPT2 are two other factors associated with angiogenesis 

[83,84]. These two secreted glycoproteins are ligands to Tie1 and Tie2, two receptor 

tyrosine kinases that are expressed mainly in the vascular endothelium [84,85]. ANGPT1 

was shown to promote vascular remodeling, vascular enlargement, and stimulate EC 

migration, proliferation and eventual differentiation [84]. Moreover, ANGPT1 decreases 

the permeability of EC and stabilizes the newly formed vasculature by recruiting 

pericytes and smooth muscle cells to the newly formed blood vessel [86]. ANGPT2 is an 

antagonist to ANGPT1 that promotes vascular destabilization, enhances sprouting and 

branching in response to VEGF, and disrupts pericyte recruitment [87]. As such, 

ANGPT2-induced destabilization of the vasculature promotes angiogenesis in response to 

VEGF, but in the absence of VEGF, ANGPT2 causes vessel regression [85,88]. Their 
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activities must be carefully regulated to ensure appropriate angiogenesis, as one promotes 

the onset of the process while the other stabilizes the newly formed vessels.  

Interestingly, ANGPT1 expression has been shown to enhance the expression and 

activation of EGR1, which in turn induced pro-angiogenic factors such as FGF2, 

interleukin 8, VEGFR1 and the platelet derived growth factor B [30]. In addition, EGR1 

was also shown to promote the expression of several matrix metalloproteinases, which 

are necessary for angiogenesis [46]. ETS1 was shown to bind to the promoter region of 

ANGPT2, and induce its expression [83]. Moreover, other members of the ETS 

transcription family were shown to regulate the expression of both Tie1 and Tie2 during 

angiogenesis [29]. The results of this study show that freezing increased ANGPT1 levels, 

whereas both freezing and thawing increased ANGPT2 levels (Figure 3.8). Tie1 and 

VEGFR1 levels only increased in response to thawing, whereas Tie2 levels increased 

under both treatment conditions (Figure 3.8). The presence of both ANGPT1 and 

ANGPT2 and their receptors presents a tug-of-war scenario between promoting 

angiogenesis and restricting it. Indeed, ANGPT2 can only promote angiogenesis in 

presence of VEGF [85,88]. Moreover, while VEGF binds to VEGFR1 with higher 

affinity, the kinase activity of this receptor is relatively weaker than that of VEGF-

VEGFR2 [89]. Given the high affinity of VEGF for VEGFR1, VEGFR1 can act as a 

suppressor of angiogenesis by sequestering the available VEGF in a spatial manner until 

its needed [89,90]. Therefore, even though VEGF levels did not change in response to 

treatment, it is possible that the basal amount present is necessary to promote low levels 

of angiogenic responses to fulfill wood frog requirement for blood vessel formation or 
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wound healing when needed and that VEGFR1 provides the required VEGF 

sequestration. 

 In response to dehydration and rehydration, levels of ANGPT1, ANGPT2, Tie1 

and Tie2 increased under both conditions. Like freezing, the presence of both 

proangiogenic and antiangiogenic factors provides the cell with a choice of inducing or 

repressing angiogenesis whenever needed in response to dehydration/rehydration 

treatments. Indeed, formation of ice crystals during freezing and significant reduction in 

cell volume during dehydration could result in capillary damage or tissue injury; 

therefore, having proangiogenic factors at hand could result in new vessel formation or 

capillary and tissue repair when needed. Responses to anoxia/reoxygenation treatments 

were somewhat different. While ANGPT1 and VEGFR1 levels remain the same in 

response to anoxia and reoxygenation (Figure 3.9), levels of ANGPT2 show a decrease in 

response to reoxygenation, whereas levels of Tie1 and Tie2 increase in response to both 

conditions (Figure 3.9). These results suggest that perhaps angiogenesis or tissue repair is 

occurring at minimal level in response to anoxia and reoxygenation. This is because 

despite not having an increase in growth factors (VEGF, FGF2, ANGPT2), levels of Tie 

1 and Tie2 increased; suggesting that perhaps the low levels of secreted growth factors 

available is binding to and activating downstream angiogenic signals. While plausible, 

further investigation is warranted.  

VE-cad is an adhesion molecule specific to EC and interacts homophilically with 

neighboring cells to provide strength and stability to the endothelium. Binding of VEGF 

to VEGFR2 activates its tyrosine kinase domain, and through a sequence of events, 

results in the phosphorylation of VE-cad [91]. This phosphorylation event results in 
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internalization of VE-cad and the destabilization of the endothelium [92]. As such, levels 

of VE-cad are reduced in response to angiogenesis to destabilize the endothelium for 

subsequent growth. The proximal promoter region of VE-cad harbors an ETS-binding 

site, and a previous study showed that ETS1 carries the transactivation of this promoter 

[93]. Results in this study show that total protein levels of VE-cad increased in response 

to freezing, thawing (Figure 3.8), and dehydration (Figure 3.10), but was reduced in 

response to reoxygenation (Figure 3.9). The increase in VE-cad correlates with the 

increase in ETS1 nuclear localization seen in this study in response to freeze/thaw and 

dehydration/rehydration, but not with ETS1 DNA binding activity. Oppositely, the 

reduction in DNA binding activity of ETS in response to reoxygenation correlates with 

protein levels of VE-cad. The discrepancy between the binding can be explained by two 

reasons. First, as mentioned earlier, angiogenesis is a complex process that occurs in a 

spatiotemporal manner with multiple activators and repressors at play [75]. Angiogenic 

responses in wood frogs might occur in response to early periods of freezing or 

dehydration to facilitate the distribution of cryoprotective glucose to different organs and 

upon respective recoveries to heal injured tissue or capillaries. As such it is possible that 

ETS1 activation in the early hours of freezing resulted in the induction of VE-cad and 

other angiogenic factors in anticipation and preparation for future events but is 

interrupted once enough factors are transcribed. With respect to reoxygenation, a 

decrease in both VE-cad could indicate pro-angiogenic responses, but that this response 

might occur at basal level depending on the availability of other growth factors. A second 

reason for the discrepancy between ETS1 binding and downstream targets could be 

regulated by posttranslational modifications and changes in subcellular localization. For 
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example, given the limited energy available, it is possible that the low levels of pro-

angiogenic factors available are post-translationally modified to maintain their activity at 

desired level. Indeed, VE-cad molecules are destabilized in response to phosphorylation 

in response to VEGFR2 [91]. Given that VEGFR2 proteins were below the detection 

limit in this study, it is possible that absence of this phosphorylation event is another 

mechanism to keep angiogenic activities at low level. In fact, high levels of VE-cad in 

response to freezing and anoxia together with absence of VEGFR2 is suggestive of a 

highly stable endothelium, and attenuated angiogenesis.  

In conclusion, this study has demonstrated to that the HMGB1/AGE/RAGE axis 

might be involved in regulating angiogenesis by inducing or transactivating ETS1 and 

EGR1, two transcription factors that are involved in angiogenesis. Current results also 

show that both ETS1 and EGR1 appear to be induced in early hours of treatment 

(especially in response to freezing and dehydration) to upregulate pro- and anti- 

angiogenic factors in preparation for potential vessel expansion or wound healing.  The 

presence of both activators and repressors of angiogenesis enable the cell to suppress 

angiogenic responses when they are not required, but to induce this process when needed. 
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Figures 

 

Figure 3.1: Schematic diagram of HMGB1/AGE/RAGE-induced transcriptional 

responses leading to angiogenic gene transcription. Upon binding of AGEs or HMGB1 to 

the extracellular domain of RAGE, the cytoplasmic domain of this receptor interacts with 

and activates mDia1, which then promotes the translocation of PKCβII to the cell 

membrane. This translocation allows the phosphorylation of JNK and subsequently 

ERK1/2, leading to the phosphorylation and activation of the transcription factors ETS1 

and ELK-1. ELK-1 transcribed another transcription factor called EGR1, and upon its 

translation, EGR1 returns to the nucleus and together with ETS1 promote the expression 

of a gene network that regulates angiogenesis. Illustration was created by BioRender 

(https://biorender.com/). 
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Figure 3.2: Relative protein expression of HMGB1, Ac-HMGB1 (K29) and RAGE 

measured in liver using immunoblotting. Measurements were done on liver from wood 

frogs exposed to A) freeze/thaw, B) anoxia/reoxygenation, and C) 

dehydration/rehydration treatments. Histogram represents mean ± SEM of n=4 

independent biological replicates. Significance from the control (P<0.05) is denote by (*) 

as calculated using a One-Way ANOVA with a Dunnett post-hoc test. 
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Figure 3.3: Levels of AGE-adducts present in livers measured using the OxiSelect™ 

Advanced Glycation End Product (AGE) Competitive ELISA Kit. Measurements were 

done using liver from wood frogs exposed to A) freeze/thaw, B) anoxia/reoxygenation, 

C) dehydration/rehydration treatments. For more information, please see Figure 3.2. 
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Figure 3.4: Relative transcript levels of ets1 in liver measured by RT-qPCR. 

Measurements were done in liver of wood frogs expose to A) freeze/thaw, B) 

anoxia/reoxygenation, C) dehydration/rehydration treatments. For more information, 

please see Figure 3.2. 
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Figure 3.5: Total protein levels of ETS1 and EGR1 in liver measured using 

immunoblotting. Measurements were done using liver of wood frogs expose to A) 

freeze/thaw, B) anoxia/reoxygenation, C) dehydration/rehydration treatments. For more 

information, please see Figure 3.2. 
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Figure 3.6: Nuclear localization levels of ETS1, EGR1 and two of EGR1 co-repressors 

NAB1 and NAB2 in liver measured using immunoblotting. Measurements were done in 

liver of wood frogs exposed to A) freeze/thaw, B) anoxia/reoxygenation, C) 

dehydration/rehydration treatments. For more information, please see Figure 3.2. 
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Figure 3.7: Relative DNA binding activity of ETS1 and EGR1 to their consensus 

sequence in liver measured by DPI-ELISA. Measurements were done using liver of wood 

frogs expose to A) freeze/thaw, B) anoxia/reoxygenation, C) dehydration/rehydration 

treatments. For more information, please see Figure 3.2. 

  



174 
 

 

Figure 3.8: Relative protein levels of angiogenic factors in liver from wood frogs 

exposed to freeze/thaw treatments measured by immunoblotting. For more information, 

please see Figure 3.2. 
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Figure 3.9: Relative protein levels of angiogenic factors in liver of wood frogs exposed 

to anoxia/reoxygenation treatments measured by immunoblotting. For more information, 

please see Figure 3.2. 
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Figure 3.10: Relative protein levels of angiogenic factors in liver of wood frogs expose 

to dehydration/rehydration treatments measured by immunoblotting. For more 

information, please see Figure 3.2. 
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4.1 Abstract 

 

The wood frog (Rana sylvatica) can tolerate full body freezing in winter. As a 

protective response, wood frogs dehydrate their cells and accumulate large quantities of 

glucose as an intracellular cryoprotectant. Freezing causes ischemia since blood delivery 

to organs is interrupted. Fascinatingly, wood frogs can tolerate dehydration, extreme 

hyperglycemia, and anoxia independently of freezing. In response to low oxygen levels, 

wood frogs strategically reduce their metabolic rates and allocate the finite amount of 

intracellular fuel available to pro-survival processes while reducing or interrupting all 

others. In this study, the involvement of advanced glycation end products (AGEs) and the 

high mobility group box 1 (HMGB1) protein in activating RAGE (AGE receptor) were 

investigated. The results show that freezing, anoxia and dehydration induced the 

expression of total HMGB1 and its acetylation in the heart. RAGE levels were induced in 

response to all stress conditions, which resulted in differential regulation of the ETS1 

transcription factor. While the nuclear localization of total ETS1 was not affected, the 

DNA binding activity of total and its active form increased in response to freezing and 

dehydration but not in response to anoxia. Current results indicate that ETS1 acts as a 

transcriptional activator for peroxiredoxin 1 in response to freezing but acts as a 

transcriptional repressor of several nuclear-encoded mitochondrial genes in response to 

all stresses. Altogether, current results show that the HMGB1/RAGE axis may activate 

ETS1 in a stress-dependent manner and that activation could result in both transcriptional 

activation and/or repression in a stress-dependent manner.  
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4.2 Introduction 

Animals in the wild are faced with various unfavorable environmental conditions 

(e,g, cold temperatures, food scarcity, limited oxygen availability, droughts) that they 

must overcome in order to survive. The freeze-tolerant wood frog (Rana sylvatica), is one 

such animals that deals with cold temperatures by using a freeze-tolerant strategy [1]. 

These incredible animals can endure the freezing of up to 65-70% of their body water, 

and spend weeks in a state of suspended animation characterized by the cessation of 

heartbeat, breathing, muscle movement or brain conductivity, but resume normal 

functions once thawed [1]. The onset of freezing in wood frogs triggers the conversion of 

liver glycogen to glucose, and the distribution of huge quantities of this sugar to all 

organs in the body to be used as a cryoprotective agent [2]. In fact, blood glucose levels 

can rise from 5 mM under normal conditions to ~200-300 mM during freezing, leaving 

wood frog organs in a state of extreme hyperglycemia [2]. Another cryoprotective 

measure used by wood frogs is their ability to endure cellular dehydration. As ice crystals 

start growing in extracellular spaces, water is drawn out of cells due to the rising 

osmolality of extracellular fluids leading to a drastic decrease in cell volume that is partly 

mitigated by the production and/or uptake of glucose as a counteracting osmolyte [3]. 

Secession of cardiac activity and the freezing of blood plasma ultimately halts oxygen 

delivery to organs, thereby leaving them in an anoxic state and necessitating a shift from 

aerobic to anaerobic metabolism for ATP production [4]. Given that the amount of 

energy generated anaerobically is far less than the amount generated under aerobic 

conditions, wood frogs also use metabolic rate depression (MRD) to minimize ATP and 

fuel consumption over what can be many weeks or months in the frozen state during the 

winter [1]. MRD is a finely tuned and a highly complex phenomenon where most energy 
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expensive (e.g. the cell cycle) or detrimental processes (e.g. apoptosis) are suppressed, 

whereas pro-survival processes such as the cytoprotective and antioxidant responses are 

enhanced [5–7] (Figure 1).  

Interestingly, wood frogs can tolerate hyperglycemia, dehydration, and anoxia 

independently of freezing, and thus they provide a unique model for deciphering the 

mechanisms of freeze tolerance in vertebrates. The accumulation of extreme amounts of 

glucose as a cryoprotective agent, occurring especially in response to freezing and 

dehydration (and to a lesser degree under anoxia) could result in glucose-induced 

cytotoxicity and damage to proteins. Indeed, high levels of glucose can result in non-

enzymatic glycation of macromolecules where glucose moieties are covalently attached 

to the free amino groups of N-terminal amino acids, arginine or lysine residues in a non-

enzymatic manner. Upon further processing these molecules are converted into highly 

stable advanced glycation end products (AGEs) [8]. AGEs can interact with various 

amino acid residues within a protein to generate protein crosslinks or AGE-protein 

adducts [8]. Generation of AGEs is a slow process and can take from months to years to 

accumulate and therefore most proteins that are affected by AGEs are long-lived proteins 

such as collagen. However, conditions that favor hyperglycemia or oxidative stress can 

reduce the time of AGE formation to a few hours, thereby also affecting the glycation of 

short-lived macromolecules [9]. 

High levels of glucose during freezing in wood frogs did not cause a change in 

glycated serum albumin levels; however, levels had increased 7 hours post thaw [10]. 

The same study also reported that levels of glycated hemoglobin decreased in response to 

freezing and remained low after 7 days of thawing. Interestingly, in vitro treatment of 
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whole blood from wood frogs, leopard frogs and rats with 0.4 M glucose resulted in an 

increase in glycated hemoglobin levels in all species, albeit levels in leopard frogs and 

wood frogs were higher than in the rat [10]. Altogether, these results suggest that perhaps 

wood frogs have a unique in vivo mechanism that prevents or reduces protein glycation in 

response to freezing. AGE-adducts and other secreted molecules can initiate cascades of 

events after binding to the receptor for AGE (RAGE) [11]. Another ligand recognized by 

RAGE is the high mobility group box 1 (HMGB1) protein [12]. Under normal 

conditions, this non-histone DNA binding protein binds chromatin structures to maintain 

their integrity; however, in response to oxidative stress, HMGB1 becomes acetylated and 

is exported to the cytoplasm and the plasma membrane [13].  Indeed, HMGB1 is 

engulfed in secretory vesicles and is exported into the extracellular space where it can 

bind to RAGE and other cell surface receptors such as toll-like-receptors to induce a 

cascade of events [14,15]. Previous cDNA array screening by our group demonstrated 

that levels of RAGE are significantly upregulated in response to freezing in wood frog 

heart [16]. Therefore, we investigated whether exposure to freezing, anoxia and 

dehydration increases RAGE ligands and if so, can RAGE increase transcriptional 

responses to promote adaptation under these conditions.  

Binding of ligands to RAGE on the surface of the cell triggers the recruitment and 

association of diaphanous-1 (mDia-1) with the cytoplasmic domain of RAGE [17]. mDia-

1 was shown to be necessary for the activation of protein kinase CβII (PKCβII), its 

membrane association and subsequent activation of JNK and ERK1/2 kinases under 

hypoxic conditions [17,18]. Activated ERK1/2 can then phosphorylate the E26 

transformation-specific sequence 1 (ETS1) transcription factor that results in its nuclear 
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translocation from the cytoplasm [19]. ETS1 regulates numerous genes involved in 

angiogenesis, proliferation, autophagy, apoptosis, antioxidant defense, and energy 

metabolism, to name a few [20–24]. The ETS family of transcription factors has also 

been reported to act as transcriptional repressors [25]. Indeed, ETS1 overexpression in 

goldfish (a highly anoxia tolerant species) was shown to suppress the transcription of 

nicotinic acetylcholine receptor epsilon-subunit in muscle cells [26]. Moreover, 

overexpression of ETS1 was also shown to coincide with reduction in the expression 

level of several proteins involved in the electron transport chain including, but not limited 

to, NADH dehydrogenase (ubiquinone 1) α/β subcomplex 1 (NDUFAB1), cytochrome c1 

(CYC1), and ATP synthase H+ transporting mitochondrial F1 complex,α subunit 1 

cardiac muscle (ATP5A1) [23,24]. All three proteins play a significant role in promoting 

mitochondrial bioenergetics and dysregulation of their expression could manifest in 

mitochondrial stress in mammalian cells [27–29]. Aside from mitochondrial 

bioenergetics, ETS1 is also involved in regulating the expression of a network of genes 

involved in glucose uptake and metabolism [23,24]. For example, overexpression of 

ETS1 was shown to reduce the expression of citrate synthase (CS), an important enzyme 

that initiates the tricarboxylic acid cycle (TCA) [23,24]. By contrast, ETS1 was also 

shown to promote the expression of glucose transporter 1 (GLUT1) [30]. This transporter 

localizes on the plasma membrane, is ubiquitous in most tissues including the heart, and 

is responsible for basal glucose uptake by cardiac cells [31].  

The present study examines the involvement of AGE and HMGB1 in regulating 

the activity of the ETS1 transcription factor in wood frogs dealing with environmental 

stress (freezing, anoxia, dehydration). Current results demonstrate that the 
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HMGB1/RAGE axis leads to the differential regulation of ETS1 in a stress-dependent 

manner. Furthermore, the DNA binding activity of active ETS1 can lead to 

transcriptional activation of PRX1 in response to freezing, but potentially inhibit PRX5 in 

response to dehydration and AOX1 in response to freezing and dehydration in the heart. 

Moreover, selected downstream targets encoding components of nuclear-encoded 

mitochondrial proteins, glucose uptake and metabolism appear to be negatively impacted 

by an increase in DNA binding by active ETS1.  

4.3 Materials and methods 

Animal treatment 

Adult male wood frogs were captured from breeding ponds in the Ottawa area in 

early spring and transported to Carleton University. All animal experiments were 

performed as previously described [32,33]. Following treatment, all animals were 

euthanized by pithing and tissues were quickly collected and flash frozen in liquid 

nitrogen followed by long term storage at -80℃. All animal treatment protocols were 

previously approved by the Carleton University Animal Care Committee (protocol # 

106935) and followed guidelines set by the Canadian Council on Animal Care.  

Total protein extraction  

Total protein extraction was performed as previously published [34]. The 

supernatant containing the soluble protein fraction was collected and protein 

concentration was measured using the Bradford method (Bio-Rad, catalogue no. 500-

0006). All samples were standardized to a constant concentration and frozen for long 

term storage at -80 ℃.  

Cytoplasmic-nuclear fractionation 
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For transcription factors to be transcriptionally active, they must localize to the 

nucleus. As such, nuclear localization of ETS1 was assessed by first isolating 

cytoplasmic versus nuclear fractions. Briefly, ~50 mg of frozen heart tissue was 

homogenized 1:5 (w:v) in 1x buffer A (10 mM HEPES pH 7.9, 10 mM KCl, 10 mM 

EDTA, and 20 mM β-glycerol phosphate, with 10 µL of 100 mM DTT and 10 µL of 

protease inhibitor cocktail added per mL of buffer) using a manual Dounce homogenizer 

with 5-6 strokes. All homogenates were incubated on ice for ~25 min to maximize 

extraction before being centrifuged at 12,000 rpm for15 min at 4℃. Following 

centrifugation, the soluble fraction was collected and stored in at -80℃ as the 

cytoplasmic fraction. The pellet was resuspended in ~250 µL of buffer B (100 mM 

HEPES pH 7.9, 2 M NaCl, 5 mM EDTA; 50% v:v glycerol and 100 mM β-glycerol 

phosphate with 10 µL of 100 mM DTT and 10 µL of protease inhibitor added per mL of 

buffer followed by sonication for ~10 sec before incubation on ice for 10 min. Pellet 

homogenates were then centrifuged at 14,000 rpm at 4℃ for 10 min. The supernatant 

containing the nuclear fraction was collected and stored at -80℃. To ensure successful 

fractionation, all fractions were subjected to western blot analysis. Both nuclear and 

cytoplasmic fractions were probed with antibodies to a nuclear only (histone H3) or 

cytoplasm only (β-tubulin) protein to ensure the enrichment of each marker in its 

respective fraction.  

Western blotting 

Protein concentrations of total protein extracts and cytoplasmic/nuclear fractions 

were measured using the Bradford method and standardized to a constant concentration. 

Samples were treated and  used for western blot analysis as previously described [35]. 
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The following antibodies were used: HMGB1(PCRP-HMGB1-3A7, University of Iowa 

hybridoma bank), Ac-HMGB1 K29 (A16002, Abclonal), RAGE (GTX23611, GeneTex), 

PKCIIβ S660 (9371, Cell Signaling), AOX1 (A3586, Abclonal), CYC1 (A10449, 

Abclonal), p-ETS1 T38 (E-Ab-21277, eLabScience), GLUT1 (A6982, Abclonal), PRX1 

(A16412, Abclonal), PRX 5 (A1269, Abclonal), ERK2 (Sc-1647, SantaCruz), ATP5A1 

(A5884, Abclonal), NDUFAB1 (A14657, Abclonal), CS (110624, GeneTex). 

Advanced glycation end-product (AGE) measurement 

Total levels of AGE-adducts formed under each condition was measured using a 

commercially available kit (OxiSelect TM Advanced Glycation End Product Competitive 

ELISA Kit, Cell BioLabs, catalogue no. STA-817) following a protocol provided by the 

manufacturer. AGE-conjugate (10 µg/mL) and conjugate diluent both provided by the kit 

were diluted to 1X with PBS and mixed in a 1:1 v:v ratio. A 100 µL volume of the 

mixture was added to each well of the microplate and incubated overnight at 4℃. Excess 

solution was discarded, and wells were washed with 100 µL of PBS twice. A 200 µL 

volume of assay diluent was added to each well to block unreactive sites, and the plate 

was incubated for 1 h at room temperature. Following blocking, excess assay diluent was 

removed, and 50 µL of either heart extracts (40 µg) or AGE-BSA standard was added to 

each well in duplicate. The concentration of total protein homogenates was again 

measured using the Bradford method and the concentration was standardized using 

phosphate buffered saline (137 mM NaCl, 10 mM Na2HPO4, 2.7 mM KCl, and 2 mM 

KH2PO4, pH 7.4) containing 0.1% BSA. The plate was incubated at room temperature for 

10 minutes with gentle shaking. Following incubation, 50 µL of anti-AGE antibody was 

added to each well and the plate was incubated for another hour at room temperature with 
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gentle agitation. Subsequently, excess solution was removed, wells were washed 3x with 

250 µL wash buffer and 100 µL of secondary antibody conjugated to HRP was added to 

each well. The plate was incubated for 1 h at room temperature with gentle agitation 

before discarding excess secondary antibody. All wells were washed three times and 

incubated with a volume of 100 µL of substrate solution for 10 min with gentle agitation 

at room temperature. Once the desired color intensity was reached, the reaction was 

terminated by adding 100 µL of stop solution to each well. The plate was read at 450 nm, 

and the amount of AGE-adducts in the sample was calculated using the standard curve 

generated. 

DNA-protein interaction enzyme linked immunosorbent assay (DPI-ELISA) 

The DNA binding activity of total ETS1 and p-ETS1 T38 (one of the active forms 

of ETS1) to the ETS consensus sequence was measured using a DPI-ELISA as 

previously explained [35]. DNA oligonucleotides containing the ETS1 consensus 

sequence (forward, 5'-Biotin-GATCTCGAGCAGGAAGTTCGA-3', complementary 3'-

CTAGAGCTCGTCCTTCAAGCT-5') were generated by Integrated DNA Technologies 

(Coralville, IA, USA). Primary antibodies (anti-ETS1 and anti-p-ETS1 T38) were diluted 

to 1:1000 and secondary antibody (anti-rabbit HRP)  was diluted to 1:2000, both in PBST 

(PBS containing 0.05% Tween-20). The specificity of the probe for the ETS1 

transcription factor was previously tested by performing the same assay in wells lacking 

either the probe, primary antibody, or the protein. Using a dilution curve of pooled heart 

samples, it was determined that the optimum concentration to be used in the assay is 25 

µg of protein per well.   

Comparison of the 3-dimentional structure of ETS1 
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Many studies referenced here rely on findings in mammals, and non-amphibian 

models. Therefore, to ensure structural similarities between amphibian and mammalian 

ETS1, the protein sequence of Xenopus tropicalis (NP_001123840_1) and Human 

(P14921.1) was used to predict the 3-dimentional structure of this protein using the 

Protein Homology/Analogy Recognition Engine V2.0 (Pyre2) 

(http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index). The generated files were 

then analyzed using the PyMOL Molecular Graphics System, Version 2.0 Schrödinger, 

LLC. 

Quantification and statistics 

Band intensities on membranes corresponding to the enhanced chemiluminescent 

signal and the corresponding Coomassie-blue stained membrane were quantified using 

GeneTools (Syngene, Frederick, MD, USA). Band intensities of enhanced 

chemiluminescence signals were standardized against the intensity a group of proteins in 

each lane that showed stable expression across all lanes; this was used to account for any 

loading variations that may have occurred. This method was shown to be more accurate 

than using a single housekeeping protein [36]. Changes in protein expression or 

localization were reported as fold-change relative to the control, which was set to 1. For 

DPI-ELISA and AGE-adduct measurement, relative intensities of microplate well were 

measured at 450 nm, with a reference wavelength of 655. The relative DNA binding 

activity of total ETS1 and p-ETS1 T38 under different conditions was reported with 

respect to the control group which was set to 1. The amounts of AGE-adducts in hearts 

under each condition were calculated by converting the absorbance values into 

concentrations using an AGE-BSA standard curve. All histograms are presented as mean 

http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index
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relative protein expression, protein localization or DNA binding activity ± SEM for n=4 

independent biological replicates. Statistical testing used a One-Way ANOVA with a 

Dunnett’s post-hoc test. Significant difference from control was accepted if P<0.05. The 

SigmaPlot software (SYSTAT, San Jose, CA, US) was used for statistical analysis and 

graphical presentation [37]. 

4.4 Results  

Expression levels of AGE-adducts and protein levels of RAGE and its ligands and 

downstream factors 

Levels of AGE-adducts in hearts decreased down to 3.05 ± 0.3 µg/mL in response 

to 24 h of freezing at -2.5°C, a significant reduction from the 4.5 ± 0.3 µg/mL for heart 

from 5°C acclimated controls (Figure 2). However, despite showing a decreasing trend, 

there was no significant change in AGE-adduct levels in response to anoxia or 

dehydration. Relative total and post-translationally modified levels of different proteins 

were measured using western blotting. Levels of total HMGB1 (T-HMGB1) increased by 

2.7 ± 0.24-fold, 2.7 ± 0.07-fold, and 2.2 ± 0.21-fold following freezing, anoxia and 

dehydration treatments (Figure 3). Levels of acetylated HMGB1 (Ac-HMGB1 K29) also 

increased in response to all treatments with levels rising by 4.8 ± 0.34-fold, 4.7 ± 0.30-

fold, and 2.0 ± 0.17-fold in response to freezing, anoxia and dehydration, respectively. 

Total protein levels of RAGE, the receptor that binds AGEs and HMGB1 also increased 

under all conditions. RAGE levels increased by 1.7 ± 0.12-fold following freezing, by 1.9 

± 0.08-fold following anoxia and by 2.6 ± 0.23-fold following dehydration exposure. The 

phosphorylated form of PKCIIβ (S660) did not show a statistically significant change in 

response to freezing or anoxia, but levels increased by 2.2 ± 0.38-fold in response to 
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dehydration. Total levels of ERK2 remained the same in response to freezing, decreased 

by 33 ± 7% in response to anoxia, and increased by 1.8 ± 0.23-fold following dehydration 

treatment. The total protein levels of ETS1 did not change in response freezing or anoxia 

but decreased by 22 ± 6% after dehydration. The phosphorylated form of p-ETS1 (T38) 

also showed no change in response to freezing or anoxia but showed a significant 

increase by 2.8 ± 0.57-fold in response to dehydration.  

Nuclear localization of ETS1 and DNA binding activity of ETS1  

Levels of nuclear ETS1 did not change significantly in response to freezing, 

anoxia or dehydration (Figure 4). The DNA binding levels of total ETS1 and p-ETS1 

(T38) showed similar trends. For total ETS1, the DNA binding activity increased by 1.57 

± 0.12-fold and by 1.44 ± 0.085-fold in response to freezing and dehydration 

respectively, but no changes was observed in response to anoxia treatment (Figure 5). 

The binding of p-ETS1 (T38) also increased by 2.2 ± 0.26-fold and 2.1± 0.19-fold in 

response to freezing and dehydration, respectively, while showing no significant change 

in response to anoxia exposure (Figure 5). 

Comparison of ETS-1 structure  

The primary sequences of ETS-1 from Xenopus tropicalis and humans were 

highly similar to each other. Therefore, we predicted that the 3-dimentional structures 

will also share high degree of similarity. Indeed, the predicted structure for Xenopus 

tropicalis (Figure 6A) and humans (Figure 6B) showed high degree of similarity when 

superimposed (Figure 6C), indicating that perhaps the two proteins will act similarly 

when bound to DNA (Figure 6D).  

Relative expression of downstream targets 
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 To assess whether ETS1 is acting as a transcriptional activator or a 

transcriptional repressor, a list of targets containing the ETS1 binding domain within 

their promotor were curated using the ENCOCDE Transcription Factor Targets from 

Harmonizome (http://amp.pharm.mssm.edu/Harmonizome/). These targets were found to 

be regulated by ETS1 in multiple studies in both tissues and different cell lines. The first 

set of targets measured were the AOX1, PRX1 and PRX5 enzymes involved in ROS 

metabolism. Levels of AOX1 decreased in response to freezing (by 40 ± 11%) and 

dehydration (by 34 ± 7.7%) but remained unchanged after anoxia exposure (Figure 7). 

Levels of PRX1 increased by 1.9 ± 0.23-fold in response to freezing but showed no 

change in response to anoxia or dehydration treatments. Levels of PRX5 showed a 

decreasing trend in response to freezing and anoxia treatment but changes were not 

statistically significant; however, protein levels of PRX5 decreased by 54 ± 3% in 

response to dehydration. 

Levels of three proteins involved in the mitochondrial electron transport chain 

were also measured. Protein levels of ATP5A1 showed no change in response to 

freezing, anoxia or dehydration, whereas levels of NDUFAB1 decreased under all 

conditions (Figure 7). Protein levels of NDUFAB1 decreased by 70 ± 3% in response to 

freezing, by 66 ± 9% in response to anoxia, and by 72 ± 4% in response to dehydration. 

Levels of CYC1 also decreased by 38 ± 1.9% in response to freezing, showed no change 

in response to anoxia, but decreased by 40 ± 7% in response to dehydration.  

Levels of CS and GLUT1, two targets involved in glycolysis and glucose 

transport, respectively, were also measured. CS did not change in response to freezing or 

anoxia but showed a 53 ± 7.4% decrease in response to dehydration (Figure 7). Levels of 

http://amp.pharm.mssm.edu/Harmonizome/
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GLUT1 also decreased by 45± 5.4% following freezing, by 65 ± 7.2% in response to 

anoxia and by 57 ± 19% in response to dehydration.  

4.5 Discussion 

Wood frogs are fascinating models for studying extreme stress tolerance in 

vertebrate species for they can independently tolerate anoxia, major dehydration and 

hyperglycemia, and in combination, have developed one of the most amazing vertebrate 

survival mechanisms – freeze tolerance [1]. High rates of glycogenolysis and glucose 

output from liver are detectable in wood frogs < 2 min after the freezing exotherm is 

recorded, and concurrently, heart rate doubles to 8 beats/min as early as 1 minute post-

nucleation to facilitate glucose distribution as a cryoprotectant from the liver to all organs  

[38–40]. Elevated cardiac function persists for about ~1 hour post-nucleation and halts 

within ~20 h as body ice content reaches its maximum [40]. Resumption of cardiac 

activity in early hours of thawing restores blood flow to other organs, and this is 

important for the wood frog’s recovery because it has been hypothesized that resumption 

of tissue perfusion and the rise in energy demand by warming organs could potentially be 

the switch needed to change from anaerobic to aerobic metabolism [40]. Dehydration 

also  elicits a hyperglycemic response where glucose levels increase to 1092, 1409 and 

1263 nmol/mg of protein in brain, heart and liver of wood frog, respectively [3]. 

However, unlike freezing and dehydration, exposure to anoxia did not appear to initiate a 

hyperglycemic response in wood frogs probably due to the absence of mechanical stress 

on the cellular architecture [41].  

Hyperglycemia and oxidative stress can result in drastic physiological and 

biochemical changes that lead to various outcomes in the cell. One of these is AGE 
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formation that, under normal conditions, is a slow process and takes a significant amount 

of time (months up to years) before AGE accumulation results in irreversible damage. 

However, under conditions where hyperglycemia and oxidative stress co-occur, AGE 

formation is accelerated and levels can rise over only a few hours, thereby affecting even 

short-lived macromolecules [9]. Surprisingly, the present data showed that levels of 

AGE-adducts decreased significantly in response to freezing and, although they showed a 

decreasing trend in response to anoxia and dehydration, the changes observed were not 

statistically significant (Figure 2). Interestingly, in agreement with current results, a 

previous study demonstrated that levels of glycated hemoglobin in serum decreased in 

response to freezing [10]. The decrease in AGE-adduct levels during freezing could be 

due to the enhanced antioxidant response (both metabolites and detoxifying enzymes) 

that accompanies this condition. Antioxidant enzymes such as superoxide dismutase, 

glutathione peroxidase, catalase and carbonyl metabolizing enzymes such as aldo-keto 

reductases, aldehyde dehydrogenases, carbonyl reductases and glutathione S-transferases 

all participate in AGE clear-up from organs [42]. Indeed, freeze-tolerant wood frogs have 

higher basal antioxidant responses than non-freeze-tolerant frogs [7]. The same study 

reported that glutathione status in multiple tissues of wood frogs, including the heart, and 

lipid peroxidation as measured by thiobarbituric acid-reactive substances (TBARS) and 

by Fe(III)-xylenol orange complex formation also showed little to no change in multiple 

tissues in response to freezing [7]. This indicated that there was little to no increase in 

oxidative damage in wood frogs. Moreover, levels of glutathione peroxidase activity 

increased in all tissues in response to freezing, including the heart, which further 

indicates preparedness by wood frogs to deal with ROS generation [7]. In another study, 
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levels of superoxide dismutase 2 increased in response to 4-hour freezing in wood frog 

heart but remained unchanged in response to 24-hour freezing, 24-hour anoxia or 

dehydration [43]. suggesting that perhaps that high basal levels of these antioxidant 

responses is sufficient to prevent excessive AGE-adduct formation. While freezing has 

been extensively studied regarding antioxidant defenses, such studies are lacking for 

anoxia or dehydration stressed wood frogs. Nonetheless, studies on other anoxia and 

dehydration tolerant frogs and turtles demonstrate an increase in antioxidant responses 

under these conditions [44–46]. As such, it is likely that wood frogs also elicit the same 

antioxidant responses to combat oxidative damage in response to anoxia and dehydration, 

which could result in lowering overall AGE levels.  

HMGB1, normally a nuclear protein, can be post-translationally modified by 

acetylation, transported into the cytoplasm and eventually released into the extracellular 

matrix in response to oxidative stress or hyperglycemia [13,47]. The current results 

showed that total HMGB1 is significantly elevated in response to freezing, anoxia and 

dehydration (Figure 3) in wood frog heart. This elevation was paralleled by an increase in 

HMGB1 acetylation at K29 (Figure 3), which together suggests that, HMGB1 could 

potentially be translocated into the cytoplasm and subsequently into the extracellular 

matrix to bind to various cell surface receptors. A cDNA array analysis of gene 

expression by our group demonstrated an increase in RAGE transcript levels following 

freezing exposure in heart of wood frogs [16]. Congruent with these results, the current 

study reports an increase in RAGE protein levels in response to freezing, anoxia and 

dehydration (Figure 3), suggesting that perhaps these conditions favor the activation of 

RAGE signaling in wood frogs. Altogether, these results suggest that changes in either 
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HMGB1 or AGE-adduct levels could be sufficient to bind to RAGE and initiate cascades 

of RAGE-dependent events that result in differential regulation of ETS1 transcriptional 

responses.  

Binding of AGEs or HMGB1 to RAGE results in a cascade of events that lead to 

PKCβII activation by priming its phosphorylation and membrane anchoring, and leading 

to the activation of JNK and ERK1/2 kinases, respectively, under low oxygen conditions 

[17,18,48]. Activated ERK1/2 can then phosphorylate ETS1 to promote its nuclear 

translocation [19]. The present results showed no change in phosphorylation (activation) 

of PKCβII S660 in response to anoxia or freezing, but levels increased in response to 

dehydration (Figure 3). PKCs are responsible for regulating a large number of 

physiological changes such as cell polarity, proliferation and differentiation, migration 

and metabolism [49]; some of these are strictly attenuated under MRD. The trends seen 

for PKCβII S660 were similar to those for ERK2, where levels remained the same in 

response to freezing, slightly but significantly decreased in response to anoxia, and 

increased in response to dehydration (Figure 3). Signal transduction through PKCβII to 

ERK2 is mediated via JNK [17,18]. In response to freezing, JNK activity in the heart 

remained unchanged in wood frog [50], a result that correlates with the unchanged levels 

of active ERK2 (Figure 3). Moreover, while JNK activities have not been measured in 

anoxic wood frogs, studies on other anoxia tolerant models show an increase in JNK 

levels only in response to the early hours of anoxia exposure [51]. As such, perhaps the 

requirement for JNK-mediated activation of ERK2 is only needed in early stages of the 

stress and not when the animal is fully adapted 24-hour post-exposure. Altogether, 

although there is a lack of increase in ERK2 in response to freezing or anoxia, it is still 
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likely that the basal level of ERK2 available can remain active and participate in ETS1 

activation by phosphorylating this transcription factor. 

 The current study demonstrates no change in ETS1 levels in response to freezing 

and anoxia, but a small significant decrease in response to dehydration (Figure 3). ETS1 

is an early response transcription factor that is induced or activated in response to the 

early stages of cellular stress, especially under condition of oxygen deprivation [52]. 

Regulating a remarkable range of signaling pathways, ETS1 is involved in many 

processes including, but not limited to, angiogenesis, apoptosis, energy metabolism, 

cellular energetics and autophagy [20,21,23,24]. As such, its timely expression and 

activation must be under strict regulation by various mechanisms to ensure that its 

transcriptional activities are stimulated appropriately. Given the involvement of ETS1 in 

many process, it is possible that at the time timepoints studies here, the regulation of 

ETS1 is not needed at the transcriptional level and that the amount of ETS1 available in 

cells is enough to carry out other processes as needed. The current study also investigated 

the phosphorylation status of ETS1 (T38) and results show that the phosphorylation level 

was not affected by freezing or anoxia but was significantly increased in response to 

dehydration (Figure 3). Posttranslational modifications are an energy-efficient way of 

regulating protein-enzyme activity, especially under conditions when ATP synthesis is 

attenuated. Indeed, numerous pathways and enzyme activities are regulated by reversible 

posttranslational modifications (PTMs) [34,53]. As shown in Table S1, ETS1 was 

predicted to have multiple phosphorylation sites, and was shown to undergo other forms 

of posttranslational modifications. However, due to limited commercial antibodies 

available that cross-react with wood frogs, we were unable to measure the levels of 
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alternative modifications. Therefore, with respect to the data provided, it is possible that 

in addition to other modified forms, only basal levels of active p-ETS1 (T38) may be 

required under freezing and anoxic conditions, while more active ETS1 (T38) is needed 

to regulate gene expression during dehydration. An antibody that detects total ETS1 (both 

modified and unmodified) was used to assess the nuclear localization of this transcription 

factor. The results demonstrated that nuclear localization of ETS1 did not change 

significantly in response to freezing, anoxia or dehydration, although the trends were all 

decreasing (Figure 4). In response to a specific stimulus such as hypoxia, hyperglycemia, 

or oxidative stress, specific transcription factors are translocated to the nucleus to induce 

the expression of gene families required for mitigating the stress [52,54]. However, while 

some transcription factors are induced in response to stress, their downstream 

transcriptional activity may be temporally regulated. For example, freezing or 

dehydration could cause architectural damage to capillaries in an organ, but this is not 

always imminent. As such, maintaining a pool of transcription factors in the nucleus 

needed to deal with wound healing or capillary biogenesis is a pro-active measure to 

promote survival.  

To determine whether the DNA binding activity of ETS1 in the heart is affected 

by stress in wood frogs, a DPI-ELISA was performed using antibodies that react with 

total ETS1 and one of its active forms, p-ETS1 (T38). Interestingly, whereas the nuclear 

localization of total ETS1 did not change in response to stress (Figure 4), the DNA 

binding by either ETS1 or p-ETS1 T38 increased in response to freezing and dehydration 

but was unchanged under anoxia (Figure 5). This suggests that in response to prolonged 

stress, the activity of ETS1 is regulated at the posttranslational level and that ETS1 
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transcriptional activity plays a significant role in the cellular response to stress in wood 

frog heart. Not surprisingly, given the number of genes that this transcription factor 

regulates, and the hypometabolic consequences of the stresses imposed, using PTMs 

appears to be an effective and energy efficient way of controlling gene expression. The 

amphibian primary protein sequence (Figure S1) and its 3-dimentional structure (Figure 

6) shares high degrees of similarity to that of human ETS1, which enabled us to use data 

from mammalian models to support our findings here in amphibians. Using the 

amphibian ETS1 as input, it was predicted that this transcription factor can be 

phosphorylated, SUMOylate and acetylated at multiple locations (Table S1). While it 

requires further validations, these predictions support our hypothesis that PTMs play a 

significant role in regulating ETS1 activity in the cell. Moreover, reports show that the 

DNA binding ability of ETS1 is enhanced in the presence of HMGB1 [22]. Therefore, the 

strong increase in total HMGB1 levels, as well as acetylated HMGB1, seen in this study 

(Figure 3) could support the enhanced DNA binding activity of p-ETS1 T38 in response 

to freezing or dehydration. 

Several studies have reported that the ETS1 can act both as a transcriptional 

activator [22–24] and a transcriptional suppressor [23–26,30]. As such, based on 

available ChIP-seq information (see methods) and published data [23,24], a group of 

downstream targets known to be regulated by ETS1 were assembled and analyzed. The 

present results show that protein levels of AOX1 were significantly downregulated in 

response to freezing and dehydration (Figure 7). AOX1 is a cytosolic enzyme that plays 

an important role in xenobiotic metabolism, but has been shown recently to catalyzes the 

reduction of nitrites to NO in the  presence of aldehyde containing substrates or NADH 



199 
 

[55]. Interestingly, NO is known to regulate cardiac contractility and heart rate, and low 

levels of NO were shown to be protective against cardiac remodeling [56]. Whereas this 

could protect wood frog hearts during stress, it is possible that the activity of AOX1 is 

required in the early hours of stress exposure (pre-conditioning) or during the early hours 

of recovery (post-conditioning), and not when the heart is fully adapted following long 

term exposure to stress. In addition, oxidation of NADH by AOX1 can also result in the 

production of pro-oxidant species (ROS, RNS, superoxide anion radicals) that although 

necessary at low levels to initiate redox signaling, could be extremely pathogenic in high 

levels [57]. Therefore, given that frogs exposed to freezing, anoxia and dehydration are 

already at risk of oxidative stress, down-regulation of AOX1 could be a protective 

response in this situation. Interestingly, the DNA binding of both total and p-ETS1 T38 

reflects the same trends as AOX1, indicating that ETS1 may be a transcriptional repressor 

of AOX1. In support of this argument, there are multiple ETS binding sites within the 

promotor region of the AOX1 gene [23,24] and given its role in generating pro-oxidant 

species, it is possible that the transcriptional inhibition of AOX1 is mediated by ETS1. 

Further investigation is warranted to validate this hypothesis. 

ETS1 has been also shown to regulate the expression of PRX1 and PRX5 [22–

24]. PRX1 is a typical 2-cysteine peroxidase localized to the cytoplasm, whereas PRX5 is 

an atypical 2-cysteine peroxidase that resides mainly in the cytoplasm and has a higher 

antioxidant activity in response to ROS [58]. Both of these peroxidases are stress 

responsive, and it was shown that their expression is mediated by ETS1 in response to 

hydrogen peroxide or hypoxia treatments [22]. Interestingly, the same study 

demonstrated that HMGB1 physically interact with ETS1 to enhance its transcriptional 
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activity at PRX1 and PRX5 promotors. The current results show that expression of PRX1 

was significantly regulated in response to freezing, whereas expression of PRX5 was 

significantly downregulated in response to dehydration (Figure 7). The DNA binding 

activity of ETS1 in response to freezing, correlates with an increase in the protein levels 

of PRX1 in response to the same treatment, therefore it is possible that this increase is 

mediated by ETS1.  Moreover, PRX1 has been shown to play additional roles in cells by 

participating in cell signaling and chaperone activity. For example, in response to 

ionizing radiation, PRX1 was shown to interact with JNK to reduce its apoptotic activity, 

thereby promoting cell survival [59]. Moreover, in response to thermal stress, PRX1 has 

been shown to switch from being a peroxidase to acting as a protein chaperone that binds 

to denatured proteins [60]. In fact, the same study reported that PRX1 bound to CS in 

response to stress and prevented its denaturation and aggregation. As such, it is possible 

that the increase in PRX1 in response to freezing is not only a systemic response to 

combat AGE formation (as shown by decreasing levels during freezing) in the heart, but 

also acts  to inhibit apoptosis or protein denaturation/aggregation during stress. 

Alternatively, although these antioxidant enzymes play roles in ROS detoxification, 

under conditions of MRD, the cell must strictly but strategically allocate its available 

energy to pro-survival processes only. Therefore, if other antioxidant enzymes with 

similar functions are up regulated, then inducing the expression of peroxiredoxins might 

not be necessary. Indeed, studies have reported that PRXs have overlapping 

detoxification activities with glutathione peroxidases and catalases. Importantly, the 

catalytic efficiency of PRXs (~105 M-1s-1) is substantially lower as compared to 

glutathione peroxidases (108 M-1s-1) and catalases (106 M-1s-1) [61,62]. As such, it is 
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possible that wood frogs reduce or maintain the basal expression of certain antioxidant 

enzymes in response to stress in favor of promoting the expression and activity of the 

more potent ones. 

Overexpression of ETS1 has previously been shown to coincide with decreased 

expression of components of the mitochondrial electron transport chain including but not 

limited to NDUFAB1, CYC1 and ATP5A1 [23,24]. Mitochondria are the powerhouse of 

the cell and are central to energy metabolism under aerobic conditions. When oxygen 

levels are plentiful in cells, the mitochondria pump protons across the mitochondrial 

membrane; thereby generating a proton-motive force that allows F1F0-ATPase to generate 

ATP from ADP [63]. However, under anerobic conditions the mitochondria become a 

liability as they become the major producers of ROS. In such circumstances, the F1F0-

ATPase commits “cellular treason” to maintain the proton-motive force by hydrolyzing 

ATP into ADP [63]; thereby limiting ATP availability in the cell when levels are already 

scarce. As such, animals that tolerate low oxygen conditions (hypoxia or anoxia) must 

limit ATP hydrolysis by either reducing the proton conductance of the inner 

mitochondrial membrane or inhibiting the activity of F1F0-ATPase in order to survive 

[63]. A study on mitochondria isolated from the skeletal muscle of hypoxic frogs reported 

that due to decreased metabolic rates, the mitochondria exhibited a lower rate of proton 

leakage without affecting proton conductance [64]. Moreover, mitochondria isolated 

from anoxia tolerant frogs showed that although protein conductance was not altered in 

response to anoxia, the F1F0-ATPase enzyme was greatly inhibited [63]. A decrease in 

F1F0-ATPase activity was also reported in anoxic turtle brain, suggesting that this is an 

adaptive response [65]. In the present study, exposure to freezing, anoxia or dehydration 
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did not affect the expression level of ATP5A1 (a component of the F1F0-ATPase 

complex) (Figure 7), despite an increase in the DNA binding activity of ETS1 in response 

to freezing and dehydration (Figure 5). Given that the F1F0-ATPase activity is 

hypothesized to be reduced in wood frogs under oxygen deprived conditions as an 

adaptive response, it is possible that F1F0-ATPase inhibition occurs at another level or 

perhaps by PTMs under stress conditions. While possible, further investigation is 

warranted to validate this hypothesis. 

The current study demonstrated a very strong reduction in levels of NDUFAB1 in 

response to freezing, anoxia and dehydration (Figure 7), which correlates with an 

increase in DNA binding of active ETS1 in freezing and dehydration but not anoxia 

(Figure 5). This protein plays a significant role in mitochondria by acting as an accessory 

protein for complex I-III, not only by stabilizing these complexes, but by promoting the 

synthesis of iron-sulfur centers needed in these subunits [27]. The importance of this 

protein in promoting cardio-protection against ischemia-reperfusion injury was attributed 

to its role in decreasing ROS production and stabilizing mitochondrial complexes [27]. 

While this is a protective response in stress intolerant animals, as discussed earlier, 

hypoxia/anoxia tolerant animals greatly reduce the activity of their mitochondria as an 

adaptive response to prevent disruption of the mitochondrial electrochemical gradient. As 

such, a reduction of NDUFAB1 levels in wood frogs under stress conditions, that may be 

mediated at the transcriptional level by ETS1-mediated promotor suppression, could 

contribute to the suppression of mitochondrial activity. Moreover, NDUFAB1 is also 

known as the mitochondrial acyl carrier protein and plays an essential role in 

mitochondria fatty acid synthesis [66]. This pathway is responsible for generating lipoic 
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acid, a cofactor needed for the activity of several enzymes including but not limited to 

pyruvate dehydrogenase, oxoacid dehydrogenase, and α-ketoglutarate dehydrogenase 

[66]. Whereas the activity of pyruvate dehydrogenase has not been studied in wood frog 

heart, freezing and anoxia exposure resulted in decreased  pyruvate dehydrogenase 

complex activity in wood frog liver, an action that was linked to the efforts to attenuate 

glycolytic flux under these conditions, particularly when high rates of glycogenolysis 

must be directed into glucose synthesis and export as the cryoprotectant [34]. As such, a 

reduction in NDUFAB1 levels could play a role in suppressing the activity of the 

pyruvate dehydrogenase complex under stress conditions.  

A reduction in CYC1 protein levels was also seen in response to freezing and 

dehydration (Figure 7) and correlates with the increase in DNA binding activity of ETS1 

under the same conditions (Figure 5). This suggests that perhaps CYC1 transcription is 

inhibited by ETS1. In complex III (cytochrome bc1 complex) electrons are accepted from 

ubiquinol and are transferred to cytochrome c, a process that also allows the translocation 

of protons across the inner mitochondrial membrane [67]. In this process, two electron 

molecules are sequentially transferred to CYC1 via the Rieske iron-sulfur protein [67]. 

Theoretically, reduction or inhibition of the nuclear encoded mitochondrial genes could 

reduce ROS production under oxygen limiting conditions [67]. For example, low levels 

of cytochrome c would retain Rieske and CYC1 in their reduced forms, thereby 

preventing further oxidation of ubiquinol and subsequently the generation of 

ubisemiquinone, resulting in reduced ROS production at complex III. As such, the 

reduction in CYC1 seen in this study is perhaps a regulatory mechanism by cells to 

attenuate ROS generation in wood frogs. This hypothesis is plausible since the electron 
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transport chain has been reported to be in a more reduced form in response to stress in 

other hypoxia/anoxia tolerant organisms [63,64].  

ETS1 also plays a role in metabolism by regulating a set of genes involved in 

glucose metabolism and uptake [23,24]. Interestingly, overexpression of ETS1 coincided 

with reduction in CS levels under hypoxic conditions, but silencing of ETS1 reduced 

levels of GLUT1 [23,24,30]. The current results show that levels of CS remained 

unchanged in response to freezing and anoxia but decreased significantly in response to 

dehydration (Figure 7). Although an increase in ETS1 DNA binding in response to 

freezing should have, in theory, decreased levels of CS as was seen in response to 

dehydration, it is possible that alternative regulatory mechanisms are involved in 

regulating CS activity or expression. Indeed, studies have shown a reduction in CS 

activity in response to anoxia in turtle brain [65], hypoxia in flour beetle [68], and 

hibernation in skeletal muscle of bears [69]; all of these reflect a lower oxidative capacity 

by the mitochondria. While the increase in active ETS1 DNA binding could potentially 

explain the regulation of CS at the transcriptional level in response to dehydration, it 

appears that CS protein levels and activity could be regulated at other stages downstream 

of its transcription. Indeed, reversible protein posttranslational modifications are an 

essential regulatory mechanism used to control enzymatic activity under hypometabolic 

states [53] but  validation of such additional controls on CS is required.  Lastly, levels of 

GLUT1 were greatly reduced in response to all three stresses in wood frog hearts (Figure 

7), an outcome that also reflects active ETS1 DNA binding in response to freezing and 

dehydration (but not anoxia) (Figure 5). The importance of glucose as a cryoprotective 

and osmoprotective agent has been established in wood frogs in response to freezing and 
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dehydration [1,70]. As such, it is expected that wood frogs induce the expression of 

glucose transporters in different tissues to promote the uptake of glucose. In fact, it has 

been shown that transcript levels of glut4, a transporter that is expressed in multiple 

tissues including the heart to accelerate glucose uptake, is significantly increased in 

response to anoxia in wood frog skeletal muscle [71]. Protein levels of GLUT2 also 

increase significantly in liver of wood frogs in response to freezing, hypoxia and glucose 

loading [72], suggesting that perhaps each tissue induces the expression of a certain 

GLUT in response to stress. Therefore, it is likely that levels of most or all GLUT 

isoforms are modulated under stress conditions to support the needs for glucose transport. 

In conclusion, current results show that ETS1 is potentially activated by the 

HMGB1/RAGE axis. Moreover, enhanced DNA Binding activity by p-ETS1 T38 in 

response to freezing and dehydration could result in activating/suppressing a network of 

genes involved in the antioxidant response, mitochondrial energetics, and glucose 

metabolism. These adaptive responses appear to promote cytoprotection in wood frog 

heart that protects the tissue from freezing, anoxia, and dehydration stresses.  
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Figure  

 

 

Figure 4.1: Schematic diagram representing physiological and molecular responses that 

occur during metabolic rate depression in wood frogs. Illustration was created by 

BioRender (https://biorender.com/). 
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Figure 4.2: Levels of AGE-adducts in wood frog heart in response to freezing, anoxia or 

dehydration measured using a commercially available assay. Histogram shows mean ± 

SEM of n=4 independent biological replicates from different frogs. Statistical 

significance from the control is denoted by (*) (P<0.05) and was calculated using a one-

way ANOVA with a Dunnett post-hoc test.  
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Figure 4.3: Protein levels of upstream RAGE activators and downstream RAGE-

regulated targets measured using western blotting. For more information, please see 

Figure 2. 
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Figure 4.4: Relative nuclear localization of ETS1 proteins in response to freezing, anoxia 

or dehydration measured by western blotting in wood frog heart. For more information, 

see Figure 4.2. 
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Figure 4.5: Relative DNA binding activity of p-ETS1 (T38) in response to freezing, 

anoxia or dehydration in wood frog heart. For more information, see Figure 4.2. 
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Figure 4.6: Schematic diagram showing the similarities between the ETS1 monomer 

generated using the protein sequence of Xenopus tropicalis (NP_001123840_1) and 

Humans (P14921.1). Using the online Phyre2 program, the ETS1 structure for Xenopus 

tropicalis (A) and human (B) were predicted. Using Pymol, both figures were 

superimposed (C) to show conservancy between the two structures. D) The Crystal 

structure of ETS1 homodimer DNA complex was retrieved from the PDB protein data 

bank (2nny), manipulated using Pymol. 
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Figure 4.7: Relative protein expression levels of select ETS1 downstream targets 

measured by western blotting in wood frog heart. For more information, see Figure 4.2. 
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Figure S4.1: Alignment showing similarities between the ETS1 protein sequence of 

Xenopus tropicalis (NP_001123840_1) and Humans (P14921.1), generated using Clustal 

Omega. Conserved phosphorylation site T38 is shown in red. 
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Table S4.1: Shows different posttranslational modifications that could modulate ETS-1 

activity.  Confirmed phosphorylation site information was retrieved from 

PhosphoSitePlus ® (https://www.phosphosite.org/). Potential SUMOylation and 

acetylation sites on Xenopus laevis ETS-1 were predicted using the Bio CUCKOO 

program (http://gps.biocuckoo.cn/).  

 

Protein Modification Site 

ETS1 Phosphorylation T38, T251, S257, S276, S282, Y283, S285 

 
Acetylation K2, K89, K433 

  SUMOylating K14, K198, K224, K433 

 

  

https://www.phosphosite.org/homeAction.action
https://www.phosphosite.org/homeAction.action
http://gps.biocuckoo.cn/
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5.1 General discussion    

Harsh environmental conditions could be challenging to some animals living in 

the wild. Extreme temperatures, limited food availability, or oxygen deprivation could 

result in death. Animals that survive these unfavorable conditions do so by employing 

sophisticated adaptive mechanisms that include responses at the physiological, 

biochemical, and molecular levels. Of interest to this thesis was understanding the 

molecular mechanisms behind vertebrate freezing tolerance by using the freeze-tolerant 

wood frog, Rana sylvatica, as a model organism. Understanding the plasticity involved in 

supporting survival under these conditions will increase our knowledge and could 

potentially help in finding solutions to various medical complications such as diabetes, 

ischemic stroke, or prolonging organ storage time before transplantations by designing 

interventions that mimic those found in natural adaptive responses. 

   Freezing is a multifactorial stress, and requires adaptations to deal with 

hyperglycemia, dehydration, and anoxia [1,2]. Each of these conditions are associated 

with series of complications that if not dealt with appropriately could result in cell death. 

For example, ice crystal growth could damage the lumen of the capillaries, leading to the 

loss of vascular integrity, resulting in internal bleeding upon thawing [3,4]. Extreme 

dehydration could also rupture cell membranes, and extreme increases in cytoplasmic 

ionic strength could result in disruption in various cellular processes [5]. Prolonged 

anoxia (or ischemia in case of freezing) deprives cells from oxygen, increases the levels 

of reactive oxygen species (ROS), and prevents waste cleanup from organs. Moreover, 

while accumulating large quantities of glucose as cryoprotectant is beneficial in cells, 

glucose is prone to autooxidation and under conditions of oxidative stress, could result in 
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the formation of advanced glycation end products (AGEs) [6,7]. In addition to enduring 

these stresses, recovery from each condition is also associated with potential damage, 

chiefly an outburst of ROS production upon reperfusion, that must be mitigated to ensure 

survival. The commonality amongst freezing, anoxia and dehydration stresses is the low 

or absent availability of oxygen, which forces cells to switch from aerobic metabolism to 

generating energy in an anaerobic manner. Although copious amounts of glucose are 

available (especially under freezing or dehydration conditions, less so in response to 

anoxia), the amount of energy generated anaerobically is far less than the amount 

generated under aerobic conditions and cannot provide enough energy to sustain normal 

metabolic rates. As such, wood frogs are hypothesized to reduce their metabolic rates to a 

fraction of normal in a process called metabolic rate depression (MRD) to balance energy 

production with energy utilization in their cells. While data on metabolic rates are scarce 

for wood frogs, and extremely difficult to measure for frozen animals, other ectotherms 

are known to show significant reductions in their overall metabolism in response to 

anoxia. For example, adult turtles (Chrysemys picta belli) submerged in anoxic water at 

3℃ reduce their metabolism by ~90% and survive for months by relying only on their 

internal fuels [8].  Similarly, frogs that overwinter in ice-locked ponds, or toads or adult 

frogs that live in arid regions in the world reduce their metabolism down to ~10% of their 

normal rates, to deal with unfavorable environmental conditions [9,10]. Moreover, some 

species of lizards (Lacerta vivipara) have also been reported to decrease their metabolic 

rates drastically in response to freezing [11], although the accuracy of measuring 

metabolic rates from a frozen organisms is debatable.  
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 Regulation of MRD occurs at multiple biological levels in stress, tissue, and time 

dependent manner. In chapter 2, regulation of autophagy was studied to document 

responses to 24-hour anoxia, 4-hour reoxygenation, 40% dehydration, and full 

rehydration in wood frog liver and skeletal muscle. Autophagy is an energy expensive, 

catabolic process where defective or dysfunctional cytoplasmic organelles and 

macromolecules are engulfed and degraded to generate metabolic substrates in response 

to different stimuli [12]. There are conflicting studies on the benefits of autophagy in 

response to different conditions. For example, it was shown that excessive autophagy in 

hippocampal neurons in response to hypoxia/ischemia resulted in autophagic cell death, 

and that inhibiting autophagy reversed this process [13]. Another study reported that 

inhibition of autophagy exacerbated ischemia-induced liver damage, and induction of this 

process reduced ROS levels and prevented necrotic cell death [14]. Not surprisingly, 

activation of autophagy depends on the amount of energy available in the cell since this 

process is highly energy expensive and requires the activation of numerous complexes; a 

process that may not be possible in conditions under many environmental stress 

conditions.  

 Autophagy is a multistage process that is divided into four phases: initiation, 

nucleation, elongation, and fusion [15]. Each of these stages requires the formation of 

complexes, and studies have used some of the proteins involved in these complexes as 

markers of autophagic flux. The induction of these proteins depends on the activity of 

specific transcription factors including but not limited to Transcription factor EB (TFEB) 

[16,17]. Studies of this transcription factor revealed that TFEB binds to various genes 

involved in autophagosome formation and lysosomal biogenesis and, therefore, for 
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autophagy to be active, this transcription factor must be active  [16,17]. At the post-

transcriptional level, autophagy is also regulated by various microRNAs that strictly 

regulate the translation of various mRNA transcripts encoding essential proteins involved 

in the complexes used for autophagosome formation and lysosome formation [18]. At the 

protein level, autophagy or lysosomal biogenesis are regulated by various post-

translational modifications (PTMs) [19]. Indeed, autophagosome formation is regulated 

by the Unc-51 like autophagy activating kinase 1 (ULK1), which is either activated by 

AMPK (AMP activated protein kinase)-mediated phosphorylation at S555 or inhibited by 

mTOR (mechanistic target of rapamycin)-mediated phosphorylation at S758 [20,21]. 

Other components of autophagy (autophagy regulating proteins, ATGs) are also subject 

to PTMs, namely phosphorylation, acetylation, ubiquitination and lipidation, where the 

specificity of each PTM can dictate protein function [22,23]. In Chapter 2, regulation of 

autophagy was investigated at the transcriptional level by studying the activity of TFEB, 

at the post-transcriptional level by studying various autophagy regulating microRNAs 

(autophagomiRs), and at the post-translational level by reversible protein 

phosphorylation.  

 In general, exposure to anoxia or reoxygenation reduced the protein levels of the 

majority of autophagy markers, with the exception of ULK1 where total levels as well as 

levels of its active (p-ULK1 S555) and inactive (P-ULK1 S758) forms increased under 

both conditions. Responses to dehydration showed different trends with levels of select 

autophagy markers (p-beclin 1 S93), p62 and the LC3BII/I ratio increased significantly 

compared to the control group. These changes were also accompanied by an increase in 

total, active and inactive forms of ULK1 in the same tissue in response to dehydration. 
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Changes observed under anoxia/reoxygenation and dehydration/rehydration coincided 

with the DNA binding activity of TFEB, a transcription factor that carries out the 

transcription of numerous targets including, but not limited to, the transcription of p62. 

However, despite an increase in the DNA binding levels of TFEB in response to anoxia 

and dehydration, levels of ATPV0D1 (a lysosomal marker under TFEB control) remained 

the same. Interestingly, control of autophagy at the post-transcriptional level showed a 

tissue and stress-dependent regulation. For example, while only 2 microRNAs were 

increased in response to anoxia in wood frog liver, the majority of the microRNAs 

measured showed a decreasing trend in response to dehydration, a finding that correlates 

with the increasing trends of their downstream targets under the same conditions. 

Altogether these changes suggest that autophagosome formation in liver is greatly 

attenuated in response to anoxia/reoxygenation (probably at the transcriptional level) but 

responds to dehydration at the post-translational level. Responses to dehydration by liver 

do suggest the formation of small numbers of autophagosomes, probably in an effort to 

engulf and process damaged cytoplasmic cargo under stress, but the evidence suggests 

that fusion with lysosomes is postponed until more favorable conditions arise. 

Interestingly, the comparable analysis in skeletal muscle showed significant 

reductions in most autophagosome and lysosome targets in response to 

anoxia/reoxygenation as well as dehydration/rehydration, where total levels of ULK1 

were significantly reduced in response to all conditions. Regulated reduction in protein 

levels during anoxia/reoxygenation appears to occur at the transcriptional level, as 

supported by the decrease in TFEB transcriptional activity in response to these 

conditions. Indeed, it was reported that activation of EZH2 (enhancer of zeste homolog 
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2), a methyl transferase enzyme that inhibits gene expression by methylating promoter 

regions, targets several autophagy genes and causes their silencing [24]. Likewise, 

inactivation of EZH2 relieves that inhibition and induces the expression of several pro-

autophagy proteins including, but not limited to, ATG5 and ATG7 [24]. Moreover, the 

arginine methyltransferase 1 (CRM1) was shown to induce autophagy by enhancing the 

transcriptional activity of TFEB, thereby promoting the expression of autophagy and 

lysosomal genes [25]. Studies of epigenetic regulation of anoxia and dehydration 

tolerance in wood frogs are beginning to be evaluated; however, studies on other 

hypometabolic models have demonstrated the involvement of epigenetics in regulating 

multiple aspects of MRD, where markers that promote global gene suppression are 

induced in response to stress [26–29]. Regulation of autophagy at the transcriptional level 

in muscles from anoxic frogs is also supported by a general decrease in levels of 

autophagomiRs. In theory, if the downstream targets are not transcribed, then no 

regulation is required to inhibit their mRNA translation at the post-transcriptional level.  

Results for skeletal muscle from dehydrated/rehydrated frogs showed a different 

response. Whereas the DNA binding activity of TFEB did not change in response to 

dehydration, it decreased significantly in response to rehydration, and combined with 

decreases in protein levels of select downstream targets, this suggests that perhaps 

regulation of autophagy occurs at the post-transcriptional level in this tissue. Indeed, 

there was an overall increase in the expression of autophagomiRs in muscle from 

dehydrated/rehydrated wood frogs, thereby further supporting the hypothesis that 

microRNAs are in part responsible for reducing autophagic activities in muscle from 

frogs exposed to dehydration/rehydration treatments. 
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Maintaining very low levels of autophagic flux or inhibiting autophagy all 

together appears to be an appropriate response that supports MRD for many reasons. 

First, autophagy is induced in response to multiple stimuli including but not limited to 

nutrient deprivation or oxidative stress. As discussed, wood frogs experience no nutrient 

limitations as they have access to high levels of glucose (more so during 

dehydration/rehydration) during stress. Although the primary function of glucose is 

cryoprotection, it could also be used for energy production when required. Moreover, 

despite facing conditions that promote oxidative stress, wood frogs and other animals 

capable of undergoing MRD, have higher levels of antioxidant enzymes, heat shock 

proteins, and antioxidant metabolites [30–34]. In fact, a study demonstrated that freeze-

tolerant species such as Rana sylvatica, have higher basal levels of antioxidant enzymes 

compared to a less stress-tolerant aquatic frog [34]. Moreover, there are no studies to date 

that report any measurable damage in wood frogs following stress or recovery. As such, 

even if faced with a surge in oxidants, the wood frog’s ability to launch an antioxidant 

response renders it unassailable to oxidative damage.  

Second, the induction of autophagosome formation and lysosomal biogenesis 

requires a plethora of complexes that, although recyclable, are energetically expensive to 

synthesize and maintain. Given that protein translation is greatly suppressed during MRD 

[35], maintaining the translation of complexes involved in autophagy becomes extremely 

energy expensive. Moreover, even if these proteins are translated adequately and in a 

timely manner, most autophagy proteins depend on post-translational modifications for 

activation. Indeed, acetylation (the conjugation of an acetyl group, donated from acetyl-

CoA, to a protein) plays a significant role in activating various autophagy proteins [36]. 
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Pyruvate dehydrogenase, the enzyme complex that generates acetyl-CoA, is significantly 

inhibited during freezing and anoxia in wood frogs [37]. This reduction depletes the cell 

of its pool of free acetyl-CoA molecules to use for activating various autophagy proteins 

and, thus, provides another line of evidence that autophagy is significantly reduced under 

stress conditions. Third, some animals capable of undergoing MRD have been reported to 

have higher basal autophagic flux, that could partly be responsible for stress survival 

[38]. While more studies are warranted, it is possible that wood frogs also have higher 

basal levels of autophagy compared to non-stress tolerant frogs. A significant reduction 

in autophagic flux appears to be a pro-survival mechanism used by wood frogs in 

response to anoxia/reoxygenation, dehydration and rehydration treatments. Altogether, 

results in Chapter 2 support the first hypothesis proposed in this thesis; that, 

autophagosome formation and lysosomal biogenesis is greatly attenuated in response to 

stress in wood frogs, and the degree of this attenuation occurs in a tissue and stress 

dependent manner.  

In Chapter 3, the involvement of RAGE in regulating transcriptional responses to 

angiogenesis (the formation of new blood vessels sprouting from pre-existing ones) was 

studied in liver of wood frogs exposed to 24-hour freezing, 8-hour thawing, 24-hour 

anoxia, 4-hour aerobic recovery, 40% dehydration and full rehydration. Freezing, 

thawing, dehydration and or rehydration treatments could potentially rupture capillaries, 

resulting in loss of vascular integrity in wood frog organs. Moreover, although protective 

mechanisms are put in place, the presence of ice crystals in the extracellular spaces (such 

as the lumen of capillaries) could result in tissue damage during freezing and excessive 

bleeding upon recovery. In addition, forming new blood vesicles early in response to 
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stress could also potentially help with the distribution of glucose from the liver to all 

other organs in the body. In addition, numerous studies have reported the benefits of 

activating angiogenesis in response to stress. For example, induction of angiogenesis in 

hearts exposed to ischemic stress or in response to tissue injury reduced the progression 

of cardiac infarction and accelerated wound healing [39,40]. As such, it was of interest to 

determine whether angiogenesis occurs in wood frogs, and if so, what molecular 

mechanisms regulate this process.  

As mentioned earlier, freezing, thawing, dehydration, and rehydration (and to a 

lesser degree anoxia and reoxygenation) are hyperglycemic events, and wood frogs 

generate large quantities of glucose to use as a cryo- or osmo-protectant under these 

conditions [5,41]. However, despite offering protective benefits, excessive glucose levels 

in presence of oxidative stress results in the production and accumulation of AGEs [6,7]. 

Indeed, a previous study in our laboratory showed that whereas levels of glycated serum 

albumin did not change in response to freezing, levels had increased significantly 7 days 

post-thawing [42]. Another protein that is involved in regulating angiogenesis is the high 

mobility group box 1 (HMGB1) [43]. Under normal conditions, this non-histone, DNA-

binding protein resides in the nucleus, but upon stimulation, it becomes acetylated and is 

exported into the cytoplasm [44]. In the cytoplasm, HMGB1 can regulate various 

processes, including autophagy, by binding to and activating Beclin 1 [45]. Indeed, the 

unchanged levels of acetylated HMGB1 seen in Chapter 3 in response to anoxia, 

reoxygenation, dehydration, and rehydration correlates with low levels of Beclin 1 

activation, and ultimately a reduction in autophagosome formation in liver of wood frogs 

as seen in Chapter 2. Once in the cytoplasm, acetylated HMGB1 will associate with 
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secretory vesicles and get transported into the extracellular space where it can associate 

with different receptors including the receptor for AGE (RAGE) [46]. Association of 

AGE and HMGB1 results in the activation of RAGE and subsequent signal transduction 

events that lead to the expression and activation of the early growth response 1 (EGR1) 

and the E26 transformation-specific sequence 1 (ETS1) transcription factors [47,48]. 

These transcription factors regulate numerous genes, including various pro- and anti-

angiogenic targets.  

Results from Chapter 3 demonstrate that AGE generation is greatly reduced in 

response to freezing, thawing, anoxia, and dehydration, probably owning to the strong 

activation of potent antioxidant responses under these conditions in wood frogs. Indeed, 

numerous studies have demonstrated the up regulation of various antioxidant enzymes 

including, but not limited to, aldo-keto reductases and glutathione S-transferases, as well 

as antioxidant metabolites in response to stress in wood frogs [33,34,49]. These enzymes 

have been shown to promote AGE clearance and prevent the accumulation of AGE-

adducts in the cell [50]. Although low, the presence of these adducts could still result in 

the activation of RAGE. In Chapter 3, protein levels of RAGE were shown to be 

strongly induced in response to freezing, anoxia, reoxygenation, dehydration and 

rehydration in wood frog liver. Together, results in Chapter 3 demonstrate the potential 

activation of RAGE signaling under stress conditions, which prompted further 

investigation of angiogenesis. 

The results presented in this thesis show that the nuclear levels and DNA binding 

activity of ETS1 and EGR1 are regulated in a stress-dependent manner. For example, 
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while the nuclear levels of ETS1 were upregulated in response to freezing, anoxia, 

dehydration, and rehydration, EGR1 levels were upregulated only in response to freezing 

and thawing. Moreover, two transcriptional repressors of EGR1, NAB1 (NGFI-A 

binding-1, constitutive) and NAB2 (inducible), also appeared to be localized to the 

nucleus in a stress-dependent manner. Whereas promoting the nuclear localization of a 

transcription factor along with its inhibitor may seem counterintuitive, it may be a 

strategic response by wood frogs. This is because wood frogs, along with many animals 

that undergo MRD, induce the expression of essential and pro-survival factors necessary 

for long term stress survival or in response to stages of recovery, before the full onset of 

stress when energy levels are high. However, wood frogs also have mechanisms that 

allow them to maintain the activity of these factors at minimum until they are required in 

the cell. Indeed, the transcriptional responses controlled by ETS1 and EGR1 also 

demonstrate this phenomenon, more so in response to freezing and dehydration. For 

example, angiopoietin 1 (ANGPT1) and ANGPT2 are two important factors that regulate 

angiogenesis by associating with receptors Tie1 and Tie2 [51,52]. However, whereas 

ANGPT1 promotes vascular remodeling, vascular enlargement, and endothelial cell (EC) 

migration, and stabilization of newly formed vasculature, ANGPT2 promotes vascular 

destabilization, enhances sprouting and disrupts the recruitment of pericytes, thereby 

preventing the stabilization of the vasculature [51,53]. Whereas both ANGPTs are needed 

for angiogenesis, their presence should be regulated in an inverse manner to first promote 

vascular destabilization and sprouting during the initiation of angiogenesis (ANGPT2), 

and then promote vascular remodeling, EC migration and vascular stabilization at the end 

of angiogenesis (ANGPT1). Wood frogs upregulate both factors in anticipation of 
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potential damage in response to freezing and dehydration but less so in response to 

anoxia treatment. Indeed, dehydration and freezing and their respective recoveries could 

result in architectural damage to capillaries or cause tissue injury. Therefore, having both 

these factors available can enable frogs to use them as necessary whenever needed. Other 

angiogenic factors such as VEGFR1 (vascular endothelial growth factor receptor 1) and 

VE-cad (vascular endothelial cadherin) are also regulated in the same manner. The 

angiogenic responses by ETS1 and EGR1 appear to be regulated in a temporal manner, 

where the induction of downstream angiogenic factors appear to occur before the full 

onset of stress in anticipation to potential damage that may occur during/after stress or in 

early stages of recovery. Altogether, results shown in Chapter 3 demonstrate the 

potential involvement of the HMGB1/RAGE axis in inducing and activating 

transcriptional responses by ETS1 and EGR1 in a time- and stress-dependent manner, 

resulting in the induction of both pro- and anti-angiogenic factors in wood frogs. These 

findings support the original hypothesis, where temporal induction of angiogenesis as a 

preparative response may be necessary to repair damaged capillaries or promote wound 

healing in wood frogs, particularly after a prolonged freezing bout. 

In Chapter 4, the involvement of RAGE signaling in inducing ETS1 activation 

was examined in wood frog heart after exposure to 24-hour freezing, 24-hour anoxia or 

40% dehydration. In addition to regulating angiogenesis, ETS1 also regulates the 

expression of other genes encoding various antioxidant enzymes, components of the 

mitochondrial electron transport chain, glucose uptake and energy metabolism [54–57]. 

As a transcriptional activator, ETS1 was shown to promote the expression of aldehyde 

oxidase 1 (AOX1), peroxiredoxin 1, (PRX1), PRX5, glucose transporter 1 (GLUT1) [54–
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56]. Interestingly, in addition to its role as a transcriptional activator, ETS1 can also act 

as a transcriptional repressor of several downstream genes [58,59]. For example, studies 

have shown that induction of ETS1 resulted in the downregulation of select nuclear-

encoded mitochondrial genes such as the NADH dehydrogenase (ubiquinone 1) α/β 

subcomplex 1 (NDUFAB1), cytochrome c1 (CYC1), and ATP synthase H+ transporting 

mitochondrial F1 complex, α subunit 1 cardiac muscle (ATP5A1) [55,56]. Mitochondria 

are the powerhouse of the cell and are responsible for generating the majority of ATP 

available under aerobic conditions. However, when oxygen is scarce, mitochondria 

become a liability to cells since they become the major producers of ROS. Under these 

conditions, the F1F0-ATPase commits “cellular treason” and uses a portion of the 

available ATP to maintain the proton-motive force in the cell [60]. As such, animals that 

survive under oxygen-deprived conditions have adapted a mechanism that allows them to 

limit ATP hydrolysis  by inhibiting the activity of the F1F0-ATPase, or by reducing 

proton conductance of the inner mitochondrial membrane [60]. Indeed, the activity of 

F1F0-ATPase was shown to be significantly reduced in brains of anoxic turtles [61], and 

in mitochondria isolated from frogs exposed to anoxia [60]. Therefore, it is possible that 

this inhibition can be at least partially traced to the transcriptional level via down-

regulation of the transcription of nuclear encoded mitochondrial proteins. 

In Chapter 3, the involvement of HMGB/AGE/RAGE axis in activating ETS1 

was investigated in wood frog liver and in Chapter 4, the involvement of the same 

pathway in inducing the activity of ETS1 was examined in the heart of wood frogs. A 

preliminary study by our group, using cDNA arrays, demonstrated that exposure to 

freezing induced the expression of RAGE in wood frog hearts [1]. Hearts from freeze or 
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dehydration exposed frogs accumulate large quantities of glucose, as such, they are also 

prone to accumulating large quantities of AGEs and AGE-adducts. Results in Chapter 4 

demonstrate that AGE levels are reduced in response to freezing but are unaffected by 

exposure to anoxia or dehydration. Moreover, both total protein and acetylated HMGB1 

levels were elevated in response to all treatment conditions, which coincides with the 

same increasing trends seen in RAGE protein levels. These results indicate that HMGB1, 

and to a lesser degree AGE, could induce a RAGE-mediated response. However, 

investigation into downstream targets of RAGE that function upstream of ETS1 

activation demonstrated two things: (1) ETS1 phosphorylation in response to dehydration 

may be mediated by the canonical way of RAGE/ETS1 pathway activation, and (2) ETS1 

activation may be regulated in a temporal manner by alternative factors in response to 

freezing and anoxia. Regardless of the activation mode, results in Chapter 4 

demonstrated that both total ETS1 and the active form (p-ETS1 T38) show strong DNA 

binding activity in response to freezing and dehydration but not in response to anoxia 

treatment. This pattern of activation correlated well with the expression patterns of 

AOX1 under the same conditions. However, in this case, ETS1 appears to act as a 

transcriptional repressor to AOX1. This is not surprising, given the role of AOX1 in 

inducing the production of superoxide anions, reactive nitrogen species, and ROS in the 

cell [62]. Therefore, to eliminate the production of these prooxidant species, it is logical 

for wood frogs to use ETS1 as a transcriptional repressor to prevent the expression of 

AOX1 in the heart in an effort to reduce oxidative damage. It appears that ETS1 induced 

the expression of PRX1 in response to freezing but not anoxia or dehydration. In 

addition, PRX5 expression patterns were not affected by ETS1 activation, and in fact 
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were reduced in response to dehydration. Under metabolically depressed states, it is 

possible that cells would prioritize the production of more potent antioxidant enzymes in 

larger quantities, rather than activating less potent ones such as PRX5. In response to all 

three conditions, ETS1 appears to reduce the expression of NDUFAB1 and CYC1; which 

correlate with results presented in other published studies. These two proteins are 

components of the electron transport chain, and given that the activity of the electron 

transport chain is greatly reduced in response to low oxygen levels, it is logical to assume 

that decreasing the transcription of these subunits by ETS1 is a protective response 

initiated by wood frogs. However, increased DNA binding of ETS1 in response to 

freezing and dehydration had no effect on the expression profile of ATP5A1, a 

component of the F1F0-ATPase complex. Given that previous studies on anoxic frogs 

report significant reduction in the activity of this complex, it is possible that wood frogs 

attenuate its activity downstream of its transcription, potentially at the post-translational 

level by PTMs. Similarly, overexpression of ETS1 should inhibit the expression citrate 

synthase (CS) [55,56]. In Chapter 4, it was demonstrated that activation of ETS1 resulted 

in a reduction of CS expression only in response to dehydration and had no effect on its 

expression in response to freezing despite an increase in ETS1 DNA binding activity 

observed under the same condition. This demonstrated that CS could be potentially 

regulated at the post-translational level in wood frogs, downstream of ETS1 activation. 

Lastly, the increase in ETS1 DNA binding should have increased the expression of 

GLUT1, but the opposite was observed; when DNA binding levels of ETS1 increased, 

levels of GLUT1 decreased. As mentioned earlier, under a hypmetabolic state when 

energy levels are limited, inducing the expression of more potent proteins that do a 
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similar job is favored over inducing the expression of similar targets with lower activity 

levels. As such, given that transcript levels of glut4 were induced in the heart, then it may 

be unnecessary for wood frogs to alter the expression of GLUT1 if its function is similar 

to another highly expressed transporter [63]. Therefore, while ETS1 could have in theory 

activated GLUT1, it is possible that in the case of wood frogs, it acted as a transcriptional 

repressor to prevent the expression of GLUT1 in the heart to conserve energy. While 

these assumptions are logical, further experiments are needed to confirm these 

suggestions. Altogether, results in Chapter 4 partly support the original hypothesis 

where ETS1 was proposed to act as a transcriptional activator of some antioxidant 

enzymes, but act as a transcriptional repressor of select nuclear-encoded mitochondrial 

proteins, antioxidant enzymes, and metabolic targets. 

5.2 Future directions 

While this thesis provides a comprehensive overview on the regulation of several 

signaling pathways in wood frogs in response to freezing, anoxia or dehydration, along 

with the respective recoveries from these stresses, further experiments could provide a 

more definitive answer to the proposed hypotheses. First, the results of Chapter 2 clearly 

demonstrate a significant reduction in autophagosome formation and lysosomal 

biogenesis in response to anoxia/reoxygenation and to a lesser degree in response to 

dehydration and rehydration in liver, and in response to both anoxia/reoxygenation and 

dehydration/rehydration in skeletal muscle. However, visualizing the numbers of 

autophagic vacuoles formed could provide a more definitive answer to autophagic flux 

under these conditions. For example, whereas our results indicate a significant reduction, 

the levels of the proteins involved in both autophagosome formation and lysosomal 
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biogenesis are not fully depleted. As such, it is still possible for cells to maintain a low 

level of autophagic flux to clear engulfed cargo. Therefore, visualizing different stages of 

autophagosome formation using transmission electron microscopy (TEM) would provide 

more information about autophagic flux in wood frogs. This method has been widely 

used in autophagy research to detect different autophagic compartments in cells [38,64]. 

Although identifying autophagic vacuoles is extremely difficult and requires a well-

trained individual, using this method as compared to other microscopy methods is 

preferred because it does not require the utilization of highly specific antibodies, which 

may not be commercially available or specific to frogs. In combination with the current 

results shown in Chapter 2, having TEM data would add another layer of confidence in 

assuming that autophagic flux is either inhibited or occurs at very low levels in wood 

frogs exposed to stress.  

 Given that the wood frogs are currently not genome sequenced, it is extremely 

difficult to detect the transcript levels of select downstream markers. Although proteins 

are the functional units of the cell, having the transcript levels would enable us to 

determine the biological level at which these targets are being regulated. This may soon 

be a possibility since the wood frog genome is currently being sequenced. Having a 

comprehensive list of all targets regulated by certain transcription factors would be 

useful, because it will allow researchers to investigate how a given pathway is regulated 

at the transcriptional level and whether a defect in transcription is responsible for 

downstream events. As such, chromatin immunoprecipitation and subsequent massive 

parallel sequencing (ChIP-seq) can be used to generate a genome-wide map of gene 

promotor regions that are occupied by specific transcription factors studied in this thesis 
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(TFEB, ETS1 and EGR1) [65]. In combination with transcription factor localization 

studies, DNA binding activity and measurement of protein levels of select targets, ChIP-

seq data can provide insightful information on whether the targets of interest are 

regulated at the transcriptional level by the transcription factor in question. Combining 

the ChIP-seq data from ETS1 and measuring the transcript levels of select downstream 

genes would provide more information on whether ETS1 acts as a transcriptional 

activator or a transcriptional repressor to these targets. Moreover, the obtained ChIP-seq 

information could provide insight into novel gene promotors that are being occupied by a 

specific transcription factor; thereby creating new avenues for future research. 

 Lastly, as demonstrated by target prediction programs in Chapter 4, ETS1 (and 

other transcription factors) can be post-translationally modified, and the identity of these 

modifications can affect the intracellular localization and the transcriptional activity of 

this transcription factor. Immunoprecipitation (IP) is a relatively easy and cost-effective 

way of purifying a specific protein from a sample using commercially available 

antibodies [66]. Combining the IP products with western blotting using pan antibodies 

that detect various modifications reported by the prediction software (e. g. methylation, 

nitrosylation, acetylation, ubiquitination, SUMOylation, etc) could provide a general idea 

of the identity and the relative levels of these modifications on ETS1 in response to 

stress. Moreover, using the same IP products to measure the DNA binding levels of a 

given transcription factor by utilizing an antibody that detects a specific PTM, could in 

theory give information on whether this modification has a role in regulating the DNA 

binding activity of the transcription factor in question. Altogether, performing these 

simple experiments could lead to finding novel PTMs for a given transcription factor, and 
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increase our understanding of the various modifications used by wood frogs to regulate 

enzymatic activities in response to stress.  

5.3 Concluding remarks  

In conclusion, the findings in this thesis provide novel information on the regulatory 

mechanisms involved in controlling autophagy, angiogenesis, energy metabolism and 

select antioxidant defense responses in wood frogs exposed to environmental stress. With 

regards to autophagy, the results show that autophagosome formation and lysosomal 

biogenesis is greatly attenuated in response to anoxia/reoxygenation and to a lesser 

degree in response to dehydration and rehydration in liver, whereas greater inhibition of 

these two processes in response to anoxia/reoxygenation and dehydration/rehydration 

was seen in skeletal muscle. Moreover, current results also show that angiogenesis is 

regulated in a temporal and stress-dependent manner, where wood frogs increase the 

expression of certain pro- and anti-angiogenic factors in anticipation of potential damage 

to capillaries or injuries in tissues. Lastly, results in this thesis also show that reduction in 

the activity of the electron transport chain could be regulated, in part, at the 

transcriptional level, where increased ETS1 DNA binding would inhibit the expression of 

nuclear encoded mitochondrial proteins. Similarly, activation of ETS1 also results in 

inhibition of enzymes involved in ROS production, while promoting the expression of 

antioxidant enzymes that alleviate this process. Overall, findings in this study 

demonstrate the highly regulated and extremely sophisticated mechanisms involved in 

controlling metabolic rate depression and stress survival in wood frogs. 
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among Hylidae and mitochondrial protein-coding gene expression in response to 
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issue) 
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Manuscripts currently under review in peer-reviewed journals 

1. R. Saleem, R. Al-attar, K.B. Storey, Activation of pro-survival pathways of the north 

American Myotis lucifugus, during hibernation, Cryobiology (Cryo_2020_16, in 

revision) 

Non-manuscript peer-reviewed contributions 

1. R. Al-attar, K. Storey, Surviving winter: NFATs regulate cryoprotection in freeze-

tolerant Rana sylvatica, Cryobiology. 73 (2016) 430. 
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(2019) jeb192658. https://doi.org/10.1242/jeb.192658 

 

Completed projects (not submitted) 

2020 

1. R. Al-attar, K. B. Storey, Multifactorial regulation of autophagy during anoxia and 

dehydration in stress-tolerant wood frogs- Data collection complete 

2. R. Al-attar, O. Aguilar, K. B. Storey, Regulation of autophagy during freezing in 

wood frogs- Data collection complete 

3. Gupta, R. Al-attar, K.B. Storey, Regulation of apoptosis and antioxidant response 

during hypoxia in jumbo squids- Data collection complete 

4. R. Al-attar*, L. J. Hawkins*, N. Bedard, S. S. Wing, K. B. Storey, Differential 

regulation of microRNAs in the liver of USP19 null mice after dexamethasone 

injection- Data collection complete (*equal contribution)2021 

2021 

5. S. English, R. Al-attar, K.B. Storey, NFAT5-mediated osmoregulation in 

dehydration tolerant Xenopus laevis- Data collection complete 

6. S. Mahrous, J. Robert, R. Al-attar, K.B. Storey, GATA4-mediated transcriptional 

network in skeletal and cardiac muscle of wood frogs- Data collection complete 

2022 

7. R. Al-attar, K. B. Storey, RAGE management: Cyto-nuclear cross talk under 

oxidative stress- Data collection complete 

8. R. Al-attar, K. B. Storey, Involvement of RAGE signaling in angiogenesis- Data 

collection complete 

9. Y. Zhang, R. Al-attar, K. B. Storey, NFAT signaling during dehydration in wood 
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frogs- Data collection complete 

10. J. Robert, R. Al-attar, K.B. Storey, Anti-apoptotic responses during freezing and 

dehydration in wood frogs- Data collection complete 

11. S. Wijenayake, R. Al-attar, K.B. Storey, Post-translational modification of the 

pyruvate dehydrogenase complex in hyperglycemic conditions- Data collection 

complete 

2023 

12. R. Al-attar, S. Green, A. E. McKechnie, S. Naidoo, K. B. Storey, Involvement of 

MAPK signaling in regulating apoptosis in torpid speckled mousebirds- Data 

collection complete 

13. S. Green, R. Al-attar, A. E. McKechnie, S. Naidoo, K. B. Storey, Post-translational 

regulation of the pyruvate dehydrogenase complex during torpor in speckled 

mousebirds- Data collection complete 
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14. R. Al-attar*, A.J. Watts*, K. B. Storey, Involvement of microRNA in regulating 

anoxia-tolerance in tree frogs- Data collection complete (*equal contribution) 

15. S. Mahrous, R. Al-attar, K. B. Storey, Regulation of the antioxidant response in gray 

tree frogs- Data collection complete  

16. R. Al-attar, K. B. Storey, Regulation of the NFAT transcriptional response during 

freezing in wood frogs- Data collection complete 
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1. Al-attar, R., K. B. Storey, “Multifaceted regulation of autophagy and lysosomal 

biogenesis supports environmental stress-tolerance in wood frogs”. The 10th 

International Congress of Comparative Physiology and Biochemistry, Ottawa, 

Ontario, Canada, August 5-9, 2019 (Oral presentation). 

2. R. Al-attar, K. B. Storey, “RAGE management: Cyto-nuclear cross talk under 

oxidative stress”. The 10th International Congress of Comparative Physiology 

and Biochemistry, Ottawa, Ontario, Canada, August 5-9, 2019 (Oral 

presentation). 

3. R. Al-attar, S. Mahrous, J. Robert, K. B. Storey, “GATA4-mediated gene 

expression promotes muscle remodeling during stress in the freeze-tolerant wood 

frog, Rana sylvatica”. The 21st annual Chemistry and Biochemistry Graduate 

Research Conference, Montreal, Quebec, Canada, Nov 9th, 2018. (Poster 

presentation) 

4. R. Al-attar, K. B. Storey, Regulation of autophagy-related proteins in the freeze-

tolerant wood frog, Rana sylvatica. 13th annual meeting of the International 

Conference on Genomics (ICG-13), Shenzhen, China, Oct 24-28, 2018. (Poster 

presentation- Recipient of the Outstanding Poster Award) 

5. R. Al Al-attar, L. J. Hawkins, N. Bedard, S. S. Wing, K. B. Storey, Differential 

regulation of microRNAs in the liver of USP10 null mice during fasting. 2nd 

annual Toronto RNA Enthusiasts Day symposium, Toronto, Ontario, Canada, 

August 2, 2017. (Poster presentation) 

6. R. Al-attar, K. B. Storey, Surviving anoxia:  Regulation of the autophagy-

related proteins in the freeze-tolerant wood frog, Rana sylvatica. 60th Annual 

national meeting of the Canadian Society for Molecular Biosciences conference, 

Ottawa, Ontario, Canada, May 16-21, 2017. (Poster presentation) 

7. R. Al-attar, K. B. Storey, Surviving winter: NFATs regulate cryoprotection in 

freeze-tolerant Rana sylvatica. 53rd Annual international meeting of the Society 

for Cryobiology, Ottawa, Ontario, Canada, July 23-27, 2016. (Oral presentation, 

Invited speaker)- Cryobiology 73, 430 (2016) 

8. S. Wijenayake, R. Al-attar, K. B. Storey, Hibernation vs Freezing: The Tale of 

Metabolic Reorganization in Winter. 53rd Annual Meeting of the Society for 

Cryobiology, Ottawa, Ontario, Canada, July 23-27, 2016. (Oral presentation)- 

Cryobiology 73, 427 (2016) 

9. R. Al-attar, K. B. Storey, Surviving diabetes: The tale of NFATs and the frozen 

frog. Ottawa-Carleton Institute of Biology Symposium, Ottawa, University, 

Ottawa, Ontario, Canada, April 5, 2016. (3rd prize winter for oral presentations). 

10. R. Al-attar, K. B.  Storey, The Role of NFATs in Molecular Adaptation to Stress 

in Wood Frogs. Ottawa-Carleton Student Northern Research Symposium 2015, 

Carleton University, Ottawa, Ontario, Canada, March 6, 2015. (1st prize-poster 

presentations). 

11. R. Al-attar, S. Wijenayake, K. B.  Storey, Pyruvate Dehydrogenase Kinase (1-4) 

Regulation under Freezing, Anoxia and Dehydration in Liver & Muscle of Rana 

Sylvatica. 12th Annual Ottawa-Carleton Institute of Biology Symposium, 

Carleton University, Ottawa, Ontario, Canada, April 29, 2015. (Poster 

presentation) 
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antibodies and immunoblot 

conditions 
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Table C1: Immunoblot antibody and protein information. 

Target Molecular 

weight (kDa) 

Gel (%) Secondary 

antibody 

(1:5000) 

ULK1 120 8 Anti-rabbit 

p-ULK1 

(S555) 

124 8 Anti-rabbit 

p-ULK1 

S758 

121 8 Anti-rabbit 

ATG4a 45 12 Anti-rabbit 

TFEB 49 12 Anti-rabbit 

ATG14 58 10 Anti-rabbit 

LC3B 15 15 Anti-rabbit 

ATPV6V0D1 45 12 Anti-rabbit 

ATG3 36 15 Anti-rabbit 

ATG5L 36 15 Anti-rabbit 

Beclin1 56 12 Anti-rabbit 

p-Beclin1 

(S93) 

58 12 Anti-rabbit 

p62 50 12 Anti-rabbit 

Ac-HMGb1 

(K29) 

29 15 Anti-rabbit 

NAB1 51 15 Anti-rabbit 

NAB2 53 15 Anti-rabbit 

FGF2 17 15 Anti-rabbit 

ANGPT1 58 10 Anti-rabbit 

ANGPT2 57 10 Anti-rabbit 

Tie1 125 8 Anti-rabbit 

Tie2 127 8 Anti-rabbit 

VEGFR1 77 8 Anti-rabbit 

Ve-cad 90 8 Anti-rabbit 

ETS1 50 15 Anti-rabbit 

EGR1 54 12 Anti-rabbit 

RAGE 42 15 Anti-rabbit 

VEGF 35 15 Anti-rabbit 

HMGB1 26 15 Anti-mouse 

PKCIIβ S660 76 12 Anti-rabbit 

AOX1 145 6 Anti-rabbit 

CYC1 34 15 Anti-rabbit 

p-ETS1 T38 51 15 Anti-rabbit 

GLUT1 54 12 Anti-rabbit 

PRX1 22 15 Anti-rabbit 

PRX5 27 15 Anti-rabbit 

ERK2 42 15 Anti-mouse 

ATP5A1 59 10 Anti-rabbit 
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NDUFAB1 17 15 Anti-rabbit 

CS 51.8 12 Anti-rabbit 
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Appendix D: Representative 

blots 
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Figure D1: Representative immunoblot showing the A) enhanced chemiluminescent 

band and B) Coomassie stained membrane of the ATP6V0D1 protein in liver of frogs 

exposed to control, 24-hour anoxic, and 4-hour reoxygenated treatments. Red boxes 

represent the bands quantified.  
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Appendix E: Standard curve 

for AGE-BSA 
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Figure E1: Standard curve generated using AGE-BSA standard following the 

manufacturer’s protocol.  
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Appendix F: Extra data 
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Due to abrupt closure of laboratories because of COVID-19, the fourth data chapter is 

incomplete. Missing measurements are targets of early apoptosis markers (measured 

using the MILLIPLEX MAP Early Apoptosis Magnetic Bead 7-plex Kit - Cell Signaling 

Multiplex Assay (MilliporeSigma, cat no. 48-669MAG). This kit has been purchased 

previously and will be used by Aakriti Gupta upon laboratory reopening at her 

convenience. Aakriti will receive second authorship for her contribution.  

 

 

Figure F1: Analysis of upstream regulations of NFATc3 measured in wood frog heart in 

response to freezing, anoxia or dehydration measured by immunoblotting. Histogram 

shows mean ± SEM of n=4 independent biological replicates from different frogs. 

Statistical significance from the control is denoted by (*) (P<0.05) and was calculated 

using a one-way ANOVA with a Dunnett post-hoc test. 
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Figure F2: Relative nuclear levels of NFATc3 (A), and B) the DNA binding activity of 

total NFATc3 in heart of wood frogs exposed to freezing, anoxia and dehydration 

measured by immunoblotting. Please see Figure 1 for more information. 
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Figure F3: Relative protein levels of downstream targets of NFATc3 and Tfam in wood 

frog heart exposed to freezing, anoxia and dehydration measured by immunoblotting. 

Please see Figure 1 for more information. 
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Figure F4: Schematic diagram showing the similarities between the partial NFATc3 

protein sequence of Xenopus tropicalis (NP_001135546.1) and splice variant 3 of 

humans (N P_775186.1). Using the online Phyre2 program, the NFATc3 structure for 

Xenopus laevis (A) and the splice variant 3 of humans (B) were predicted. Using Pymol, 

both figures were superimposed (C) to show conservancy between the two sequences. 

Using Clustal Omega, the protein sequence of NFATc3 from both organisms was aliened 

(D), and the Calcineurin binding site (CBS) and DNA binding Site (DBS) were annotated 

based on information retreated from literature. 
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That’s a wrap! And what an amazing/memorable journey it’s been! 

 

Thank you, Ken, Jan, Dr. DeRosa, Dr. Pamenter, and my examiners for reading my thesis 

😊 

 


