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ABSTRACT 

When temperatures plummet below 0°C, the wood frog (Rana sylvatica) freezes up to 65% 

of its body water in extracellular ice masses, displaying no measurable brain activity, no 

breathing, and a flat-lined heart. Various molecular mechanisms including microRNAs, a 

multifunctional group of short non-coding RNAs, are in place to facilitate freeze tolerance. 

This thesis provides the first large-scale investigation of microRNA in a freeze tolerant 

vertebrate. Immunoblotting was used to investigate protein abundance of key microRNA 

biogenesis factors in brain and liver of control, 24 h frozen, and 8 h thawed R. sylvatica. 

Biogenesis capacity was reduced in brains and elevated in livers during freezing and 

thawing. This correlated with RT-qPCR levels of ~110 microRNAs, where the majority of 

differentially expressed miRNAs were downregulated in brains and upregulated in livers. 

Bioinformatic miRNA targeting predicted brain miRNAs to play a neuroprotective role, 

while hepatic miRNAs suppressed energy-expensive pro-growth processes.  
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CHAPTER 1 
 

General Introduction 
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1.1. Adaptations to survive the cold 

Many animals are faced with environmental challenges in winter including; food scarcity, 

short photoperiods, and most importantly, subzero temperatures. Surviving this winter 

landscape requires a myriad of physiological and molecular adaptations, and while some 

animals are able to escape the cold by migration, others have adapted unique energy-saving 

strategies for dealing with the extreme cold. Terrestrial ectotherms have limited options 

when it comes to dealing with freezing temperatures; some hibernate and seek shelter, 

others employ active freeze avoidance strategies, while a few have evolved the extreme 

overwintering solution of freeze tolerance (Storey and Storey, 2013). Despite freezing 

being lethal for most animals, freezing survival has been documented in species including 

various soil microfauna, selected intertidal marine invertebrates, many insects, and various 

ectothermic vertebrates including some turtles, snakes, salamanders and frogs (Ring, 1982; 

Murphy, 1983; Thomashow, 1999; Costanzo et al., 2008; Holmstrup, 2014; Storey and 

Storey, 2017). Freeze tolerance is the ability to survive long-term freezing of up to 70% of 

total body water as extracellular ice at subzero temperatures experienced naturally in winter 

hibernacula. This is coupled with the ability to endure the various cellular consequences of 

freezing, prolonged metabolic rate depression, and the cessation of seemingly vital 

processes (Storey and Storey, 2017).  

Freezing imposes numerous cellular stresses including; anoxia, ischemia/reperfusion, cell 

dehydration and shrinkage, elevated osmolality, as well as ice-induced mechanical damage. 

To overcome these freeze-associated challenges, animals have adopted unique strategies 

such as the use of nonspecific ice nucleators or specialized ice nucleating proteins (INP) to 

instigate freezing and control ice crystal distribution and crystal growth (Storey and Storey, 
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1988). Another adaptation is the accumulation of small molecule cryoprotectants within 

cells to lower the freezing point of intracellular fluids, counteract osmotic forces, help 

maintain cell volume, and stabilize macromolecules (Storey and Storey, 2017). Freeze 

tolerant animals have also evolved mechanisms to circumvent the stresses imposed by the 

physiological challenges of whole body freezing that include the prolonged cessation of 

heartbeat, circulation, movement, brain activity, and breathing (Storey and Storey, 2017). 

Freezing also imposes energetic constraints on animals since the anoxic conditions caused 

by cessation of heartbeat and breathing forces a shift from aerobic energy production to 

anaerobic energy processes. To survive these numerous stresses, animals coordinate the 

global suppression of most metabolic functions along with an overall reduction in ATP 

turnover and reprioritization of energy use towards basic survival requirements (Storey and 

Storey, 2013). Indeed, retreating into prolonged hypometabolic states is a common theme 

that has been observed in other animal adaptations to environmental stress including; 

hibernation, anoxia tolerance, and estivation (Storey, 2015).  

 

1.2. Rana sylvatica, vertebrate model of natural freeze tolerance 

The wood frog, Rana sylvatica (also known as Lithobates sylvaticus) is the most well-

studied freeze tolerant vertebrate. Wood frogs have developed multiple mechanisms to aid 

freezing survival and can endure the accumulation of 65-70% of total body water as 

extracellular ice. In their most northern locations in Alaska, wood frogs are able to survive 

temperatures as low as -18⁰C for months at a time (Larson et al., 2014). Wood frog natural 

habitats stretch from the Southern Appalachians to above the Arctic Circle, making them 

the most northerly-distributed amphibian in North America (Lee-Yaw et al., 2008). When 
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in a frozen state, these frogs display no measurable brain activity, no heartbeat, no 

breathing and cease all skeletal muscle movement (Layne et al., 1989). Yet despite these 

challenges, the wood frog manages to safely freeze by intricately regulating various 

molecular systems such that, come spring, it is able to thaw unscathed and resume normal 

life (Storey and Storey, 2004).  

Freezing in wood frogs can be initiated in two main ways: (a) by contact with 

environmental ice that seeds the freezing of body fluids across the skin, or (b) by the action 

of ice nucleators including non-specific nucleators such as bacteria on the skin or via the 

action of specifically-synthesized ice nucleating proteins (INPs) (Storey and Storey, 1985; 

Lee and Costanzo 1998; Zachariassen and Kristiansen 2000). This occurs at temperatures 

near the freezing point of body fluids, between -0.5⁰C and -3°C. Freezing at such relatively 

high subzero temperatures allows for a slow rate of ice formation and minimizes the 

instantaneous ice surge (instant conversion of water to ice) that occurs if animals supercool 

extensively before freezing. This provides the frog with sufficient time to adjust their 

metabolism and synthesize and distribute cryoprotectant as the freezing front moves 

through the body (Storey, 1997). The initial ice nucleation event triggers a β-adrenergic 

signaling cascade (the fight-or-flight response) which initiates various molecular freeze 

tolerance responses that are highlighted below (Storey and Storey, 1996).  

Within 1-2 minutes of ice nucleation, the liver begins to catabolize large quantities of 

glycogen and synthesize glucose resulting in the rapid increase of glucose levels from 1-2 

mM in active frogs to ~300 mM in frozen frogs (Storey and Storey 1984; Storey et al., 

1992). Wood frogs rely on the synthesis of the colligative cryoprotectant glucose as their 

main line of defense as glucose helps limit the amount of water that is converted into 
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extracellular ice, minimize cell volume reduction, and help stabilize macromolecules 

(Costanzo et al., 1993). The liver rapidly exports glucose into the bloodstream where it is 

transported to the rest of the body before the heart stops beating and blood circulation 

ceases (Storey and Storey 1986). To facilitate this rapid synthesis and distribution of large 

quantities of glucose the wood frog prepares itself by building up large glycogen reserves 

and enhancing liver glucose transporter capacity in liver during the summer-autumn 

months (King et al. 1993, 1995). In addition, the nucleation event also triggers 

cardioacceleration that is believed to facilitate the rapid distribution of glucose (Layne et 

al., 1989). 

When frozen, frogs must rely on their internal fuel reserves- this poses various restrictions 

on energy availability. To overcome this, the wood frog lowers it metabolic rate and 

transitions from oxidative phosphorylation to anaerobic glycolysis due to the lack of 

oxygen availability during freezing. Measurements in other hypometabolic animals show 

that metabolic rate decreases to 1-30% of normal resting rate (Storey and Storey, 2017). 

To endure prolonged freezing, the frog globally suppresses various energy-expensive cell 

processes such as DNA replication, transcription, translation, and numerous other non-

essential energy-expensive processes. This is coordinated by many signal transduction 

cascades and biochemical regulatory mechanisms (Storey and Storey, 2004, 2007). Yet, 

despite the overall reduction in ATP turnover, there is a reprioritization of energy use 

towards select pathways required for basic cellular survival and for defending against 

freeze-associated damages (Storey and Storey, 2013). Indeed, against this background of 

global suppression of transcription and translation, a variety of freeze-upregulated genes 

have been identified and act to elevate protective proteins over freeze-thaw cycles and 
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enhance pro-survival pathways (Cai and Storey, 1997; McNally et al., 2002; Storey and 

Storey, 2004). Findings from recent years have demonstrated that freezing in the wood frog 

results in the induction of p38 MAPK, AMPK, and Akt signal transduction pathways 

(Greenway and Storey, 2000; Rider, 2006; Zhang and Storey, 2013). This is in addition to 

the modulation of key enzymes involved in energetics and antioxidant defenses by post-

translational modifications (Dieni and Storey, 2008; Dieni et al., 2012; Dawson et al., 2015; 

Dawson and Storey, 2016).   

 

1.3. Post-transcriptional regulation of stress responses via microRNAs 

The reduction in ATP turnover and reprioritization of energy usage that occurs in the frozen 

state implies that quick, reversible, and energetically inexpensive regulatory mechanisms 

that are triggered by extracellular stimuli are responsible for adapting cells for survival. 

Indeed, studies have found that survival in this complex frozen state is orchestrated by 

various molecular mechanisms, including; reversible protein phosphorylation of many 

enzymes and functional proteins as well as transcription and translation factors, the use of 

epigenetic mechanisms to directly modify DNA and histone proteins, and post-

transcriptional controls on mRNA through the action of microRNAs (miRNAs) (Storey, 

2015). MicroRNAs are proving to be master regulators of virtually all cell processes with 

broad controls over many activities including the cell cycle, signal transduction pathways, 

and energy metabolism, among others (Leung and Sharp, 2010; Biggar and Storey, 2011). 

While this large group of highly-conserved, short, non-coding RNA transcripts (~22 nt) 

comprises just 1–2% of the number of protein-coding genes, recent computational 

predictions indicate that they target more than 60% of protein-coding genes in humans, and 

influence almost every aspect of biological function (Bartel, 2009; Ebert and Sharp, 2012). 
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Indeed, depending on the miRNA mode of action for each mRNA target, miRNAs can 

effectively mold the composition of the transcriptome during stress. 

MicroRNAs function by associating with the RNA-induced silencing complex (RISC), 

directing the complex to the appropriate mRNA transcript(s), binding with partial or perfect 

complementarity to mRNA transcripts, and ultimately resulting in the translational 

repression or degradation of the bound mRNA (Bartel, 2004) (Figure 1.1.). The 5′ seed 

region of the guide strand, involving nucleotides two to eight, directs RISC activity towards 

target mRNAs with complementary motifs in their 3′ UTR (Huang et al., 2011). The brevity 

of the seed region is what allows miRNAs to exert their broad controls, wherein (a) a single 

miRNA can regulate multiple mRNA transcripts, and (b) one mRNA transcript may be 

subject to regulation by multiple miRNAs (Bartel, 2004). Once bound, the degree of 

complementarity between the miRNA and mRNA transcript dictates the fate of the mRNA 

transcript, providing another level of control. Imperfect complementarity causes mRNA 

transcripts to be sequestered to cytoplasmic loci such as P-bodies and stress granules, 

where they are subject to translational repression; in contrast, perfect complementarity 

triggers mRNA degradation by Argonaute endonucleases (Bartel, 2004). A transient 

outcome of miRNA targeting is accelerated target mRNA deadenylation which leads to 

mRNA destabilization and rapid mRNA decay (Wu et al., 2006). The importance of 

miRNA regulation can be observed in the high degree of conservation that miRNA 

sequences display between distant vertebrate species. Indeed, this is also emphasized by 

the conservation of corresponding target mRNA 3’UTR binding motifs that are 90-100% 

conserved, despite the overall low conservation generally observed in 3’UTR regions 

(Friedman et al., 2009; Lewis et al., 2009).   
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Figure 1.1. Canonical pathway of microRNA biogenesis and processing. This schematic 

includes the main biogenesis factors involved in ‘linear’ canonical microRNA maturation. 

Figure from (Winter et al., 2009).  
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Since the initial discovery of miRNAs in Caenorhabditis elegans in 1993 (Lee et al., 1993), 

a growing number of studies in diverse stress-tolerant animals have shown that miRNAs 

involved in regulating cell survival are under dynamic regulation in response to 

environmental stress (Biggar and Storey, 2015a). MicroRNAs have been implicated as a 

regulatory mechanism in many situations of biochemical adaptation and/or transitions into 

hypometabolic states including; hibernation (Morin et al., 2008; Kornfeld et al., 2012; Wu 

et al., 2014, 2016; Hadj-Moussa et al., 2016), turtle and invertebrate anoxia tolerance 

(Biggar and Storey 2012; Biggar et al., 2012, 2015a), sea cucumber and frog estivation 

(Chen and Storey, 2014; Chen et al., 2013; Wu et al., 2013; Luu and Storey, 2015), freeze-

avoidance in insects (Lyons et al., 2015), and freeze tolerance in insects, frogs, and turtles 

(Biggar et al., 2009; Courteau et al., 2012; Lyons et al., 2015a; Bansal et al., 2016). Several 

investigations of miRNA involvement in cold-tolerant vertebrates have identified a subset 

of cold-associated miRNAs termed ‘Cryo-miRs’ that have been shown to be involved in 

muscle atrophy prevention, cell cycle regulation, and glucose and lipid metabolism (Lyons 

et al., 2013). A recent study on wood frog heart and skeletal muscle demonstrated tissue-

specific differential expression of miRNAs involved in maintaining cell structure, muscle 

contraction, and reversible phosphorylation over the freeze-thaw cycle (Bansal et al., 

2016). Taken together, these studies suggest that miRNAs play specific freeze and cold-

responsive roles to facilitate the cryoprotective and metabolic changes necessary for 

successful freeze-thaw.  

The thermodynamics of miRNA-mRNA interactions can be influenced by factors in the 

cellular environment, such as temperature (Wu et al., 2002) (Figure 1.2.). This is of 

particular interest when examining ectothermic species that exhibit large fluctuations in 
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body temperature. RNA strands hybridize to each other through hydrogen bonding, with 

two hydrogen bonds between Adensoine and Uracil, and three hydrogen bonds between 

Guanosine and Cytosine, in addition to surrounding hydrophobic interactions between 

nitrogenous bases that facilitate the formation of complex secondary structures. When body 

temperatures decrease, this favors miRNA binding to mRNA due to a decrease in the free 

energy required for the formation of the RNA duplex (Wu et al., 2002; Biggar and Storey, 

2014). These cold-influenced interactions are a result of the differential strength of bonds- 

as temperature changes, hydrophobic and hydrogen bonds have opposite thermal profiles. 

At low temperatures, the decrease in kinetic energy strengthens hydrogen bonds and 

contrastingly results in a decrease in hydrophobic interactions. As a result, events such as 

freezing have been shown to lead to significant changes in miRNA functionality, increasing 

the number of mRNA transcripts that can be binding partners of individual miRNAs, and 

thereby increase/change the number/type of mRNA transcripts that can be regulated by 

individual miRNAs (Biggar and Storey, 2015a, 2015b). It should be noted that temperature 

is not the only factor that affects miRNA binding thermodynamics and duplex formation, 

other factors include; intracellular ionic strength, protein interactions, phospholipids 

present in membranes, and neighbouring small molecular weight metabolites such as 

cryoprotectant glucose.     
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Figure 1.2. Temperature influence on miRNA targeting. Proposed temperature influence 

on stabilizing miRNA interactions with target mRNA. [A] Effect of high temperature on 

miRNA-mRNA binding, [B] Effect of low temperature on miRNA-mRNA binding. 

Modified from (Biggar and Storey, 2015b).  
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1.4. MicroRNA biogenesis  

Although miRNAs have emerged as master regulators of nearly all biological functions, 

including stress responses, relatively little work has gone into investigating the regulation 

of miRNA biogenesis machinery under stress conditions. Indeed, miRNA biogenesis 

pathways have been shown to be under tight spatial and temporal control, suggesting that 

this might also be the case during stress responses (Ha and Kim, 2014). MicroRNAs are 

initially transcribed by RNA polymerase II into long secondary hairpin structures known 

as primary miRNAs (pri-miRNAs) (Huang et al., 2011). The maturation process begins 

with the cleavage of the 5’ and 3′ ends by the RNase III endonuclease DROSHA and its 

binding partner the double-stranded RNA-binding protein DiGeorge syndrome critical 

region gene 8 (DGCR8) to form a ~60-70 nt precursor miRNA (pre-miRNA) (Figure 1.1.). 

Current processing models suggest that DGCR8 directs DROSHA to a specific cleavage 

site ~11 bp from the junction of the stem of the hairpin by recognizing the pri-miRNA 

ssRNA-dsRNA junction (Han et al., 2004, 2006; Lee et al., 2002).  

The pre-miRNA then complexes with the nucleocytoplasmic transporter factor 

EXPORTIN-5 and RAN-GTP to protect against nuclear degradation and facilitate nuclear 

export into the cytoplasm for further processing (Bohnsack et al., 2004). At this stage, 

cytoplasmic maturation involves the cleavage of the pre-miRNA stem-loop by the RNase 

III endonuclease DICER to create a ds-miRNA duplex (MacFarlane and Murphy, 2010) 

(Figure 1.1.). DICER is associated with transactivating response RNA-binding protein 

(TRBP) that modulates the processing efficiency of select pre-miRNAs and tunes the 

length of mature miRNAs (Fukunaga et al., 2012; Lee and Doudna, 2012). The DICER-

TRBP complex is further complexed by the ARGONAUTE family of endonucleases and 
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by protein activator of protein kinase R (PACT), a third dsRNA binding protein that 

currently plays an unknown role in miRNA biogenesis (Ha and Kim, 2014). The mature 

miRNA guide strand is then incorporated into the effector RISC, where miRNAs use base-

pairing to negatively regulate the expression of target mRNAs (Bartel, 2004).  

 

1.5. Discovery-driven objectives  

1.5.1. Objective 1: Examine microRNA biogenesis and regulation over the freeze-thaw 

cycle in wood frog brain 

The brain’s persistent flow of information and adaptations to environmental stimuli plays 

a pivotal role in the facilitation of stress responses and prolonged hypometabolic periods 

(Storey and Storey, 2007). While it has been reported that frozen wood frog brains display 

no detectable brain activity and both visual observations and magnetic resonance imaging 

have shown ice accumulation in brain ventricles, little other physiological work has been 

done on freeze tolerant brains (Storey and Storey, 2017). Previous biochemical and 

molecular studies on frozen frog brains have revealed various cytoprotective “activations” 

of maintenance and freeze protective pathways that promote tissue survival (Aguilar et al., 

2016; Cai and Storey, 1997; Greenway and Storey, 2000; Sullivan and Storey, 2012). The 

rapid, reversible, and energetically inexpensive nature of miRNA control renders these 

small molecules excellent candidates for coordinating the necessary neuroprotection of 

intricate neural networks and facilitating freeze survival. 
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To that end, Chapter 3 explores how the miRNA biogenesis pathway is regulated in the 

wood frog brain by measuring the levels key proteins in the biogenesis pathway that 

include; DROSHA, DGCR8, EXPORTIN-5, RAN, DICER, TRBP, PACT, AGO1, and 

AGO2. This was followed up with a large-scale profile of miRNA expression levels over 

the freeze-thaw cycle. Bioinformatics tools were then used to identify the targets of the 

differentially expressed miRNAs and to elucidate the roles of the stress-responsive 

responsive miRNAs in brain freeze tolerance.  

 

1.5.2. Objective 2: Examine microRNA biogenesis and regulation over a freeze-thaw cycle 

in wood frog liver 

Changes to liver metabolism are central to freeze survival. Wood frog liver is responsible 

for generating the cryoprotectant glucose and exporting it to the whole body. The liver also 

produces various proteins essential for survival, such as fibrinogen that protects against 

and repairs minor ice damage injuries, and novel proteins FR10, FR47, and Li16 that 

promote freeze survival (Storey and Storey, 1986; Cai and Storey, 1997). Indeed, the liver 

is the last organ to freeze and the first one to thaw, emphasizing its vital role in facilitating 

successful freezing and its high concentration of glucose cryoprotectant (Rubinsky et al., 

1994). The regulatory mechanisms that govern the tight regulation of liver functions during 

a time of global metabolic rate depression are not well characterized and one promising 

candidate control mechanism is the specific and reversible action of miRNAs.  
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Chapter 4 investigates the effects of freeze-thaw on miRNA biogenesis by measuring the 

protein levels of the main miRNA biogenesis protein members in liver; DROSHA, 

DGCR8, EXPORTIN-5, RAN, DICER, TRBP, PACT, AGO1, and AGO2. The regulation 

of liver miRNA expression levels was then measured over the freeze-thaw cycle. The 

biological functions and mRNA targets of the freeze- and thaw-responsive miRNAs were 

then bioinformatically identified and their role in hepatic freeze tolerance was determined.  
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2.1. Animal experiments 

Male wood frogs were collected from spring meltwater ponds in Oxford Mills, Ontario, 

Canada, and transported to Carleton University on crushed ice. Frogs were washed in a 

tetracycline bath and acclimated at 5ºC for two weeks in plastic containers lined with 

sphagnum moss. Active control frogs were sampled from this condition.  

For the frozen condition, frogs were moved to -3°C plastic containers lined with damp 

paper towel and an initial (45 min) cooling period was used to initiate freezing during 

which body temperature cooled to below -0.5°C. Incubator temperatures were then raised 

to -2.5°C and at which point the 24 h freezing was timed. Frogs were sampled after 24 h 

of freezing as this was the time required to reach maximal ice content formation (Storey, 

1990). Frozen frogs were randomly sampled from this condition. The remaining frogs were 

assigned to the recovery group and were then transferred to 5°C. Thawed frogs were 

sampled after 8 h of thawing at this temperature. Frogs were sampled after 8 hours of 

thawing as this was when they displayed a consistent “recovery phenotype”, with a return 

of heartbeat, breathing, and limb movement.  

All control, 24 h frozen, and 8 h thawed frogs were euthanized by spinal pithing. Brain and 

liver were then rapidly excised, flash frozen in liquid nitrogen, and stored at -80ºC until 

use. Animal care protocols and experimentation were performed in accordance with the 

Carleton University Animal Care Committee and followed the guidelines set by the 

Canadian Council on Animal Care.  
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2.2. Total soluble protein extraction 

Total soluble protein extracts were prepared from liver and brain tissue of control, 24 h 

frozen, 8 h thawed wood frog conditions. Samples (500 mg) of frozen tissue were crushed 

with a mortar and pestle in liquid N2 and then homogenized 1:2 w:v using a Polytron PT10 

homogenizer (Kinematica) and chilled homogenization buffer (20 mM HEPES, 200 mM 

NaCl, 0.1 mM EDTA, 10 mM NaF, 1 mM Na3VO4, 10 mM β-glycerophosphate, pH 7.4) 

with a few crystals of PMSF and 1 μL/mL of protease inhibitor (Cat# PIC002; BioShop 

Canada Inc., Burlington, ON, Canada). Homogenates were centrifuged for 15 min at 

10,000 g (4°C), and soluble protein-containing supernatants were collected.  

Total protein concentration of each sample was quantified using the BioRad protein assay 

(Cat# 5000002; BioRad Laboratories, Hercules, CA, USA) at 595 nm on an MR5000 

microplate reader (Dynatech Laboratories, Chantilly, VA, USA). Protein concentrations 

were standardized to 10 µg/µL using homogenization buffer. Standardized samples were 

mixed 1:1 v/v with SDS buffer (100 mM Tris-HCl, 4% w/v SDS, 20% v/v glycerol, 0.2 

w/v bromophenol, 10% v/v β-mercaptoethanol, pH 6.8), to a final concentration of 5 

µg/µL. Samples were boiled for 10 min to denature and linearize all proteins and were then 

stored at -40°C until use.   

 

2.3. Immunoblotting  

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was run by 

loading equal amounts (25-40 µg) of control, 24 h frozen, and 8 h thawed total protein into 

6-15% discontinuous SDS polyacrylamide gels. Depending on the size of the protein of 

interest, either 4 µL of PiNK Plus pre-stained protein ladder (10.5-175 kDa; Cat# PM005-
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0500K; FroggaBio, Toronto, ON, Canada) or 6 µL of BLUeye pre-stained protein ladder 

(10 to 245 kDa; Cat# PM007-0500; FroggaBio) was loaded into one lane of each gel for 

reference. Upper stacking gels consisted of 4% acrylamide v/v, 1 M Tris buffer [pH 6.8], 

0.1% SDS, 0.1% ammonium persulphate (APS), and 0.1% N,N,N’,N’-tetramethylethane-

1,2-diamine (TEMED). Resolving gels were comprised of 6-15% acrylamide v/v, 1.5 M 

Tris buffer [pH 8.8], 0.1% SDS, 0.1% APS, and 0.1% TEMED. Loaded SDS-PAGE gels 

were then run at 180 V for 1-4 h at 4°C in running buffer (25 mM Tris-base, 190 mM 

glycine, 0.1% w/v SDS, [pH 7.6]), using a BioRad Mini Protean III system (BioRad 

Laboratories, Hercules, CA, USA). Resolved protein gels were then transferred to 0.45 µm 

pore polyvinylidene difluoride (PVDF) membranes at 160 mA for 1.5-16 h in transfer 

buffer (25 mM Tris-base, 192 mM glycine 10% v/v methanol, [pH 8.5]), at 4°C.  

Transferred membranes were air-dried for 15 min, reactivated in methanol for 5 min and 

incubated in 2-10% v/v skim milk in TBST (20 mM Tris base [pH 7.6], 140 mM NaCl, 

0.05% v:v Tween-20, and 90% v:v dd H2O). Membranes were subsequently incubated in 

skim milk (2-10% v/v in TBST) for 15-30 min or in 30,000-70,000 MW polyvinyl alcohol 

(PVA) (1 mg/mL in TBST) for 30-90 sec on a rocker at room temperature. Blocking 

membranes with milk or PVA was performed to limit non-specific primary and secondary 

antibody binding. Blocked membranes were washed 3 x 5 min in TBST and subsequently 

probed with the primary antibody of interest (1:1000 v/v dilution in TBST) rocking at 4°C 

overnight. For supplier information on the primary antibodies used, refer to Appendix B. 

Various steps were taken to ensure that the antibodies used in this study cross-reacted with 

the correct wood frog protein, for more information refer to Appendix C. Membranes were 

then washed 3 x 5 min with TBST and probed for 30 min at room temperature with 
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horseradish peroxidase (HRP)-conjugated goat anti-rabbit secondary antibody (1:8000 v/v 

dilution in TBST; Cat# APA002P; BioShop). Membranes were then washed 3 x 5 min in 

TBST. For the complete list of optimized immunoblotting conditions for each target 

protein, refer to Appendix D. 

Protein bands were visualized using chemiluminescence with H2O2 and Luminol, and 

imaged using the ChemiGenius BioImaging System (Syngene, Frederick, MD, USA). 

Membranes were then stained with Coomassie blue (0.25% w/v Coomassie Brilliant Blue, 

7.5% v/v acetic acid, 50% methanol) and destained with destain solution (50 ml ddH2O, 

50 ml acetic acid, 150 ml methanol) to visualize total protein as a loading control.  

 

2.4. RNA isolation  

For a general workflow of the microRNA experiments, data collection, and functional 

bioinformatics analyses refer to Figure 2.1. RNA isolation was performed on brain and 

liver tissues of control, 24 h frozen, 8 h thawed wood frogs (n = 4 individual animals). 

Samples (50-100 mg) of frozen tissue were crushed with a mortar and pestle in liquid N2 

and then briefly homogenized in 1 mL of Trizol (Cat# 15596-018; Invitrogen) using a 

Polytron PT1200 homogenizer (Kinematica). A 200 μL aliquot of chloroform was then 

added and samples were centrifuged at 10,000 rpm for 15 min at 4°C. The upper aqueous 

phase was transferred to a new centrifuge tube and 500 μL of isopropanol were added, 

mixing well. RNA was allowed to precipitate for 10 min on ice, then samples were 

centrifuged at 12,000 rpm for 15 min at room temperature. Pellets were washed with 1 mL 

of 70% ethanol and centrifuged at 7,500 rpm for 5 min. Ethanol was decanted and RNA 
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precipitates were allowed to air-dry for 10 min, followed by resuspending RNA in 30-50 

μL of RNase-free water.  

Concentration and purity of extracted RNA, as determined spectrophotometrically by the 

260/280 nm ratio, was measured using a Take3 micro-volume quantification plate 

(BioTek) and a PowerWave HT spectrophotometer (BioTek). Only samples with 260/280 

ratios greater than 1.8 were used for miRNA analyses. Next, total RNA integrity was 

examined using gel electrophoresis on a 1% agarose gel stained with SYBR Green (Cat# 

S7563; Invitrogen) and by verifying the presence of sharp bands for 28S and 18S ribosomal 

RNA. RNA isolates were then standardized to a final concentration of 1 µg/µL using 

RNase-free water and then frozen at -80°C until further use.  
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Figure 2.1.  General workflow of microRNA experiments, data collection, and 

downstream functional bioinformatics analyses. Arrows on the right indicate the program 

and bioinfomtics tools used.  
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2.5. Polyadenylation and stem-loop reverse transcription  

Extracted RNA samples were prepared for miRNA analysis by polyadenylation, stem-loop 

adapter annealing, and reverse transcription (Biggar et al., 2014). Polyadenylation of 

miRNA was carried out using the PolyA tailing kit from Epi-Bio (Cat# PAP5104H; 

Epicentre, Madison, WI, USA). Each 10 μL reaction contained 3 μg total RNA, 1 mM 

ATP, and 0.5 μL (2 U) of E. coli poly (A) polymerase in buffered solution (0.1 M Tris-

HCl [pH 8.0], 0.25 M NaCl, and 10 mM MgCl2). Reactions were incubated at 37°C for 30 

min to adenylate, 95°C for 5 min to arrest, and then immediately chilled on ice. For reverse 

transcription, the polyadenylated products (10 μL samples) were combined with 5 μL of 

250 pM stem-loop RT adapter primer (5’- CTC ACA GTA CGT TGG TAT CCT TGT 

GAT GTT CGA TGC CAT ATT GTA CTG TGA GTT TTT TTT TVN -3’). The addition 

of degenerate nucleotides N (indicating nucleotides A, T, C, or G) and V (indicating 

nucleotides A, C, or G) to the 3’ end of the stem-loop RT adapter primer ensures 

microRNA-specific sequence binding, despite the variable lengths of the polyadenylated 

tails (Biggar et al., 2014).  This was then heated to 95°C for 5 min to denature RNA, cooled 

to 60°C for 5 min to allow annealing, and placed on ice for 1 min. The SuperScript™ III 

Reverse Transcriptase kit (Cat# 18080044; ThermoFisher Scientific) was used on the 

polyadenylated and stem-loop primer-annealed RNA samples. Briefly, each sample was 

combined with: 1 µL mouse Maloney leukemia virus (M-MLV) reverse transcriptase (2 

U), 1 µL deoxynucleotide triphosphate (dNTP) mixture containing 25 mM of each 

nucleotide (Cat# R1121; ThermoFisher Scientific), 2 µL 0.1 M dithiothreitol (DTT), and 4 

µL 5x first-strand buffer. Samples were incubated at 16°C for 30 min, 42°C for 30 min, 

and 85°C for 5 min. Products were serially diluted and frozen at -20°C.   
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Figure 2.2. Schematic of the polyadenylated microRNA amplification protocol using 

stem–loop primers. A poly-A tail is added to microRNAs, followed by cDNA synthesis 

using an adapted primer and reverse transcriptase. The resulting cDNA is ready for RT-

qPCR amplification with a universal PCR primer and a microRNA-specific forward 

primer. This unique amplification system provides ease of use and efficient cDNA 

synthesis for the quantification of many mature microRNAs with a high degree of 

sensitivity and specificity. Figure from (Biggar et al., 2014).  
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2.6. MicroRNA sequence conservation and primer design  

The miRNA-specific forward primers were designed based on the annotated miRNA 

sequences from Xenopus tropicalis and Xenopus laevis genomes on XenBase 

(www.xenbase.org; accessed September 2016) and on the miRNA sequences deposited on 

miRBase (www.mirbase.org; Release 21). To validate the use of these primers for RT-

qPCR of miRNAs from R. sylvatica, the precursor miRNA stem-loop sequences of 

Xenopus were subjected to NCBI BLASTn (https://blast.ncbi.nlm.nih.gov/Blast.cgi) to 

assess miRNA conservation across taxa. Multiple sequence alignments were performed 

with EMBL-EBI CLUSTAL OMEGA (http://www.ebi.ac.uk/Tools/msa/clustalo/) with the 

stem-loop pre-miRNA sequences from Gallus gallus and Anolis carolinensis. In cases 

where sequences from these animals were unavailable or unannotated in NCBI GenBank, 

the alignments were conducted using sequences from various other vertebrates.  

Each of the forward miRNA-specific primers were designed using the conserved 5’ 

miRNA end, as to decrease the challenges associated with designing primers based on the 

conservation of miRNA between select evolutionarily related species. As such, all forward 

miRNA-specific primers were designed with a modified short adapter and the first 15 

nucleotides from the 5’ mature miRNA sequence (Biggar et al., 2014). Primers had the 

following general sequence 5’- ACA CTC CAG CTG GGN NNN NNN NNN NN -3’, 

where nucleotides denoted with an N indicate miRNA-specific sequence binding regions 

that vary depending on the target miRNA. This sequence has been optimized for product 

size, primer pairing, melting temperatures, and any homo- or heterodimers that may occur. 

Refer to Appendix E for the individual primer sequences of all the miRNA species 

analyzed. Since all miRNA species have been polyadenylated, stem-loop adapter annealed, 

http://www.xenbase.org/
http://www.mirbase.org/
https://blast.ncbi.nlm.nih.gov/Blast.cgi
http://www.ebi.ac.uk/Tools/msa/clustalo/
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and reverse transcribed, this allowed for the use of a single universal reverse primer (5’- 

CTC ACA GTA CGT TGG TAT CCT TGT G -3’). All primers were synthesized by 

Integrated DNA Technologies.  

 

2.7. RT-qPCR assays  

All RT-qPCR assays were performed as previously described (Pellissier et al., 2006) using 

a CFX Connect™ Real-Time PCR Detection System (Cat# 1855201; BioRad), following 

MIQE guidelines (Bustin et al., 2009). Each 20 µL RT-qPCR reaction consisted of 2 µL of 

diluted RT product, 10.115 µL of ddH2O, 4 µL of 1 M trehalose (Cat# TRE222; BioShop), 

2 µL RT-qPCR buffer (100 mM Tris-HCl [pH 8.5], 500 mM KCl, 1.5% Triton X-100, 20 

mM MgCl2, 2 mM dNTPs, and 100 nM fluorescein), 0.5 µL formamide (Cat# FOR001; 

BioShop), 0.5 µL of 25 mM miRNA-specific forward primer, 0.5 µL of 25 mM universal 

reverse primer, 0.1 µL of 100x SYBR green mix diluted in dimethyl sulfoxide (DMSO) 

(Cat# S7585; Invitrogen), 0.16 µL of 25 mM dNTPs, and 0.125 µL of 5U/µL Taq 

polymerase (Cat# TAQ001.1; BioShop). Reactions were incubated in a 96-well plate at 

95°C for 3 min, followed by 40 cycles of 95 °C for 15 s and 60°C for 1 min. To ensure 

primer specificity and the amplification of a single PCR product only, all RT-qPCR assays 

were subjected to post-run melt-curve analysis; reactions that amplified multiple non-

specific products were rejected. 
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2.8. Bioinformatics microRNA target identification and enrichment 

To further characterize the potential miRNA targets of the differentially expressed 

miRNAs, mature miRNA sequences were searched against 3’UTR sequences from the X. 

tropicalis reference genome available on the UCSC table browsed (JGI 7.0/xenTro7) using 

the temperature sensitive miRNA target identification program FINDTAR3 (v.3.11.12) 

(http://bio.sz.tsinghua.edu.cn/) (Ye et al., 2008). When aligning small fragments of genetic 

sequences against a reference genetic sequence, mutations and mismatches, annotated as 

gaps, must be taken into consideration. As such, for the optimization of sequence alignment 

FINDTAR3 uses a scoring system to account for the number of gaps and the different gap 

sizes through the penalization of gap openings and gap extensions, respectively. FINDTAR 

determines the AT, GC, and GT weight scores with revised Gotoh’s and Marks’ methods 

(Ye et al., 2008). FINDTAR3 was used with the following parameters: AT and GC weight 

of 5, GT weight of 2, a gap opening penalty of -8, a gap extension penalty of -2, target 

duplex with maximum threshold free energy -20 kcal/mol, and demand strict 5’ seed 

pairing. RNA secondary structure and target predictions were carried out at a temperature 

of -2°C for miRNAs that significantly changed during freezing, and at 5°C for miRNAs 

that significantly changed during thawing. The FINDTAR3 parameters descried above 

were used to provide a “flexible” window for the selection of miRNA:mRNA seed region 

matching and target selection. For a detailed miRNA target prediction bioinformatics 

workflow, refer to Appendix F.  

The list of miRNA-targeted genes generated by FINDTAR3 were then functionally 

enriched to examine the potential interplay between miRNA-targeted mRNA. This was 

done by mapping protein-protein interactions using the STRING (http://string-db.org/) 

http://bio.sz.tsinghua.edu.cn/
http://string-db.org/
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Xenopus tropicalis database (Szklarczyk et al., 2014). STRING is an integrated quality 

controlled database and web resource of known and predicted protein-protein interactions. 

These include direct (physical) and indirect (functional) interactions that stem from 

numerous sources including; genomic context predictions, high-throughput lab 

experiments, conserved co-expression, automated text mining, and existing knowledge in 

databases. The protein interaction network generated was subsequently modelled using 

CYTOSCAPE , a network analysis and visualization platform (http://www.cytoscape.org), 

(Shannon et al., 2003) and STRING combined scores were clustered using Markov 

clustering (MCL). MCL is a divisive clustering algorithm used for network partitioning 

and is commonly applied to complex biological networks and protein-protein interaction 

networks. MCL clustering was performed on the CYTOSCAPE ClusterMaker application. 

Pathway enrichment analysis for miRNA-targeted clusters was performed on miRNAs 

found to significantly change in response to freezing and thawing. This analysis was 

performed using the Gene Ontology (GO) Enrichment Analysis available for Xenopus 

tropicalis using the PANTHER classification system (v.11.1) 

(http://www.geneontology.org/). GO Enrichment Analysis was based on functional 

biological processes, wherein a biological process is a recognized as a series of molecular 

functions and events with a defined beginning and end.  

 

2.9. Quantification and Statistics  

Chemiluminescent immunoblot protein bands were quantified by densitometry using a 

ChemiGenius BioImaging System and GeneTools Software (Syngene, Frederick, MD, 

USA). Immunoblot band intensity in each lane was standardized against a group of 

http://www.cytoscape.org/
http://www.geneontology.org/
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Coomassie blue-stained protein bands to correct for any minor variations in sample 

loading. Immunoblot data for each experimental condition are expressed as means ± SEM 

with n = 4 samples from different animals. Statistical analysis was performed by one-way 

ANOVA and a Dunnett’s post-hoc test (p < 0.05 accepted as significant) using the 

RBIOPLOT statistics and graphing R package (Zhang and Storey, 2016).  

For RT-qPCR, the comparative ΔΔCq method was used to calculate relative levels of 

miRNA expression (Bustin et al., 2009). Raw Cq values were transformed to the 2-Cq form, 

such that the miRNA of interest could be standardized to the endogenous controls, snord68 

(brain) and U6 snRNA (liver). Both sno68 and U6 snRNA were experimentally determined 

to be suitable reference genes based on their stable expression in R. sylvatica brain and 

liver, respectively, under all experimental conditions and using the calculations previously 

described (Schmittgen and Livak, 2008). Other small RNAs (non-miRNAs) were used as 

reference genes to control for the miRNA sample preparation protocol as these RNA 

species are also small and not polyadenylated. Data were collected and analyzed as mean 

relative expressions (mean ± SEM), where n = 4 independent biological replicates from 

different animals at each sampling point with two highly comparable technical replicates 

for each quantification. Differences in miRNA relative expression between control, frozen, 

and thawed conditions were considered significant (indicated by *) when a one-way 

ANOVAs and Dunnett’s post-hoc test yielded a p < 0.05. Statistical analyses were 

performed using the RBIOPLOT statistics and graphing R package (Zhang and Storey, 

2016).   
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ABSTRACT       

When temperatures plummet below 0°C, the wood frog (Rana sylvatica) freezes up to 65% 

of its body water in extracellular ice masses, displaying no measurable brain activity, no 

breathing, no movement, and a flat-lined heart. To survive, freeze tolerant frogs retreat into 

a state of suspended animation characterized by global suppression of metabolic function 

and reprioritization of energy usage to essential survival processes that is elicited, in part 

by the regulatory controls of microRNAs. The present study is the first to investigate 

miRNA biogenesis and regulation in the brain of a freeze tolerant vertebrate. Indeed, proper 

brain function and adaptations to environmental stimuli play a critical role in coordinating 

stress responses. Immunoblotting of the miRNA biogenesis factors illustrated an overall 

reduction in the majority of processing proteins suggesting a potential suppression of 

miRNA maturation over the freeze-thaw cycle. This was coupled with a large-scale RT-

qPCR analysis of relative expression levels of 113 microRNA species in the brains of 

control, 24 h frozen, and 8 h thawed R. sylvatica. Of the 41 microRNAs differentially 

regulated during freezing and thawing, only two were significantly upregulated. 

Bioinformatic target enrichment of the downregulated miRNAs, performed at the low 

temperatures experienced during freezing and thawing, predicted their involvement in the 

potential activation of various neuroprotective processes such as synaptic signalling, 

intracellular signal transduction, and anoxia/ischemia injury protection. The predominantly 

downregulated microRNA fingerprint identified herein suggests a microRNA-mediated 

cryoprotective mechanism responsible for maintaining neuronal functions and facilitating 

successful whole brain freezing and thawing.  

 

KEYWORDS:  Rana sylvatica; Cryoprotection; miRNA; FINDTAR3; STRING  
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3.1. INTRODUCTION 

Freezing is deadly for most organisms. Yet despite the challenges it poses, freeze tolerance 

has arisen multiple times across the eukaryotic kingdom ranging from microorganisms, 

plants, insects, invertebrates, reptiles, and amphibians (Costanzo et al., 2008; Denlinger 

and Lee, 2010; Holmstrup, 2014; Storey and Storey, 2017; Strimbeck et al., 2015). One of 

the most well-studied and extreme vertebrate models of natural freeze tolerance is the wood 

frog, Rana sylvatica (also known as Lithobates sylvaticus), capable of freezing up to 65% 

of total body water in extracellular ice masses. When the wood frog retreats into its frozen 

state of suspended animation, that can last months at a time, it exhibits no measurable brain 

activity, no breathing, no movement, and a flat-lined heart (Storey, 1990). To freeze and 

thaw months later, unscathed, wood frogs have developed various key adaptations that 

include; [1] initiation of freezing above the freezing point of body fluids at (-0.5ºC), to 

minimize damaging instantaneous ice surges that occur if animals are extensively 

supercooled prior to freezing, [2] synthesis and distribution of cryoprotectant glucose to 

minimize cell volume reduction and limit extracellular ice formation, and [3] global 

metabolic rate depression coupled with the activation of select “survival” pathways that 

protect and stabilize cellular macromolecules (Storey and Storey, 2017).  

Wood frogs are subject to numerous freeze-associated challenges such as; anoxia/ischemia, 

dehydration, hyperglycemia, osmotic shock, mechanical damage from ice crystallization, 

and even thawing brings with it the dangers of rapid oxygen reperfusion (Storey and Storey, 

2017). To survive such extreme environmental stress, these frogs have evolved various 

protective mechanisms, such as the upregulation of protective antioxidant defenses 

(Dawson et al., 2015), coupled with the global reprioritization of energy consumption 
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(Storey and Storey, 2004). While freezing itself is a prolonged dormant state that is 

characterized by global metabolic rate depression, entrance into the frozen state does not 

involve extensive gene expression changes (Storey, 2006). This is likely because the 

energy-limited frozen state does not facilitate major reorganizations of the cellular 

environment. To survive, it appears that the frog has adapted molecular mechanisms that 

are; [1] modulated by environmental stimuli, [2] applicable to nearly all biological 

pathways, [3] easily inducible, [4] not energetically costly, and [5] rapidly reversible to 

allow for smooth transitions between active and dormant states (Storey, 2015). Indeed, 

studies on various hypometabolic animals have found this complex hypometabolic state to 

be orchestrated by a multitude of molecular mechanisms that fit these criteria including; 

epigenetic modifications of DNA (e.g. methylation) and histones, transcription factors, 

changes in transcription factor activity and signal transduction, in addition to post-

transcriptional regulation of mRNA transcripts by RNA-binding proteins and the inhibitory 

action of microRNAs (miRNAs) (Storey, 2015).  

MicroRNAs are short (~22 nt) non-coding RNA transcripts that have been predicted to 

target more than 60% of protein-coding genes in humans (Bartel, 2009; Ebert and Sharp, 

2012). This large and highly-conserved group are proving to be master regulators of 

virtually all cell processes with broad controls stretching into cell cycle, signal 

transduction, and energy metabolism pathways, among others (Biggar and Storey, 2011; 

Leung and Sharp, 2010). MicroRNAs rely on sequence-specificity to mediate post-

transcriptional gene suppression via either translational inhibition or mRNA degradation, 

where a single miRNA can target multiple mRNAs and each mRNA can have multiple 

miRNA binding sites (Bartel, 2009). Add to this, that the thermodynamic nature of 
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miRNA-mRNA interactions is sensitive to changes in the cellular environment, such as 

temperature (Wu et al., 2002). This leaves the miRNA-mRNA duplex vulnerable to large 

fluctuations in body temperature such as those experienced by ectothermic species, where 

drops in body temperature result in a decrease of the free energy required for the formation 

of the RNA duplex which in turn favours the binding of miRNA to mRNA (Biggar and 

Storey, 2014; Wu et al., 2002). Indeed, events such as freezing have been shown to result 

in significant changes in miRNA functionality and the individual mRNA molecules they 

target (Biggar and Storey, 2015).   

The biogenesis and processing of microRNAs is under tight spatial and temporal control 

(Ha and Kim, 2014). Canonical microRNA biogenesis is a stepwise process that progresses 

from long imperfect dsRNA-like hairpins known as primary-miRNAs (pri-miRNAs). 

Maturation ensues with the cleavage of the 5’ and 3’ ends by DROSHA, a Class 2 RNase 

III endonuclease, and its binding partner DiGeorge’s syndrome critical region gene 8 

(DGCR8), a dsRNA binding protein, to release the ~60-70 nt precursor-miRNA (pre-

miRNA) (Huang et al., 2011). Pre-miRNA then complexes with the nucleoplasmic 

transporter factor EXPORTIN-5 (XPO5) and RAN-GTP to protect against nuclear 

degradation and facilitate nuclear export into the cytoplasm for further processing 

(Bohnsack et al., 2004). Once in the cytoplasm, the RNAse III endonuclease DICER 

cleaves the loop structures to yield ∼21 nt miRNA duplexes (Jaskiewicz and Filipowicz, 

2008; MacFarlane and Murphy, 2010). This is facilitated by transactivator response RNA 

binding protein (TRBP) and protein kinase RNA activator (PACT) that complex with 

DICER to modulate efficient pre-miRNA processing (Fukunaga et al., 2012; Lee and 

Doudna, 2012). While one of the miRNA strands is usually degraded, the mature guide 
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strand is incorporated into the effector (RISC) complex along with a member of the 

Argonaute family of endonucleases (AGO1-4), where miRNAs then use base-pairing to 

negatively regulate the expression of target mRNAs (Bartel, 2009).  

Proper brain development and function rely on the gene-regulatory capacity of miRNA 

networks to coordinate between the transcriptomes and proteomes of the diverse neural 

cell types and their functional specializations (Abe and Bonini, 2013; O’Carroll and 

Schaefer, 2013). The brain’s persistent flow of information and adaptations to 

environmental stimuli plays a pivotal role in the facilitation of stress responses and 

prolonged hypometabolic periods (Storey and Storey, 2007). Despite the lack of any 

measurable brain activity or nerve conductance (Storey and Storey, 2017), biochemical 

studies on the brains of frozen R. sylvatica have revealed various neuroprotective aspects 

such as the increase in novel li16 and fr10 which have been linked with the mitigation of 

oxygen restriction damages and freeze protection, increased levels of c-FOS, and the 

elevation of phosphorylated Smad3 levels that has been implicated in the promotion of 

tissue survival (Aguilar et al., 2016; Cai and Storey, 1997; Greenway and Storey, 2000; 

Sullivan and Storey, 2012). Other neuronal “activations” found to occur in frozen wood 

frog brains include; the upregulation of protein kinase C phosphorylation status, the 

upregulation of the acidic ribosomal phosphoprotein P0, and increased levels of the large 

ribosomal subunit protein 7 (Dieni and Storey, 2014; Wu et al., 2008; Wu and Storey, 

2005). Our initial investigations into the regulatory response of miRNAs in wood frog 

heart, skeletal muscle, and liver have demonstrated tissue-specific differential expression 

of miRNAs involved in the maintenance of muscle contraction and reversible protein 

phosphorylation over the freeze-thaw cycle (Bansal et al., 2016; Biggar et al., 2009).  
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A growing number of studies by our lab, and others, have implicated miRNAs in various 

stress responses and adaptations in diverse animals ranging from; marsupial hibernation 

(Hadj-Moussa et al., 2016), sea cucumber estivation (Chen and Storey, 2014), invertebrate 

anoxia tolerance (Biggar et al., 2012), insect freeze-avoidance (Lyons et al., 2015), and 

turtle, frog, and insect freeze tolerance (Lyons et al., 2013; Storey and Storey, 2017). In 

the present study, which to our knowledge is the first investigation of miRNAs in freeze 

tolerant brains, immunoblotting of the miRNA biogenesis proteins revealed a potential 

suppression of miRNA processing over the freeze-thaw cycle in wood frog brains. Large-

scale analysis of the expression levels of 113 miRNAs, using RT-qPCR, found that the 41 

differentially regulated miRNAs displayed a pattern of downregulation during both 

freezing and thawing. Bioinformatic miRNA target prediction of the downregulated 

miRNAs was then performed at physiologically relevant low temperatures of -2°C and 

5°C, for 24 h frozen and 8 h thawed conditions, respectively. Functional enrichment and 

clustering revealed that the mRNA targets of the downregulated miRNAs networks 

mediate neuroprotective processes and hypoxia/anoxia protection. Our findings suggest a 

miRNA-mediated mechanism for tuning of neuronal functions and brain cryoprotection 

over the course of the freeze-thaw cycle. Understanding the role that miRNAs play in 

facilitating successful freeze tolerance and protecting living brain tissue and neuronal 

networks from freeze-associated damages sheds light on new approaches on the basic 

processes that must be maintained for successful brain function.  
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3.2. MATERIALS AND METHODS 

3.2.1. Animals  

Rana sylvatica mature males were collected from spring meltwater ponds in the Ottawa 

region and transported on ice to an animal facility at Carleton University. Frogs were 

washed in a tetracycline bath and acclimated at 5⁰C for two weeks in containers lined with 

sphagnum moss. Three experimental treatments were run in parallel with individuals 

randomly selected for control, frozen and thawed conditions. Active (non-stressed) control 

frogs were sampled at this condition. For freezing experiments, frogs were placed in an 

incubator at -3⁰C in plastic containers lined with damp paper towels. An initial (45 min) 

cooling period was used to initiate freezing during which the body temperature cooled to 

below -0.5⁰C, and at which point ice nucleation was triggered due to skin contact with ice 

crystals formed on the paper towels, as previously described (Aguilar et al., 2017). 

Following the initial 45 min, the incubator temperature was raised to -2.5°C and the length 

of maximal ice content formation (24 h) was timed from this point (Storey, 1990). Frogs 

were randomly assigned to either the freezing group, that were then sampled after the 24 h 

freezing exposure, or assigned to the recovery group and were subsequently transferred to 

5°C and sampled after 8 h of thawing. Animals were euthanized by spinal pithing and 

brains were rapidly dissected, immediately flash frozen in liquid nitrogen, and then 

subsequently stored at -80⁰C until use. Animal care protocols, experimentation, and 

euthanasia were performed in accordance with the Carleton University Animal Care 

Committee and followed the guidelines set forth by the Canadian Council on Animal Care.  
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3.2.2. Total protein extraction  

Total protein extracts were prepared as previously described (Aguilar et al., 2016). Briefly, 

~500 mg of brain tissue (n = 4 individual animals) were homogenized in 1:2 w:v chilled 

homogenization buffer (20 mM Hepes, 200 mM NaCl, 0.1 mM EDTA, 10 mM NaF, 1 mM 

Na3VO4, 10 mM β-glycerophosphate, pH 7.5) with a few crystals of phenylmethylsulfonyl 

fluoride (Bioshop) and 1 μL/mL of protease inhibitor (Cat# PIC002; Bioshop Canada Inc., 

Burlington, ON, Canada) using a Polytron PT10 homogenizer. Samples were then 

centrifuged at 4°C for 15 min at 10,000 g, and soluble protein-containing supernatants were 

collected. Protein concentrations were measured using the BioRad reagent (Cat# 5000002; 

Hercules, CA) as per the manufacturer’s instructions. Soluble brain protein concentrations 

were standardized to 10 µg/µL using homogenization buffer and mixed with 1:1 v:v SDS 

buffer (100 mM Tris-HCl, 4% w:v SDS, 20% glycerol, 0.2% w:v bromophenol blue, 10% 

v:v β-mercaptoethanol, pH 6.8) to yield a final concentration of 5 µg/µL. Samples were 

then boiled for 10 min and subsequently stored at -20°C until use.  

3.2.3. Immunoblotting 

Equal amounts of total protein homogenates (20-40 µg depending on target being probed) 

from each sample were loaded onto 6-15% polyacrylamide gels and prepared with 5% 

upper stacking gels. Proteins were then separated in SDS-PAGE running buffer (190 mM 

glycine, 0.1% w/v SDS, 25 mM Tris-base [pH 6.8]) at 180 V for 60-120 min at 4°C with a 

BioRad Mini Protean III system. Proteins were then electroblotted by wet transfer onto a 

0.45 µm polyvinylidene difluoride membrane in a pre-chilled transfer solution (25 mM 

Tris [pH 8.8], 192 mM glycine, and 10% v/v methanol) at 4°C for 1-16 h at 160 mA. 

Transferred membranes were air-dried for 15 min, reactivated in methanol for 5 min and 



47 
 

incubated in 2-10% v/v skim milk in TBST (20 mM Tris base [pH 7.6], 140 mM NaCl, 

0.05% v:v Tween-20, and 90% v:v dd H2O) and blocked for 10-45 min in 2-10% w:v milk 

in TBST. This was followed by 3 × 5 min washes with TBST and overnight incubations 

with the appropriate primary antibodies (1:1000 v:v dilution in TBST) at 4°C. Primary 

antibodies were purchased for DROSHA (NeoBiolab; Cat# A8336), DGCR8 (GeneTex; 

Cat# GTX130061), DICER (SantaCruz; Cat# SC-30226), AGO1 (GeneTex; Cat# 

GTX47799), AGO2 (ECM BioSciences; Cat# AP5281), p-AGO2Tyr393 (ECM BioSciences; 

Cat# AP5311), RAN (GeneTex; Cat# GTX114139), EXPORTIN-5 (GeneTex; Cat# 

130727), TRBP (GeneTex; Cat# GTX485546), and PACT (GeneTex; Cat# GTX114215). 

After probing with primary antibody, membranes were washed for 3 × 5 min with TBST 

and incubated with HRP-linked anti-rabbit secondary antibody (BioShop; 1:8000 v:v 

dilution in TBST) for 30 min at room temperature. Membranes were then washed in TBST 

and bands were visualized with enhanced chemiluminescence (H2O2 and Luminol) on a 

ChemiGenius Bio-Imaging System (Syngene, Frederick, MD). Membranes were then 

stained with Coomassie blue (0.25% w/v Coomassie brilliant blue, 7.5% v:v acetic acid, 

and 50% v:v methanol) to visualize total protein levels.  

3.2.4. Total RNA extraction 

Isolation of RNA was conducted as previously described (Hadj-Moussa et al., 2016). 

Approximately 50 mg of brain tissue (n = 4 individual animals) were briefly homogenized 

using a Polytron PT1200 homogenizer in 1 mL of Trizol (Invitrogen; Cat# 15596-018), as 

per the manufacturers instructions. RNA quality was assessed by measuring the 260/280 

nm ratio (>1.8) using a Take3 micro-volume quantification plate (BioTek) and a 

PowerWave HT spectrophotometer (BioTek). Total RNA integrity was determined by 
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running RNA isolates on a 1% agarose gel stained with SYBR Green and verifying the 

presence of sharp bands for 28S and 18S ribosomal RNA. All RNA samples were 

standardized to a final concentration of 1 μg/μL with RNase-free water. Samples were 

frozen at -80°C until use.  

3.2.5. MicroRNA polyadenylation and stem-loop reverse transcription 

RNA samples were prepared for miRNA analysis as previously described (Biggar et al., 

2014). Polyadenylation was carried out using the PolyA tailing kit from Epi-Bio (Cat# 

PAP5104H; Epicentre, Madison, WI, USA). Each 10 µL reaction contained; 3 µg RNA, 1 

mM ATP, and 0.5 µL (2 U) of E. coli poly (A) polymerase in buffered solution (0.1 M 

Tris-HCl [pH 8.0], 0.25 M NaCl, and 10 mM MgCl2). Reactions were incubated for 30 min 

at 37°C to adenylate, for 5 min at 95°C to arrest, and immediately chilled on ice. Stem-

loop adapter ligation was carried out by combining the polyadenylated products (10 µL 

samples) with 5 µL of 250 pM stem-loop adapter primers (Supp. Table S3.1) and heating 

the mixture for 5 min at 95°C to denature RNA, cooling it for 5 min at 60°C to allow 

annealing, and then immediately chilling on ice. For reverse transcription, each 

polyadenylated and stem-loop ligated RNA sample (15 µL) was then combined with: 1 µL 

mouse Maloney leukemia virus (M-MLV) reverse transcriptase (2 U) (Cat# 18080044; 

ThermoFisher Scientific), 1 µL deoxynucleotide triphosphate (dNTP) mixture containing 

25 mM of each nucleotide (Cat# R1121; ThermoFisher Scientific), 2 µL 0.1 M 

dithiothreitol (DTT), and 4 µL 5x first-strand buffer (Cat# 18080044; ThermoFisher 

Scientific). Samples were then incubated at 16°C for 30 min, 42°C for 30 min, and 85°C 

for 5 min. Polyadenylated, stem-loop ligated, and reverse transcribed cDNA was serially 

diluted and stored at -20°C.  
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3.2.6. Relative microRNA quantification 

All RT-qPCR assays were performed using a BioRad MyIQ2 Detection System (BioRad, 

Hercules, CA, USA), as previously described (Hadj-Moussa et al., 2016). The miRNA-

specific forward primers were designed based on annotated miRNA sequences of Xenopus 

obtained from miRBase (Release 21). All miRNA-specific forward primers and the 

universal reverse primer were designed using the previously described method to amplify 

conserved miRNAs (Biggar et al., 2014) (Supp. Table S3.1). Primers were synthesized by 

Integrated DNA Technologies. To ensure primer specificity and the amplification of a 

single PCR product, all RT-qPCR assays were subjected to a post-run melt-curve analysis; 

reactions that amplified non-specific products were rejected.  

3.2.7. Bioinformatic microRNA target identification and pathway enrichment  

To characterize the potential miRNA targets, mature miRNA sequences were searched 

against the 3’UTR sequences from the X. tropicalis reference genome available on the 

UCSC table browser (JGI 7.0/xenTro7) using FINDTAR3 (v.3.11.12) (Ye et al., 2008). 

FINDTAR3 was used with the following parameters: AT and GC weight of 5, GT weight 

of 2, a gap opening penalty of -8, a gap extension penalty of -2, target duplex with 

maximum threshold free energy -20 kcal/mol, and demand strict 5’ seed pairing. Target 

predictions were carried out at a temperature of -2°C for miRNAs differentially expressed 

during freezing and at 5°C for miRNAs that changed during thawing. FINDTAR3 

generated a list of miRNA-targeted genes that were then functionally enriched and 

analyzed. To characterize the functions and potential interplay between miRNA-targeted 

mRNA, protein-protein interactions were mapped using only the high-confidence STRING 

Xenopus tropicalis interaction database (Szklarczyk et al., 2015). This was subsequently 
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modelled using CYTOSCAPE software (Shannon et al., 2003) and clustered using Markov 

clustering (MCL) default clustering parameters on the STRING combined scores. Two 

groups were queried separately: [1] the 23 miRNAs downregulated in frozen brains, and 

[2] the 33 miRNAs downregulated in thawed brains. Pathway enrichment analysis for 

miRNA-targeted clusters was performed on miRNAs found to significantly changing in 

response to freezing and thawing. This analysis was performed using the Gene Ontology 

(GO) Enrichment Analysis available for X. tropicalis using the PANTHER classification 

system (v.11.1). The enriched biological processes discussed herein are statistically 

significant clusters analyzed with Bonferroni tests and with p < 0.05.  

3.2.8. Data quantification and statistics 

For relative protein level quantification, chemiluminescent bands were quantified by 

densitometry using a ChemiGenious BioImaging Sytem and GeneTools Software 

(Syngene, MD, USA). To correct for minor variations in sample loading, the band intensity 

in each lane was standardized against a group of Coomassie blue-stained protein bands. 

Immunoblot data is expressed as means ± SEM, relative to control values (n = 3-4 from 

different animals). Data were statistically analyzed using one-way ANOVAs and a 

Dunnett’s post-hoc test, results were considered significant when a Dunnett’s test resulted 

in p < 0.05. Statistical analyses were performed using the RBIOPLOT statistics and 

graphing R package (Zhang and Storey, 2016).   

For RT-qPCR analyses, the comparative ΔΔCq method was used to calculate the relative 

miRNA expression levels. Raw Cq values were transformed to the 2-Cq form, each 

individual miRNA was then normalized to the reference gene, snord68. Snord68 RNA was 

experimentally deemed a suitable reference gene as it exhibited stable expression under 
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control, frozen, and thawed conditions, as previously described (Schmittgen and Livak, 

2008). Data is reported as mean expression levels, relative to control values (± SEM, where 

n = 3-4 independent biological replicates of tissue from different animals). Data were 

statistically analyzed using a one-way ANOVA and a Dunnett’s post-hoc test, miRNAs 

were considered significantly changing when p < 0.05. Statistical analysis and histogram 

generation was performed using RBIOPLOT (Zhang and Storey, 2016).  

 

 

3.3. RESULTS: 

 

3.3.1. Protein expression of miRNA biogenesis and processing machinery 

We analyzed protein abundance relative to the control of key proteins involved in the 

microRNA biogenesis pathway using immunoblotting in wood frog brains over a freeze-

thaw cycle. Levels of DROSHA and DGCR8, the two sole members of the microprocessor 

complex, were found to significantly decrease during 24 h freezing to 0.666 ± 0.042 and 

0.667 ± 0.064 of control levels, respectively (Fig. 3.1). This decrease was sustained 

throughout 8 h thawing with DROSHA and DGCR8 levels at 0.628 ± 0.045 and 0.432 ± 

0.012 of control, respectively (Fig. 3.1). EXPORTIN-5 protein levels significantly 

decreased in the brain during freezing and thawing to 0.749 ± 0.041 and 0.767 ± 0.037 of 

control, respectively (Fig. 3.1). DICER and RAN protein levels remained constant over the 

freeze-thaw cycle (Fig. 3.1). TRBP protein levels also remained constant during freezing 

but significantly decreased to 0.584 ± 0.037 of control during thawing (Fig. 3.1). Protein 

levels of the dsRNA binding protein PACT were found to decrease to 0.546 ± 0.028 of 

control during freezing and return to control levels during thawing (Fig. 3.1). AGO1 
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protein levels were found to remain constant over the freeze-thaw cycle (Fig. 3.1). Total 

protein levels of the predominant AGO2 were found to significantly decrease during both 

freezing and thawing stress to 0.754 ± 0.045 and 0.556 ± 0.012 of control, respectively 

(Fig. 3.1). Levels of p-AGO2Tyr393 remained unchanged during freezing but significantly 

decreased to 0.602 ± 0.03 of control during 8 h thawing.  

 

3.3.2. Differential miRNA expression over the freeze-thaw cycle 

The primary goal of this study was to identify freeze and thaw-specific patterns of miRNA 

expression in the brains of R. sylvatica. Of the 113 miRNAs successfully quantified by RT-

qPCR, 41 miRNAs were differentially regulated over the freeze-thaw cycle, relative to 

control levels (Fig. 3.2). During freezing, 24 miRNAs were found to significantly change 

(Fig. 3.2). Nearly all of the miRNAs differentially expressed during freezing were found 

to be downregulated, with 23 miRNAs significantly decreasing to 0.421 - 0.845 of control 

levels. The subset of miRNAs significantly downregulated during freezing comprised of; 

rsy-miR-103/107-3p, rsy-miR-10b-5p, rsy-miR-125a-5p, rsy-miR-126-3p, rsy-miR-140-5p, 

rsy-miR-145-5p, rsy-miR-155-5p, rsy-miR-183-5p, rsy-miR-184-3p, rsy-miR-18-5p, rsy-

miR-193-3p, rsy-miR-196b-5p, rsy-miR-204-5p, rsy-miR-210-3p, rsy-miR-214-3p, rsy-

miR-24a-5p, rsy-miR-2970-5p, rsy-miR-30b-5p, rsy-miR-30d-5p, rsy-miR-31b-5p, rsy-

miR-367-3p, rsy-miR-449b-5p, and rsy-miR-9407-5p (Fig. 3.2 and Supp. Table S3.2). 

Only rsy-miR-451-5p expression levels significantly increased during freezing to 2.963 ± 

0.445 of control (Fig. 3.2 and Supp. Table S3.2).  

During thawing, 34 miRNAs were found to be differentially expressed (Fig. 3.2). Similar 

to the pattern observed during freezing, the majority of the differentially expressed 
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miRNAs were found to significantly decrease during thawing, with 33 miRNAs 

significantly decreasing to 0.421 - 0.861 of control (Fig. 3.2 and Supp. Table S3.2). The 

subset of miRNAs downregulated during thawing are; rsy-miR-let-7f-3p, rsy-miR-

103/107-3p, rsy-miR-10b-5p, rsy-miR-125a-5p, rsy-miR-126-3p, rsy-miR-129-5p, rsy-

miR-130a-5p, rsy-miR-140-5p, rsy-miR-145-5p, rsy-miR-155-5p, rsy-miR-181a-3p, rsy-

miR-183-5p, rsy-miR-184-3p, rsy-miR-193-3p, rsy-miR-196b-5p, rsy-miR-204-5p, rsy-

miR-208-3p, rsy-miR-210-3p, rsy-miR-212-3p, rsy-miR-221-3p, rsy-miR-222-3p, rsy-miR-

22-5p, rsy-miR-24a-5p, rsy-miR-26-3p, rsy-miR-26-5p, rsy-miR-30b-5p, rsy-miR-30d-5p, 

rsy-miR-31b-5p, rsy-miR-365-3p, rsy-miR-425-5p, rsy-miR-449c-3p, rsy-miR-96-5p, and 

rsy-miR-98-5p (Fig. 3.2 and Supp. Table S3.2). Despite a backdrop of unchanging and 

downregulated miRNAs, rsy-miR-192-5p was upregulated during thawing to 2.56 ± 0.457 

of control.  

A subset of miRNAs were found to be downregulated during both freezing and thawing; 

rsy-miR-103/107-3p, rsy-miR-10b-5p, rsy-miR-125a-5p, rsy-miR-126-3p, rsy-miR-140-5p, 

rsy-miR-145-5p, rsy-miR-155-5p, rsy-miR-183-5p, rsy-miR-184-3p, rsy-miR-193-3p, rsy-

miR-196b-5p, rsy-miR-204-5p, rsy-miR-210-3p, rsy-miR-24a-5p, rsy-miR-30b-5p, rsy-

miR-30d-5p, and rsy-miR-31b-5p (Fig. 3.2 and Supp. Table S3.2).  

 

3.3.3. Bioinformatic analyses of miRNA-targeted pathways  

Using miRNA-mRNA target predictions at physiologically relevant temperatures, protein-

protein interaction networks, and biological process enrichment, the following targeted 

gene networks and processes were identified. Clusters predicted that the key pathways 

targeted by the miRNAs downregulated during the 24 h frozen condition consisted of; [1] 

intracellular signal transduction pathways, [2] RNA processing and mRNA splicing, [3] 
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synaptic signalling, [4] lipid phosphorylation, [5] microtubule nucleation, [6] DNA 

replication, [7] generation of precursor metabolites and energy, [8] developmental process, 

and [9] proton transport and ATP hydrolysis (Fig. 3.3 and Supp. Table S3.3). The key 

networks targeted by the miRNAs downregulated in the 8 h thawing condition were 

comprised of; [1] intracellular signal transduction, [2] DNA replication, [3] proton 

transport, [4] RNA processing and mRNA splicing, [5] protein folding and chaperones, [6] 

synaptic signalling, [7] ATP hydrolysis, [8] microtubule nucleation, [9] generation of 

precursor metabolites and energy, [10] lipid phosphorylation, [11] oligosach-lipid 

intermediate biosynthesis, and [12] developmental process (Fig. 3.4 and Supp. Table 

S3.4). The majority of remaining clusters in both freezing and thawing remained 

unclassified, likely due to the limited nature of annotated X. tropicalis network interactions.  

 

 

3.4. DISCUSSION  

The rapid and reversible nature of miRNA-mediated gene silencing renders them excellent 

candidates for fine tuning the gene expression profile required to protect brain networks 

and processes during prolonged periods of severe environmental stress. Studies on diverse 

animal models have demonstrated that the brain is critical for coordinating environmental 

stimuli and for mounting a molecular stress responses. While global metabolic rate 

depression is one of the main characteristics of freeze tolerance, neuroprotective processes 

such as the promotion of tissue survival has been shown to be active and upregulated in 

frozen wood frog brains, emphasizing the importance of maintaining brain functionality 

(Aguilar et al., 2016). One of the main questions we sought to investigate is, what happens 
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to the brains of freeze tolerant animals? Indeed, while it has been reported that brains from 

frozen wood frogs display no measurable brain activity and both visual observations and 

magnetic resonance imaging have shown ice accumulation in brain ventricles, little other 

physiological work has been done on freeze tolerant brains (Storey and Storey, 2017). In 

the present study, we investigated the regulation of microRNA biogenesis and the 

expression levels of 113 miRNAs over the course of a freeze-thaw cycle in wood frog 

brains. This lead to the identification of a global pattern of downregulation of both miRNA 

biogenesis and relative expression levels. This freeze-thaw specific miRNA fingerprint of 

downregulation suggests that wood frog brains may utilize miRNAs in a cryoprotective 

manner to maintain neural networks and circumvent extensive transcriptional and 

translational repression.  

Recent studies have demonstrated that the activity, function, and abundance of miRNA-

protein complexes can alter miRNA biogenesis via the regulation of environmental and 

stress-responsive signalling pathways (Leung and Sharp, 2010). An examination of the 

miRNA biogenesis and processing proteins revealed an overall pattern of downregulation 

over the freeze-thaw cycle (Fig. 3.1). As the efficiency of DROSHA-mediated processing 

is crucial for determining miRNA abundance, the observed reduction of microprocessor 

protein levels suggests a freeze-induced reduction in initial miRNA maturation and pre-

miRNA synthesis that could be a result of the energy limitations imposed during freezing 

and thawing (Tang et al., 2013). Furthermore, reduced levels of EXPORTIN-5 have been 

shown to not only lead to reductions in cytoplasmic miRNA levels, but also to pre-miRNA 

nucleolytic degradation in the nucleus (Fig. 3.1) (Yi et al., 2003). However, this warrants 

further investigation as EXPORTIN-5 functions in a GTP-dependant fashion and protein 
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levels of the RAN GTP-binding protein, that complexes with EXPORTIN-5 to transport 

pre-miRNAs into the cytoplasm, remained constant (Fig. 3.1) (Bohnsack et al., 2004; 

Okada et al., 2009). Following nuclear export, nascent pre-miRNAs are cleaved into 

mature miRNA duplexes by DICER’s endonuclease activity and while DICER levels 

remained constant during both freezing and thawing, protein levels of two other 

components of the RISC complex, TRBP and PACT, were downregulated during thawing 

and freezing, respectively (Fig. 3.1). Indeed, reduced levels of TRBP and PACT lower the 

efficiency of post-transcriptional gene silencing and the depletion of TRBP could play a 

role in DICER destabilization and miRNA downregulation (Ha and Kim, 2014; Winter et 

al., 2009). However, it should be noted that TRBP and PACT are non-essential facilitators 

of DICER-mediated pre-miRNA processing (Lee et al., 2006).  

The miRNA guide strand is then loaded onto an Argonaute protein effector complex, and 

while levels of AGO1, that is known to interact with only ~30% of miRNAs, remained 

unchanged, protein levels of AGO2, that interacts with ~60% of all miRNAs, were 

downregulated over the freeze-thaw cycle (Wang et al., 2012) (Fig. 3.1). AGO2 is the sole 

Argonaute with slicer activity and the loss of AGO2 has been demonstrated to result in the 

reduction of mature miRNA expression and activity (Winter et al., 2009). However, levels 

of p-AGO2Tyr393 were downregulated during thawing which contradicted the overall 

observed suppression of miRNA biogenesis as this phosphorylation, commonly associated 

with hypoxic conditions, has been shown to result in the inhibition of miRNA processing 

and DICER binding (Shen et al., 2013) (Fig. 3.1). Indeed, AGO2 is a prime candidate for 

the regulation of miRNA biogenesis and function and our findings suggest that there likely 

is diminished mature mRNA translational inhibition, destabilization, and/or target 
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degradation. While our findings suggest an overall reduction in miRNA biogenesis and 

processing, especially during the nuclear maturation steps, future investigation should also 

explore regulation of the less common non-canonical miRNA biogenesis mechanisms such 

as the DROSHA and DGCR8-independent pathway, the DICER-independent pathway, and 

the terminal uridylyl transferase dependant pathway which may be used to circumvent the 

reduced levels of these miRNA biogenesis factors (Ha and Kim, 2014).  

Initial studies on frozen wood frog miRNAs examined the regulation of miR-16 and miR-

21 in liver and skeletal muscle and 53 miRNA species in cardiac and skeletal muscle over 

the course of a freeze-thaw cycle (Bansal et al., 2016; Biggar et al., 2009). The present 

large-scale study provides us with a better understanding of the cellular mechanisms that 

contribute to successful brain freeze tolerance. During freezing, 23 of the 113 miRNA 

species analyzed in brain were found to be significantly downregulated while rsy-miR-451-

5p was the only miRNA found to be freeze-upregulated (Fig. 3.2). Previous work on miR-

451 has shown this unique miRNA to act as a conditional glucose sensing switch, whereby 

high glucose levels result in its overexpression, which in turn leads to the suppression of 

downstream protein kinases and the PI3K/AKT pathway, resulting in unrestrained mTOR 

activation (Godlewski et al., 2010; Tian et al., 2012). Indeed, during freezing, the brain, 

and all wood frog organs, are flooded with large amounts of cryoprotectant glucose that 

protect against mechanical ice damage and excessive cellular dehydration (Storey and 

Storey, 2017). The upregulation of rsy-miR-451-5p could be a result of abundant glucose 

levels but could also be involved in maintaining neural functions during freezing. In 

addition, miR-451 has also been shown to protect against anoxia/reoxygenation injury, a 
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stress that frozen wood frog brains are vulnerable to, through the inhibition of 14-3-3ζ and 

high mobility group box 1 expression, respectively (Xie et al., 2016; Yu et al., 2010).  

While the majority of miRNA species measured exhibited constant expression levels over 

the freeze-thaw cycle, 23 of the differentially expressed miRNAs were found to be 

significantly downregulated during freezing (Fig. 3.2). Predicted targets of the freeze-

downregulated miRNAs were collectively analyzed and found to potentially be involved 

in maintaining cellular processes such as intracellular signal transduction, RNA processing, 

and synaptic signalling, among others (Fig. 3.3). The reduced levels of these differentially 

expressed miRNAs implies that the gene transcripts under their control are more likely to 

be translated, which in turn implies that the protein product the gene encodes for will be 

expressed and may play a role in facilitating freeze tolerance. The various biological 

processes targeted by the downregulated miRNAs appear to be involved in the maintenance 

of basic neuronal cell function and survival. Targeting of proteins essential for 

neurotransmitter release and pre-synaptic functions such as synaptosomal-associated 

protein of 25 kDa (SNAP25) suggests an enhancement of their roles during freezing, 

possibly in a protective manner. Downregulated miRNAs 103/107-5p, 10b-5p, 183-5p, 

184-3p, 18-5p, 193-3p, 196b-5p, 210-3p, 214-3p, 2970-5p, 449b-5p (Supp. Table S3.3) 

were predicted to target SNAP25, a known pre-synaptic reactive oxygen species (ROS) 

sensor that exhibits ROS-induced functional impairment. This suggests that its predicted 

upregulation during freezing and thawing could be in an effort to minimize impairment and 

promote synaptic vesicle priming and signalling (Giniatullin et al., 2006).  

Interestingly, a similar activation of long-term potentiation and axon guidance were 

reported in other miRNA studies of brains of other hypometabolic survival strategies to 
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environmental stress including mammalian hibernation and frog estivation (Biggar et al., 

2014; Luu and Storey, 2015). Interestingly, this pattern of downregulation and the 

promotion of neuroprotective mechanisms has also been reported in whole brains of 

another environmentally stressed frog, the estivating African-clawed frog, where 12 of the 

43 miRNAs measured exhibited a significant downregulation (Luu and Storey, 2015). The 

downregulation of miRNAs in the brains of environmentally stressed anurans may be an 

evolutionarily conserved response. Indeed, while freezing is a unique physiological 

response, it builds on and exaggerates many pre-existing strategies that stem from the 

ability of anurans to survive dehydration as dehydration is one of the main component 

stresses of freezing (Costanzo et al., 1993; Storey and Storey, 2017). These results suggest 

that these miRNAs are involved in regulating brain neural plasticity. Despite the fact that 

wood frogs display no measurable brain activity during freezing, upon thawing, frogs are 

able to immediately resume normal functions with no apparent neurological damage, loss 

of pre-existing memories, or deleterious behavioural changes. We therefore propose the 

existence of a miRNA-mediated neuroprotective mechanism to circumvent the 

degeneration of neural synapses and for the protection against the negative effects of 

prolonged states of hypometabolic dormancy. Indeed, our data suggest that rather than 

modulating metabolic rate depression, the differentially expressed miRNAs in frozen wood 

frog brains appear to be responsible for neural network plasticity and maintenance. Our 

findings point away from a miRNA-mediated mechanism for a freeze-induced state of 

translational suppression but rather towards a role for miRNAs as tuners of neuronal 

maintenance and function.  
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Thawing exhibited a similar but more pronounced response to that of freezing, with the 

downregulation of 33 miRNAs and the upregulation of rsy-miR-192-5p (Fig. 3.2 and 

Supp. Table S3.2). Bioinformatic target enrichment implicated the downregulated 

miRNAs in the predicted activation of numerous brain-specific cytoprotective processes 

such as chaperone-mediated protein folding, synaptic signalling, and intracellular signal 

transduction (Fig. 3.4 and Supp. Table S3.4). Protein folding networks are a critical cell 

preservation strategy essential for ensuring protein homeostasis via the proper assembly of 

new proteins, the prevention of their aggregation, and the promotion of their efficient 

folding (Hartl et al., 2011). Molecular chaperones have been shown to be cold/freeze 

upregulated in cold hardy arthropods and in oxygen-limited states including those 

experienced by anoxia tolerant turtles (Jiang et al., 2016; Ramaglia and Buck, 2004; Storey 

and Storey, 2011, 2012). Furthermore, the importance of chaperones in mediating 

successful freeze-thaw has also been demonstrated in yeast, where the deletion of 

chaperones resulted in reduced cell viability to freeze-thaw events (Naicker et al., 2012). 

As such, the predicted activation of chaperone-mediated protein folding in the brains of 

thawing wood frogs through the upregulation of heat shock proteins Hsp10 and Hsp60 

mitochondrial chaperones, and other proteins in the network (Fig. 3.4) underscores the 

involvement of stress-induced chaperone expression in protecting nervous system tissues. 

Interestingly, a recent study on zebrafish has shown that injection of Hsp60 triggers tissue 

regeneration and wound healing, another possible role for the protein during thawing (Pei 

et al., 2016).  

The observed thaw-induced downregulation of rsy-miR-181a-3p could potentially serve a 

similar function to the role it plays in the brains of ischemic mice, where it was found to 
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promote long lasting brain recovery via its action as an apoptotic modulator capable of 

inducing the upregulation of apoptosis-inhibiting and pro-survival proteins, XIAP and 

BCL2, respectively (Moon et al., 2013; Xu et al., 2015). Indeed, BCL2 has been shown to 

play a central role in the regulation of neuronal cell survival and neurodegeneration and is 

a known target of miR-204, that was found to be downregulated during both freezing and 

thawing (Akhtar et al., 2004; Sacconi et al., 2012) (Fig. 3.2). In addition, miR-210, that 

was downregulated during both freezing and thawing, was also shown to provide 

neuroprotection against hypoxic/ischemic brain injury, as its suppression has been 

associated with increased levels of glucocorticoid receptors which resulted in improvement 

to long-term neurological function recovery and reduced brain infarct size (Ma et al., 

2016). However, despite this pattern of downregulation observed during thawing, rsy-miR-

192-5p was identified as the sole thaw-upregulated miRNA (Fig. 3.2). The enhanced 

expression of miR-192 has been shown to be tightly associated with Smad3, where Smad3 

is able to mediate TGF-β1-induced miR-192 overexpression by binding to, and activating 

the miR-192 promoter (Chung et al., 2010). Interestingly, this corroborates the 

aforementioned significant upregulation of p-Smad3 protein levels in R. sylvatica brains 

during both freezing, and to a larger extent during thawing (Aguilar et al., 2016; Chung et 

al., 2010). A known target of miR-192, that could be targeted in thawed brains, is 

Semaphorin 3A, the suggested miR-192 mediated silencing of Semaphorin 3A could be an 

ischemia protection mechanism. Indeed, elevated Semaphorin 3A have been shown to be 

a critical facilitator of cerebrovascular permeability and ischemia-induced brain damage 

and as such its silencing should aid in protecting frogs from the ischemic damages 

associates with thawing (Hou et al., 2015; Yan-Chun et al., 2017). 
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Taken together, the miRNA biogenesis and relative expression findings suggest that the 

global reduction in miRNA biogenesis proteins during both freezing and thawing may be 

facilitating the overall downregulation of differentially expressed miRNAs (Fig. 3.1 and 

Fig. 3.2). Many of the downregulated miRNAs appear to be involved in providing 

neuroprotection against hypoxic/ischemic brain injury during both freezing and thawing. 

Indeed, the downregulation of the plasticity-related miR-24 over the freeze-thaw cycle, has 

been linked with the induction and persistence of long-term potentiation through the rapid 

release of target mRNA transcript inhibition (Ryan et al., 2012). Furthermore, numerous 

pathways such as intracellular signal transduction were found to be targeted during both 

freezing and thawing, suggesting a consistent enhancement of their regulatory functions 

over the course of the freeze-thaw cycle (Fig. 3.3 and 3.4). These processes are involved 

in neuronal maintenance and could act to better adapt neurons to environmental cues and 

protect delicate brain tissue from freeze-thaw induced damages. Since miRNA expression 

in brains is region-specific, neuron type-specific, and cell compartment-specific (O’Carroll 

and Schaefer, 2013), further dissecting the observed whole-brain miRNA fingerprint may 

provide us with additional insights into the miRNA involvement of these various factors.  
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3.5. CONCLUSION  

Our findings demonstrate, for the first time, that wood frog brains appear to circumvent the 

transcriptional and translational repression that is typical of other organs, possibly to 

sustain brain function though prolonged periods of environmental stress. The correlation 

between the downregulation of miRNA biogenesis factor levels and the differentially 

expressed miRNAs over the freeze-thaw cycle emphasizes the importance of brain function 

for the overall adaptation of the animal to freezing. Indeed, the downregulated miRNAs 

appear to impart neuroprotective functions by targeting pathways involved in neuronal 

maintenance, survival, and anoxia/ischemia protective mechanisms. These results suggest 

that the 41 differentially expressed miRNAs are not only freeze-thaw responsive but are 

also involved in maintaining brain function and protecting against freeze-associated 

damages. Taken together, this study provides us with insights into the molecular 

underpinnings of neuronal adaptations to environmental changes and the mechanisms to 

facilitate natural freeze tolerance in vertebrate central nervous systems.   
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Figure 3.1. Analysis of miRNA biogenesis pathway protein levels in wood frog brain over 

a freeze-thaw cycle using immunoblotting. Upper panel displays the histogram showing 

protein levels, relative to control, of DROSHA, DGCR8, XPO5, RAN, DICER, TRBP, 

PACT, AGO1, AGO2, and p-AGO2Tyr393 under control, 24 h frozen, and 8 h thawed 

conditions. Data are means ± SEM of 3-4 independent biological replicates, relative to 

control values. Data are analyzed using a one-way ANOVA with a Dunnett’s post hoc test, 

*p < 0.05. Bottom panel show representative immunoblots of each protein and 

experimental condition.  
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Figure 3.2. Heatmap of RT-qPCR measured expression levels of 113 miRNA species 

examined in 24 h frozen and 8 h thawed wood frog brain, relative to control. All miRNAs 

were standardized against Snord68 reference gene expression. Data are means ± SEM of 

3-4 independent biological replicates. Statistical testing used a one-way ANOVA with a 

Dunnett’s post hoc test, *p < 0.05. For the relative expression ± SEM values of all 113 

miRNA species examined, refer to Supplementary Table S2.  
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Figure 3.3. Functional target enrichment and network clustering of the subset of miRNAs 

downregulated in the brains of 24 h frozen wood frogs. Downstream miRNA target 

prediction was performed at -2⁰C using FINDTAR3. Protein-protein interactions of the 

downstream networks was performed using the STRING high-confidence filter on the X. 

tropicalis database. MCL clustering and visualization was performed on CYTOSCAPE 

and coupled with functional biological enrichment using GO ANALYSIS. The full cluster 

map is illustrated on the right and significantly enriched representative clusters are 

highlighted on the left. Refer to Supplementary Table S3.3 for more information on 

individual clusters, proteins, and the targeting of individual miRNA species.  
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Figure 3.4. Functional target enrichment and network clustering of the subset of miRNAs 

downregulated in the brains of 8 h thawed wood frogs. Downstream miRNA target 

prediction was performed at 5⁰C using FINDTAR3. Protein-protein interactions of the 

downstream networks was performed using the STRING high-confidence filter on the X. 

tropicalis database. MCL clustering and visualization was performed on CYTOSCAPE 

and coupled with functional biological enrichment using GO ANALYSIS. The full cluster 

map is illustrated on the right and significantly enriched representative clusters are 

highlighted on the left. Refer to Supplementary Table S3.4 for more information on 

individual clusters, proteins, and the targeting of individual miRNA species. 
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ABSTRACT      

Freeze tolerant animals undergo significant physiological and biochemical changes to 

overcome the challenges associated with prolonged whole body freezing. An extreme 

example of this phenomena is the freeze tolerant wood frog, Rana sylvatica, that freezes 

up to 65% of total body water as extracellular ice masses. When the frog retreats into this 

state of suspended animation, it displays no detectable brain activity, no movement, no 

breathing, and a flat-lined heart. To survive extensive freezing, it integrates various 

regulatory mechanisms to ensure quick and smooth transitions into this hypometabolic 

state. One such rapid and reversible regulatory molecule capable of coordinating all aspects 

of biological functions is microRNA. Herein, we present a large-scale analysis of the 

biogenesis and regulation of microRNAs in wood frog liver over the course of a freeze-

thaw cycle (control, 24 h frozen, and 8 h thawed). Immunoblotting of key microRNA 

biogenesis factors showed an upregulation and enhancement of microRNA processing 

capacity during freezing and thawing. This was followed with RT-qPCR analysis of 109 

microRNA species; of which 20 were significantly differentially expressed during freezing 

and thawing, with the majority displaying a general pattern of upregulation. Downstream 

bioinformatics miRNA-mRNA targeting coupled with, protein-protein interactions, and 

functional clustering of biological processes suggests these microRNAs are suppressing 

pro-growth functions including; DNA replication, mRNA processing and splicing, protein 

translation and turnover, and carbohydrate metabolism. Our findings suggest that the 

enhanced miRNA maturation capacity observed might be responsible for the vital hepatic 

miRNA-mediated suppression of energy-expensive processes needed for freeze survival.  

KEYWORDS:  Rana sylvatica; freeze tolerance; miRNA; metabolic rate depression; 

FINDTAR3   
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4.1. INTRODUCTION  

Animals have evolved various adaptations to overcome the challenges associated with 

extreme winter landscapes that include; low temperatures, food scarcity, short 

photoperiods, etc. One key theme employed in the various winter survival strategies that 

range from hibernation, to freeze avoidance, to freeze tolerance, is the use of 

hypometabolism (Storey and Storey, 2004). Depressing metabolic rate to less than 30% of 

active levels allows these animals to survive prolonged periods of dormancy using only 

internal fuel reserves. This requires extensive molecular reorganization and energy 

reprioritization to processes necessary for vital cellular functions and pro-survival 

pathways (Storey and Storey, 2017). One of the more extreme survival strategies is freeze 

tolerance, and an excellent model of natural vertebrate freeze tolerance is the North 

American wood frog Rana sylvatica (also known as Lithobates sylvaticus). The wood frog, 

that ranges from the Southern Appalachians to Alaska, can retreat into a frozen state of 

suspended animation, for months at a time, and can endure the freezing of up to 65% of 

total body water as extracellular ice masses (Lee-Yaw et al., 2008). When frozen, wood 

frogs display no detectable brain activity, no breathing, no movement, and a flat-lined 

heart; and yet, when temperatures warm they are able to thaw, unscathed. Various 

adaptations are in place to facilitate successful freeze tolerance, these include; [1] 

minimization of cell volume reduction and excessive extracellular ice formation via the 

synthesis and distribution of cryoprotectant glucose (Storey, 1990), [2] global metabolic 

rate depression and reprioritization of energy usage, and [3] upregulation and activation of 

select pro-survival and protective mechanisms (Storey and Storey, 2017). Indeed, despite 

being in a hypometabolic state, wood frogs must expend energy on protective functions, 
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such as antioxidant defenses (Dawson and Storey, 2016), to ensure that they can endure 

the myriad of freeze-associated challenges that include; dehydration, mechanical damage 

from ice, anoxia/ischemia, hyperglycemia, etc. (Storey and Storey, 2017).  

Numerous molecular mechanisms are in place to orchestrate smooth transitions between 

active and frozen dormant states. These intricate regulatory mechanisms, that have been 

reported in various hypometabolic strategies, include; epigenetic regulation through DNA 

and histone modifications, signal transduction pathways, regulation by transcription 

factors, regulatory post-translational modifications, and post-transcriptional regulation by 

RNA-binding proteins and microRNA (miRNA) expression (Storey, 2015). MicroRNAs 

are a key class of multifunctional molecules that are emerging as central modulators of 

diverse biological function, including those critical for environmental stress responses 

(Biggar and Storey, 2011). These highly conserved small non-coding RNA transcripts (~22 

nt) can selectively fine tune gene expression of essential and non-essential cellular 

functions by binding to over 60% of protein-coding genes in humans, and either promote 

their degradation or induce their translation suppression (Davis-Dusenbery and Hata, 2010; 

Ebert and Sharp, 2012). MicroRNA-mediated gene silencing is a prime regulatory 

candidate that can promote the reorganization required to facilitate the global metabolic 

rate depression and selective gene activation that is characteristic of hypometabolic stress 

responses. The inherent properties that make miRNAs excellent regulators include their 

capacity to be; [1] rapidly activated, [2] readily reversible, [3] easily inducible, [4] 

energetically inexpensive, and [5] responsive to environmental stimuli (Storey, 2015). The 

regulatory capacity of miRNAs is further enhanced by the ability of a single miRNA to 
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target hundreds of mRNAs and a single mRNA transcript to be targeted by hundreds of 

miRNAs (Lui et al., 2015).  

As this study examined miRNAs in a freeze tolerant model, the influence that temperature 

has on dictating miRNA functionality must also be investigated. While the binding of 

miRNA to mRNA targets is mainly dictated by the degree of complementarity at the seed 

region, it should be noted that the 3’ end of miRNAs have been shown to bind in a manner 

that stabilizes the miRNA-mRNA duplex (Biggar and Storey, 2014). Therefore, the 

thermodynamic threshold of -18 kcal/mol that is generally used to predict miRNA-mRNA 

targeting suggests that large fluctuations in body temperature will significantly affect 

miRNA targeting (Biggar and Storey, 2014; Wu et al., 2002). Indeed, at low temperatures, 

more miRNA-mRNA interactions will be stabilized which in turn increases the dynamic 

regulatory potential of these molecules. This has been demonstrated in a pilot study on 

freeze tolerant turtles that reported significant changes and enhanced miRNA functionality 

and targeting in frozen states (Biggar and Storey, 2015). An additional temperature-

dependant effect concerns the thermodynamic stability of processed miRNA duplexes, in 

which even small shifts in temperature have been shown to modify strand-specific 

expression of miRNAs  (Khvorova et al., 2003; Potla et al., 2015). Taken together, the 

large number of miRNA species, their complementary mRNA targets, and the temperature-

dependant effects on binding all act to generate an expansive regulatory RNA network 

capable of enabling broad and flexible control over mRNA expression during stress.   

MicroRNA biogenesis is an evolutionarily conserved stepwise process that has recently 

been shown to be under the tight spatial and temporal control of various regulatory factors 

(Davis-Dusenbery and Hata, 2010). The majority of miRNAs are biosynthesized via the 
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canonical biogenesis pathway that begins with the transcription of long primary-miRNA 

(pri-miRNA) by RNA polymerase II. Pri-miRNA is then cleaved into a ~70 nt long RNA 

hairpin structure known as a precursor-miRNA (pre-miRNA), this is accomplished by the 

RNase III endonuclease DROSHA that is complexed with its binding partner DGCR8. 

Current processing models suggest that DGCR8 directs DROSHA to a specific cleavage 

site at the junction of the stem of the hairpin structure by recognizing the pri-miRNA 

ssRNA-dsRNA junction (Han et al., 2006). The pre-miRNA is then exported from the 

nucleus to the cytoplasm by the nuclear transporter EXPORTIN-5 (XPO5) and RAN-GTP, 

both of which act to facilitate export and to protect newly-formed pre-miRNA from nuclear 

degradation (Bohnsack et al., 2004). Processing is then continued by DICER, another 

member of the RNase III endonuclease class of enzymes, that cleaves the pre-miRNA 

transcript into a miRNA duplex composed of both the passenger strand, that is generally 

degraded, and the guide strand that functions as the mature miRNA (MacFarlane and 

Murphy, 2010). This is facilitated by the transactivator response RNA binding protein 

(TRBP) that complexes with DICER to monitor the length of mature miRNAs in addition 

to modulating the processing efficiency of select pre-miRNAs (Fukunaga et al., 2012; Lee 

and Doudna, 2012). A third elusive protein that is also present in this complex is protein 

kinase RNA activator (PACT), its role in miRNA maturation remains unknown (Fukunaga 

et al., 2012; Lee and Doudna, 2012). The mature miRNA strand then associates with the 

multi-component RNA-induced silencing complex (RISC) and a member of the Argonaute 

family of endonucleases (AGO 1-4) that then complementary bind to specific regions in 

the 3’ untranslated region (3’-UTR) of target mRNA transcripts. Imperfect miRNA-mRNA 

binding leads to translational suppression via sequestration into stress granules and 
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processing bodies (P-bodies), while perfect binding results in mRNA target degradation 

(Bartel, 2004).  

As demonstrated by proton MRI, one of the last organs to succumb to ice accumulation 

and the first to thaw in wood frogs is the liver (Rubinsky et al., 1994). The liver is the 

metabolic centre of most organisms and is responsible for coordinating whole body 

metabolism, including; ketogenesis, gluconeogenesis and regulation of blood sugar levels, 

carbohydrate storage, detoxification, protein synthesis and release, and the processing and 

storage of nutrients. In addition to these vital processes, the liver takes on additional roles 

during freezing such as the synthesis and distribution of cryoprotectant glucose and freeze-

responsive protein synthesis. This includes the enhanced synthesis of the blood clotting 

protein fibrinogen and novel freeze-responsive proteins FR-10 and FR-47 that function to 

ensure whole organism cryoprotection and freeze survival (Biggar et al., 2013; Cai and 

Storey, 1997; Sullivan et al., 2015). Within minutes of the initial ice nucleation event, the 

liver begins to convert its massive glycogen stores, that were accumulated during autumn 

(Storey and Storey, 1992), into glucose through the activation of select enzymes including 

glycogen phosphorylase. These newly-synthesized glucose molecules are immediately 

exported to the blood and the rest of the body to protect against excessive cellular 

dehydration and minimize intracellular and extracellular ice formation (Storey and Storey, 

2017). While liver metabolic reorganization has been shown to be regulated by hormones, 

transcription factor networks, and enzymatic controls (Aguilar et al., 2017; Storey and 

Storey, 2017), recent work is now focusing on elucidating the role of post-transcriptional 

mechanisms in frozen wood frog livers. Initial wood frog miRNA studies performed on 

five hepatic miRNA species (miR-26a, miR-126, miR-217, miR-21, and miR-16), have 
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shown these freeze-upregulated miRNAs to promote anti-apoptotic functions and cell-

cycle suppression (Biggar et al., 2009; Zhang and Storey, 2013). Furthermore, a more 

comprehensive miRNA examination in wood frog skeletal and cardiac muscles reported 

tissue-specific regulation of 53 miRNAs over the freeze-thaw cycle and suggested their 

involvement in maintaining muscle contractions and reversible protein phosphorylation 

(Bansal et al., 2016).  

The rapidly expanding field of miRNAs has recently begun to examine their role in 

facilitating the adaptational strategies observed in nature that range from; estivating sea 

cucumbers (Chen et al., 2013), anoxia tolerant turtles and invertebrates (Biggar et al., 2012; 

Biggar and Storey, 2012), hibernating marsupials and squirrels (Hadj-Moussa et al., 2016; 

Liu et al., 2010), and even a few freeze tolerant and freeze avoidant animals and insects 

(Bansal et al., 2016; Lyons et al., 2013). In the present study, we performed a large-scale 

analysis of miRNA biogenesis and regulation in wood frog livers over the course of a 

freeze-thaw cycle. Immunoblotting of the key components of miRNA biogenesis 

machinery revealed a general upregulation during both freezing and thawing. RT-qPCR of 

the relative expression levels of 109 miRNAs revealed that the majority of differentially 

expressed miRNAs were upregulated during stress. This was further dissected by in silico 

miRNA target prediction and functional enrichment at the physiologically relevant low 

temperatures of 24 h frozen (-2.5°C) and 8 h (5°C) thawed frogs. Characterization of the 

predicted downstream pathways identified a miRNA-mediated broad suppression of 

energy-expensive processes such as; DNA replication, protein translation and turnover, 

carbohydrate metabolism, etc. Taken together, our findings suggest that the increased 

miRNA maturation and processing capacity observed is responsible for the selective 
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silencing of these - pathways thereby identifying a novel miRNA-mediated mechanism for 

the regulation and facilitation of successful wood frog freeze tolerance. 

 

 

4.2. MATERIALS AND METHODS 

 

4.2.1. Animal experiments 

Male wood frogs were collected from spring meltwater ponds in Oxford Mills, Ontario, 

Canada. Frogs were washed in a tetracycline bath and acclimated at 5ºC for two weeks in 

plastic containers lined with sphagnum moss. Active (non-stressed) control frogs were 

sampled from this condition. For the 24 h frozen condition, frogs were moved to –2.5ºC 

plastic containers lined with damp paper towel and the 24 h freezing exposure was timed 

from that point. Frozen frogs were randomly sampled from this condition. Remaining frogs 

were assigned to the recovery group and transferred to 5ºC where they thawed for 8 h. All 

control, 24 h frozen, and 8 h thawed frogs were euthanized by spinal pithing. Liver was 

rapidly excised, flash frozen in liquid nitrogen, and stored at -80ºC. Animal care protocols 

and experimentation protocols were performed in accordance with the Carleton University 

Animal Care Committee and followed the guidelines set by the Canadian Council on 

Animal Care.  

4.2.2. Total soluble protein extraction  

Total soluble protein extracts were prepared from liver of control, 24 h frozen, 8 h thawed 

wood frogs. Samples (~500 mg) of frozen tissue were homogenized 1:2 w:v using a 

Polytron PT10 homogenizer and chilled homogenization buffer (20 mM HEPES, 200 mM 
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NaCl, 0.1 mM EDTA, 10 mM NaF, 1 mM Na3VO4, 10 mM β-glycerophosphate, pH 7.4) 

with a few crystals of PMSF and 1 μL/mL of protease inhibitor (Bioshop; Cat# PIC002, 

ON, Canada). Homogenates were centrifuged for 15 min at 10,000 g (4ºC), and soluble 

protein-containing supernatants were collected. The total protein concentration of each 

sample was quantified using the BioRad protein assay, as per the manufacturer’s 

instructions (Cat# 5000002; CA, USA). Protein concentrations were standardized to 10 

µg/µL using homogenization buffer. Standardized samples were mixed 1:1 v/v with SDS 

buffer (100 mM Tris-HCl, 4% w/v SDS, 20% v/v glycerol, 0.2 w/v bromophenol, 10% v/v 

β-mercaptoethanol, pH 6.8), to a final concentration of 5 µg/µL. Finally, samples were 

boiled for 10 min to denature and linearize all proteins and then stored at -40ºC until use.  

4.2.3. Immunoblotting  

Equal amounts of total protein homogenates (25-40 µg depending on target being probed) 

of control, 24 h frozen, and 8 h thawed were loaded on 6-15% discontinuous SDS-PAGE. 

Gels were run on a BioRad Mini Protean III system at 180 V for 1-3 h at 4°C in running 

buffer (25 mM Tris-base, 190 mM glycine, 0.1% w/v SDS, [pH 7.6]). Resolved protein 

gels were then transferred to 0.45 µm pore polyvinylidene difluoride membranes at 160 

mA for 1.5-16 h in pre-chilled transfer buffer (25 mM Tris-base, 192 mM glycine 10% v/v 

methanol, [pH 8.5]), at 4°C. Transferred membranes were air-dried for 15 min, reactivated 

in methanol for 5 min and incubated in 2-10% v/v skim milk in TBST (20 mM Tris-base, 

140 mM NaCl, 0.05% v/v Tween-20) for 10-45 min with rocking at room temperature (RT) 

(Chan et al., 2009). Blocked membranes were then washed 3 x 5 min in TBST and 

subsequently incubated overnight with the primary antibody of interest (1:1000 v:v dilution 

in TBST) with rocking at 4°C. Primary antibodies were purchased for DROSHA 
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(NeoBiolab; Cat# A8336), DGCR8 (GeneTex; Cat# GTX130061), DICER (SantaCruz; 

Cat# SC-30226), AGO1 (GeneTex; Cat# GTX47799), AGO2 (ECM BioSciences; Cat# 

AP5281), p-AGO2Tyr393 (ECM BioSciences; Cat# AP5311), p-AGO2Ser387 (ECM 

BioSciences; Cat# Ap5291), RAN (GeneTex; Cat# GTX114139), EXPORTIN-5 

(GeneTex; Cat# 130727), TRBP (GeneTex; Cat# GTX485546), and PACT (GeneTex; 

Cat# GTX114215). Next, membranes were washed with TBST (3 x 5 min) and probed for 

30 min at RT with horseradish peroxidase-conjugated goat anti-rabbit secondary antibody 

(1:8000 v/v dilution in TBST; BioShop; Cat# APA002P). Finally, membranes were again 

washed 3 x 5 min in TBST and protein bands were visualized using enhanced 

chemiluminescence (H2O2 and Luminol) and imaged using the ChemiGenius BioImaging 

System (Syngene, MD, USA). Total protein levels were visualized by staining membranes 

with Coomassie blue (0.25% w/v Coomassie Brilliant Blue, 7.5% v/v acetic acid, 50% 

methanol) and subsequently destaining with destain solution (50 ml ddH2O, 50 ml acetic 

acid, 150 ml methanol).  

4.2.4. RNA isolation 

RNA isolation was performed on liver tissue (~50 mg) of control, 24 h frozen, and 8 h 

thawed wood frogs (n = 4 individual animals) as previously described (Hadj-Moussa et al., 

2016). Briefly, samples (~50 mg) of frozen tissue were homogenized and extracted in a 

Trizol-choloroform extraction. RNA was precipitated with isopropanol and washed with 

70% ethanol prior to being air-dried and resuspended in RNase-free water. RNA 

concentrations and purity were determined spectrophotometrically with the 260/280 nm 

ratio, using a Take3 micro-volume quantification plate (BioTek) and a PowerWave HT 

spectrophotometer (BioTek). Only samples with 260/280 ratios > 1.8 were used for 
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miRNA analyses. Total RNA integrity was then assessed by running gel electrophoresis 

on a 1% agarose gel stained with SYBR Green and by verifying the presence of sharp bands 

for 28S and 18S ribosomal RNA. RNA isolates were then standardized to a final 

concentration of 1 µg/µL with RNase-free water and stored at -80°C.   

4.2.5. Polyadenylation and stem-loop reverse transcription  

Extracted RNA samples were prepared for miRNA analysis following the protocol outlined 

by (Biggar et al., 2014). Polyadenylation was performed using the Epi-Bio PolyA tailing 

kit, where each 10 μL reaction contained 3 μg total RNA, 1 mM ATP, and 0.5 μL (2 U) of 

E. coli poly (A) polymerase in buffered solution (0.1 M Tris-HCl [pH 8.0], 0.25 M NaCl, 

and 10 mM MgCl2). Reactions were incubated at 37°C for 30 min to adenylate, 95°C for 5 

min to arrest, and then immediately chilled on ice. The polyadenylated products (10 μL 

samples) were combined with 5 μL of 250 pM stem-loop RT adapter primer, heated to 

95°C for 5 min to denature RNA, cooled to 60°C for 5 min to allow adapter annealing, and 

placed on ice for 1 min (Supp. Table S4.1). The SuperScript™ III Reverse Transcriptase 

kit was used on the polyadenylated and stem-loop primer-annealed RNA samples. Briefly, 

each sample was combined with; 1 µL mouse Maloney leukemia virus (M-MLV) reverse 

transcriptase (2 U), 1 µL deoxynucleotide triphosphate (dNTP) mixture containing 25 mM 

of each nucleotide (ThermoFisher Scientific; Cat# R1121), 2 µL 0.1 M dithiothreitol 

(DTT), and 4 µL 5x first-strand buffer. Samples were incubated at 16°C for 30 min, 42°C 

for 30 min, and 85°C for 5 min. cDNA was serially diluted and frozen at -20°C.  
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4.2.6. Relative microRNA quantification  

MicroRNA-specific forward primers were designed using annotated Xenopus miRNA 

sequences obtained from miRBase (Release 21) and XenBase (accessed September 2016). 

All miRNA, universal reverse primer, and reference gene primers were designed as 

described by (Biggar et al., 2014) and are listed in (Supp. Table S4.1). Primers were 

synthesized by Integrated DNA Technologies. All RT-qPCR assays were performed as 

previously described (Pellissier et al., 2006) using a CFX Connect™ Real-Time PCR 

Detection System (BioRad; Cat# 1855201), following MIQE guidelines (Bustin et al., 

2009). Each 20 µL RT-qPCR reaction consisted of 2 µL of diluted RT product, 10.115 µL 

of ddH2O, 4 µL of 1 M trehalose (BioShop; Cat# TRE222), 2 µL RT-qPCR buffer (100 

mM Tris-HCl [pH 8.5], 500 mM KCl, 1.5% Triton X-100, 20 mM MgCl2, 2 mM dNTPs, 

and 100 nM fluorescein), 0.5 µL formamide (BioShop; Cat# FOR001), 0.5 µL of 25 mM 

miRNA-specific forward primer, 0.5 µL of 25 mM universal reverse primer, 0.1 µL of 

100x SYBR green mix diluted in dimethyl sulfoxide (Invitrogen; Cat# S7585), 0.16 µL of 

25 mM dNTPs, and 0.125 µL of 5U/µL Taq polymerase (BioShop; Cat# TAQ001.1). 

Reactions were incubated in a 96-well plate at 95°C for 3 min, followed by 40 cycles of 

95°C for 15 s, and 60°C for 1 min. To ensure primer specificity and the amplification of a 

single PCR product, all RT-qPCR assays were subjected to post-run melt-curve analysis; 

reactions that generated non-specific products were rejected.  

4.2.7. Bioinformatics microRNA target identification and pathway enrichment 

To identify potential miRNA-mRNA interactions, mature miRNA sequences were 

searched against the 3’UTR sequences from the X. tropicalis reference genome available 

on the UCSC table browser (JGI 7.0/xenTro7) using the temperature sensitive miRNA 
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target prediction program FINDTAR3 (v.3.11.12) (Ye et al., 2008). Target predictions 

were performed at -2°C and 5°C for miRNAs that significantly changed during freezing 

and thawing, respectively. The following default parameters were used with FINDTAR3: 

AT and GC weight of 5, GT weight of 2, a gap opening penalty of -8, a gap extension 

penalty of -2, target duplex with maximum threshold free energy -20 kcal/mol, and demand 

strict 5’ seed pairing.  

The list of predicted miRNA-targets generated by FINDTAR3 was then functionally 

enriched to examine the connectivity of miRNA-targeted mRNA. This was done by 

mapping protein-protein interactions using STRING Xenopus tropicalis medium 

confidence interactions (Szklarczyk et al., 2015). Two groups were queried separately: [1] 

the 10 miRNAs upregulated in frozen livers, and [2] the 13 miRNAs upregulated in thawed 

livers. Protein interaction networks were then modelled using CYTOSCAPE software 

(Shannon et al., 2003) and clustered based on STRING combined scores using Markov 

Clustering (MCL) with the following default parameters; MCL granularity of 2 and edge 

weight cut-off of 0.5. Enrichment for biological processes was performed using the Gene 

Ontology (GO) annotations available for X. tropicalis using the PANTHER classification 

system (v.11.1). The enriched biological processes discussed and highlighted are 

statistically significant clusters, as determined by Bonferroni tests of p < 0.05.  

4.2.8. Quantification and statistics  

Relative protein densitometric quantification was performed on chemiluminescent 

immunoblot protein bands using GeneTools Software on a ChemiGenius BioImaging 

System (Syngene, MD, USA). Immunoblot band intensity in each lane was standardized 

against a group of Coomassie blue-stained protein bands to correct for any minor variations 
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in sample loading. Immunoblot data for each experimental condition are expressed as 

means (± SEM), relative to control values, with n = 4 samples from different animals. 

Statistical analysis was performed by one-way ANOVA and a Dunnett’s post-hoc test (p < 

0.05 accepted as significant) using the RBIOPLOT statistics and graphing R package 

(Zhang and Storey, 2016).  

MicroRNA relative expression levels were calculated using the comparative ΔΔCq method 

(Bustin et al., 2009). Raw Cq values were transformed to the 2-Cq form, such that the 

miRNA of interest could be normalized to the endogenous U6 snRNA reference gene. U6 

snRNA was experimentally determined to be a suitable reference gene based on its stable 

expression in R. sylvatica liver under all experimental conditions tested, as described by 

(Schmittgen and Livak, 2008). Data are mean relative expression levels (± SEM), relative 

to control values, where n = 4 independent biological replicates from different animals at 

each sampling point. Statistically significant changes in miRNA relative expression were 

identified when a one-way ANOVAs and Dunnett’s post-hoc test yielded a *p < 0.05. 

Statistical analyses and histogram generation was performed using the RBIOPLOT 

statistics and graphing R package (Zhang and Storey, 2016).  

 

4.3. RESULTS: 

4.3.1. Protein expression of miRNA biogenesis and processing machinery  

Immunoblotting was used to examine abundance levels, relative to control, of proteins 

involved in miRNA biogenesis in wood frog livers over a freeze-thaw cycle. Protein levels 

of both components of the microprocessor, DROSHA and DGCR8, were found to 

significantly increase to 1.890 ± 0.106 and 1.802 ± 0.078 of the control, respectively (Fig. 
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4.1). This significant upregulation was sustained during thawing in both DROSHA and 

DGCR8 with levels increased to 1.894 ± 0.192 and 2.152 ± 0.202 of control, respectively 

(Fig. 4.1). Levels of nuclear export machinery XPO5 and RAN were significantly 

upregulated during freezing to 2.019 ± 0.120 and 2.046 ± 0.190 of control, respectively. 

This observed upregulation was sustained during thawing in both XPO5 and RAN with 

levels increasing to 1.522 ± 0.163 and 2.349 ± 0.095 of control, respectively (Fig. 4.1). 

Protein abundance levels of the RISC complex components, DICER, TRBP, and PACT all 

remained constant over the course of the freeze-thaw cycle (Fig. 4.1). AGO1 protein 

abundance remained constant during both freezing and thawing (Fig. 4.1). While total 

AGO2 protein levels were unchanged in freezing and thawing, protein levels of p-

AGO2Ser387 significantly decreased during thawing to 0.464 ± 0.124 of control (Fig. 4.1). 

Levels of p-AGO2Tyr393 significantly decreased to 0.137 ± 0.028 and 0.276 ± 0.023 of 

control during freezing and thawing, respectively (Fig. 4.1).   

4.3.2. Differential miRNA expression over the freeze-thaw cycle 

A large-scale analysis of the expression of 109 miRNA species using RT-qPCR identified 

20 freeze-thaw responsive miRNAs in wood frog livers (Fig. 4.2). The majority of 

differentially expressed miRNAs revealed an overall pattern of upregulation, during both 

freezing and thawing. Of the 13 miRNAs found to display significant differential 

expression during freezing, the following 10 increased to 1.48 – 2.57, relative to control; 

rsy-miR-101a-3p, rsy-miR-181a-3p, rsy-miR-192-5p, rsy-miR-199a-5p, rsy-miR-200a-3p, 

rsy-miR-210-3p, rsy-miR-221-3p, rsy-miR-222-3p, rsy-miR-22-3p, and rsy-miR-301-3p 

(Fig. 4.2 and Supp. Table S4.2). The following three miRNAs were found to be 
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significantly downregulated to 0.42 – 0.63 of control levels during freezing; rsy-miR-93a-

5p, rsy-miR-9406-3p, and rsy-miR-9-5p (Fig. 4.2 and Supp. Table S4.2).  

During thawing, 15 miRNAs were found to be significantly differentially expressed and 

similar to freezing, the majority of miRNAs were upregulated (Fig. 4.2). Of the 15 thaw-

responsive miRNAs, the following 13 were significantly upregulated during freezing to 

1.432 – 3.481 of control levels; rsy-miR-10a-5p, rsy-miR-145-5p, rsy-miR-181a-3p, rsy-

miR-192-5p, rsy-miR-200a-3p, rsy-miR-208-3p, rsy-miR-210-3p, rsy-miR-221-3p, rsy-

miR-23-3p, rsy-miR-27-3p, rsy-miR-30a-3p, and rsy-miR-429-3p (Fig. 4.2 and Supp. 

Table S4.2). Only rsy-miR-93a-5p and rsy-miR-9406-3p were found to decrease to 0.426 

± 0.069 and 0.592 ± 0.085 of control levels, respectively (Fig. 4.2 and Supp. Table S4.2).  

The following subset of six miRNAs was significantly elevated during both freezing and 

thawing; rsy-miR-181a-3p, rsy-miR-192-5p, rsy-miR-199a-5p, rsy-miR-200a-3op, rsy-

miR-210-3p, and rsy-miR-221-3p. Conversely, rsy-miR-93a-5p and rsy-miR-9406-3p were 

downregulated during both freezing and thawing (Fig. 4.2 and Supp. Table S4.2).  

4.3.3. Bioinformatic analyses of miRNA-targeted pathways  

The functional cluster enrichment of downstream miRNA targets was performed using 

temperature-sensitive miRNA-mRNA target prediction, protein-protein interaction 

analysis, and followed by the identification of enriched biological processes. The key 

processes found to be targeted by the 10 freeze-upregulated miRNAs were as follows; [1] 

intracellular signal transduction, [2] RNA processing and splicing, [3] protein 

ubiquitination, [4] carbohydrate catabolic processes and hexose metabolism, [5] DNA 

replication, [6] translation pre-initiation complex formation, [7] protein de-ubiquitination, 

[8] cell redox homeostasis, [9] ATP hydrolysis, [10] microtubule nucleation and 
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polymerization, [11] intraciliary transport, and [12] lipid phosphorylation (Fig. 4.3 and 

Supp. Table S4.3). The key networks targeted by the subset of 13 thaw-upregulated 

miRNAs included the following processes; [1] chromatin remodelling, [2] protein 

ubiquitination, [3] RNA processing and splicing, [4] carbohydrate catabolism and hexose 

metabolism, [5] tissue development, [6] microtubule nucleation and polymerization, [7] 

translation pre-initiation complex formation, [8] ATP hydrolysis, [9] intraciliary transport, 

[10] lipid phosphorylation, [11] DNA replication (Fig. 4.4 and Supp. Table S4.4). Due to 

the current limitations of the annotated X. tropicalis protein network interactions, the 

majority of remaining clusters were unclassified or mapped to non-liver specific processes.  

  

4.4. DISCUSSION     

The enormous regulatory potential of miRNAs that allows them broad reach into all aspects 

of the cellular landscape renders them excellent regulators of environmental stress 

responses. The role miRNAs play in facilitating cold-tolerance appears to be present in 

both vertebrates and invertebrates with a subset of “CryomiRs”, cold-associated miRNAs, 

being implicated in biological processes involved in muscle atrophy prevention, cell cycle 

regulation, and glucose and lipid metabolism (Lyons et al., 2013). While freeze tolerance 

is characterized by a global depression of metabolic rate, various cryoprotective 

mechanisms and tissue survival strategies are required to ensure the frog is able to thaw 

unscathed. The role miRNAs play in coordinating complex liver functions during periods 

of environmentally-induced hypometabolism has been reported in evolutionary distant 

species ranging from; hibernating South American marsupials and ground squirrels (Hadj-

Moussa et al., 2016; Liu et al., 2010; Wu et al., 2016), estivating African clawed frogs (Wu 
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et al., 2013), and hypoxic Tibetan pigs (Zhang et al., 2015). Indeed, wood frog livers must 

be under tight transcriptional and translational control to ensure that they are able to 

coordinate cryoprotectant glucose synthesis and distribution despite the backdrop of 

hypometabolism (Storey and Storey, 2017). As such, the main question we were interested 

in was, does the liver rely on miRNA-mediated silencing to regulate and suppress non-vital 

processes that are not required during prolonged periods of dormancy? The present study 

found that the protein levels of key miRNA biogenesis factors were upregulated during 

both freezing and thawing and that this was associated with an upregulation of the majority 

of the 20 miRNAs differentially expressed during freezing and thawing. This freeze-thaw 

specific miRNA fingerprint suggests that critical energy-expensive processes such as, 

DNA replication, protein synthesis and turnover, and carbohydrate metabolism must be 

“turned off” in the liver to facilitate successful whole-body freeze survival.  

The tight regulation of miRNA biogenesis plays a large part in generating the unique 

miRNA expression fingerprint of different animals, tissues, developmental stages, cell 

types, sub-cellular compartments, and stress responses. Our investigation of the protein 

levels of key miRNA biogenesis factors suggested an enhanced capacity for miRNA 

biosynthesis (Fig. 4.1). The significantly elevated protein levels of the microprocessor 

complex subunits measured during freezing (Fig. 4.1) have been shown to promote miRNA 

processing (Jafari et al., 2013; Sperber et al., 2014). DROSHA has been implicated as the 

main regulator and rate-limiting step of miRNA biogenesis and developmental studies on 

Xenopus oocytes have demonstrated that increased DROSHA protein levels strongly boost 

miRNA biogenesis and pri-miRNA processing (Muggenhumer et al., 2014). The nuclear 

export of pre-miRNA to the cytoplasm for further processing also serves as a critical 
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regulatory step in miRNA biogenesis, and increased levels of the karyopherin XPO5 and 

its regulator, the small GTPase RAN, observed during freezing suggests enhanced miRNA 

nuclear export (Fig. 4.1). Indeed, the overexpression of XPO5 has been shown to enhance 

RNA interference mediated by both short hairpin RNAs and by endogenous miRNAs 

(Köhler and Hurt, 2007; Yi et al., 2005). Once in the cytoplasm, the pre-miRNA is further 

cleaved by the endonuclease DICER, and its binding partners TRBP and PACT, to form a 

ds-miRNA duplex (Fukunaga et al., 2012). The unchanged levels of RISC proteins DICER, 

TRBP, and PACT, over the freeze-thaw cycle suggest that this critical step proceeds 

unaffected and a possible explanation could be that various other non-canonical miRNA 

biogenesis pathways such as, the DROSHA and DGCR8-independent 

pathway, spliceosome-dependent mechanisms, and the terminal uridylyl transferase-

dependent pathway, converge at Dicer processing and therefore levels of this global protein 

must remain constant (Fig. 4.1) (Ha and Kim, 2014). The constant protein levels of DICER 

observed herein match previous measurements of frozen wood frog liver DICER levels 

and demonstrate the consistency and reproducibility of these findings (Fig. 4.1) (Biggar et 

al., 2009). 

The mature miRNA guide strand then binds to a member of the AGO protein family, 

typically AGO1 or AGO2, to induce the cleavage or translational suppression of target 

mRNAs. Interestingly, protein levels of both AGO1, that interacts with ~30% of miRNAs, 

and AGO2, the sole AGO protein member with slicer activity that interacts and with ~60% 

of miRNAs, remained constant over the freeze-thaw cycle (Fig. 4.1) (Wang et al., 2012). 

However, studies have shown that AGO2 functionality is heavily modulated by post-

translational modifications (PTM) and upon further examination, the significantly reduced 
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levels of p-AGO2Tyr393 observed during freezing and thawing suggest an overall increase, 

or rather lack of inhibition, of AGO2 miRNA processing capacity (Fig. 4.1). 

Phosphorylation at Tyr-393 by EGFR has been shown to reduce AGO2 binding to DICER 

which in turn results in the inhibition of pre-miRNA processing and maturation and 

therefore suggests an increased miRNA processing ability (Shen et al., 2013). AGO2 is 

involved in both miRNA biogenesis and function and its phosphorylation at Ser-387 has 

been shown to lead to reduced mRNA cleavage and enhanced translational repression 

(Zeng et al., 2008). Indeed, the thaw-reduced levels of AGO2Ser387 suggest that mRNA 

cleavage, as opposed to translation inhibition or destabilization, is favoured during 

thawing. This observation however requires a deeper investigation of miRNA translational 

silencing machinery and an analysis of stress granule and P-body components is required 

to confirm this hypothesis (Fig. 4.1). Overall, our examination of the protein and PTM 

levels of the main miRNA biogenesis factors suggests a potential activation of canonical 

miRNA biosynthesis during both freezing and thawing (Fig. 4.1). This enhanced capacity 

for miRNA biogenesis could be facilitating the selective increase of miRNAs identified to 

be overexpressed during freezing and thawing (Fig. 4.2).  

Of the 109 miRNAs examined in this study, ten were significantly upregulated while only 

three were downregulated during freezing (Fig. 4.2). Accepted dogma states that elevated 

miRNA levels negatively regulate and therefore silence the genes under their control via 

translational suppression or degradation (Ha and Kim, 2014). Functional in silico target 

enrichment of the 10 freeze-upregulated miRNAs suggested the suppression of the 

following energy-expensive processes; RNA processing and splicing, DNA replication, 

intracellular signal transduction, microtubule nucleation and polymerization, protein 
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turnover, and ATP hydrolysis (Fig. 4.3 and Supp. Table S4.3). The predicted suppression 

of these pathways was to be expected, as a well-known characteristic of freezing is the 

global suppression of ATP-demanding processes, such as cell growth and proliferation 

(Storey and Storey, 2017). A study on frozen wood frog liver has shown strong evidence 

of cell cycle suppression via reduced protein levels of Cyclin-dependant kinases (Cdks) 

and cyclins A and B1 (Zhang and Storey, 2012). This previously reported suppression of 

cell cycle elements could be mediated by the observed freeze-upregulated miRNAs 

predicted to target key components involved in the initiation of DNA replication and cell 

cycle progression. Targets include; Cdk 45, cyclin E2, Origin recognition complex subunits 

1 and 6, DNA replication complex GINS3, and the transcription factor E2F4 that controls 

cell cycle progression and proliferation (Fig. 4.3 and Supp. Table S4.3). 

One of the most energetically-expensive process, that utilizes 25-30% of total cellular 

energy production, is protein synthesis and turnover (Rolfe and Brown, 1997). It therefore 

makes metabolic sense that these pathways are predicted to be miRNA-silenced during 

freezing (Fig. 4.3). Specific miRNA targets that were identified include; translation 

preinitiation complex proteins, elongation initiation factors, poly-A binding protein, and 

60S acidic ribosomal protein P0 (RPLP0). The predicted silencing of these mRNAs by the 

upregulated miRNAs would inhibit complex formation and potentially reduce overall 

protein synthesis (Fig. 4.3 and Supp. Table S4.3). Interestingly, a study on RPLP0 in 

wood frog liver showed a 2-fold freeze-upregulation of RPLP0 transcript levels but 

reported that RPLP0 protein levels remained unchanged. This disconnect between mRNA 

transcript and protein levels observed in this previous study could be a result of the 

targeting of rsy-miR-101a-3p to the RPLP0 mRNA transcript, as evident by the unchanged 
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protein levels despite the increased mRNA levels (Wu and Storey, 2005) (Supp. Table 

S4.3). Furthermore, stress-responsive suppression of global protein synthesis and 

degradation is an essential strategy of hypometabolism that has been characterized in 

anoxia tolerance, estivation, hibernation, and freeze tolerance (Fraser et al., 2001; Frerichs 

et al., 1998; Hochachka et al., 1996; Storey and Storey, 2007, 2004). In addition to reducing 

protein translation, frozen frogs also need to maintain their existing protein pool and must 

therefore curb protein degradation. One possible miRNA-mediated mechanism for this is 

the predicted silencing of both protein ubiquitinating proteins (ubiquitin conjugating 

enzyme E2 and E3) and de-ubiquitinating proteins (ubiquitin specific proteases 1, 30, and 

46) observed herein (Fig. 3 and Supp. Table S3).  

As previously discussed, wood frog freeze survival is critically dependant on their ability 

to mobilize vast amounts of cryoprotectant glucose in liver via a glycogenolytic response 

that raises liver glucose levels from 5 mM to greater ~300 mM within a few hours (Storey 

and Storey, 1986). To facilitate the synthesis of cryoprotectant glucose and its distribution 

to the rest of the body, in addition to maintaining high glucose levels within the liver itself 

when frozen, various routes of glucose catabolism must be inhibited. Interestingly, a subset 

of our freeze-upregulated miRNAs were predicted to do exactly that, by suppressing 

critical points of the carbohydrate metabolism and hexose catabolism pathways (Fig. 4.3). 

For example, the targeting of rsy-miR-199a-5p to aldolase B, an enzyme that catalyzes one 

of the major steps in the glycolytic pathway, suggests a novel miRNA-mediated 

mechanism for the suppression of the catabolism of hexose phosphates that is known to 

occur in frozen frogs (Supp. Table S4.3). Indeed, a study on the metabolic enzymes in 

wood frog livers showed aldolase activity to be significantly decreased during freezing 
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(Cowan and Storey, 2001). Furthermore, suppression of other carbohydrate catabolism 

pathways such as the citric acid cycle is also required during freezing, and here we show 

that the freeze-upregulated rsy-miR-210-3p was predicted to target NADP-isocitrate 

dehydrogenase, an enzyme that catalyzes the oxidative decarboxylation of isocitrate into 

α-ketoglutarate (Supp. Table S4.3). In addition, the freeze-induced downregulation of rsy-

miR-9-5p observed herein, is also implicated in promoting carbohydrate homeostasis and 

is potentially contributing to the elevated levels of gluconeogenesis needed for freezing 

(Fig. 4.2). This is likely being facilitated by FOXO1, as studies have shown that decreased 

levels of hepatic miR-9 expression activate gluconeogenesis and promote hepatic glucose 

production via a FOXO1-mechanism (Yan et al., 2016). Taken together, these newly-

identified hepatic miRNA modulation mechanisms help prevent the breakdown of valuable 

glucose cryoprotective stores and add an additional layer of regulatory complexity to the 

biochemical controls that are known to directly modulate these metabolic enzymes.  

A major cell preservation strategy found to be targeted by the freeze-upregulated miRNAs 

was cellular redox (Fig. 4.3). Evidence from wood frogs, other hypometabolic animals, 

and oxygen deprived organisms have shown that the enhancement of antioxidant defenses 

is critical for protection against rapid oxygenation upon thawing and ischemia/reperfusion 

injury (Storey and Storey, 2017). It was therefore interesting to find that a subset of the 

freeze-upregulated miRNAs was predicted to suppress the mRNA transcripts of 

glutaredoxin 2, peroxiredoxin 1, and thioredoxin reductase (Supp. Table S4.3). These 

enzymes all act to boost antioxidant capacity of cells and promote the reduction of 

thioredoxin, an essential reactive oxygen species scavenging molecule (Kalinina et al., 

2008). The incongruence observed between the prediction of miRNA-mediated 
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suppression of this antioxidant process, that has been previously shown to be active, could 

potentially be due to the fact that many of the major antioxidant enzymes that have been 

examined in wood frogs were primarily found to be regulated at the post-translational level 

(Dawson and Storey, 2016; Storey and Storey, 2017). Indeed, a study on superoxide 

dismutase in frozen frogs found that while total protein levels of Cu-SOD and Mn-SOD 

were not upregulated during freezing, these enzymes were significantly post-translationally 

modified and displayed enhanced activity during freezing (Dawson et al., 2015). This 

observation that antioxidant enzymes might be primarily modulated at the post-

translational level suggests that the cell need not use its limited energy stores to synthesize 

new antioxidant enzymes and serves a possible energy-saving role that miRNAs may be 

coordinating. 

Our examination of miRNA regulation after 8 h of thawing found 13 miRNAs to be 

upregulated and only 2 miRNAs to be downregulated. Downstream targeting analysis of 

the thaw-upregulated miRNAs revealed that there was sustained targeting between many 

of the ATP-demanding processes predicted to be suppressed during freezing (Fig. 4.3 and 

4.4). While frogs that have been thawed for 8 h display a normal physiologically recovered 

phenotype, a full metabolic and molecular recovery is a slow process. Indeed, the 

degradation of glucose stores, the loss of anaerobic end products, and the restoration of 

ATP and phosphagen pools have been shown to take several days to return to control levels 

(Storey and Storey, 1986). This evolved delay in recovery is metabolically sensible as it 

facilitates survival over the course of the multiple freeze-thaw cycles wood frogs 

experience when overwintering and prevents them from prematurely depleting their limited 

energy reserves and from losing their ability to freeze. As such, our findings suggest that 
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miRNAs are involved in maintaining this adaptive delay by sustaining the suppression of 

these energy-expensive processes 8 h into thawing.  

An interesting thaw-specific miRNA target identified herein was the complex chromatin 

remodelling network (Fig. 4.4). To date, the role played by the main epigenetic 

mechanisms that elicit heritable changes to gene expression, being DNA and histone 

modifications, have been scarcely examined in freeze tolerant animals. A recent study on 

histone methylation in frozen wood frogs has begun to shed some light in this area with its 

report of a novel liver-specific pattern of histone methylation during freezing and thawing 

(Hawkins and Storey, 2017). One of the chromatin remodelling proteins predicted to be 

targeted by rsy-miR-208-3p, rsy-miR-30a-3p, and rsy-miR-10a-5p was the SWI/SNF-

related matrix-associated actin-dependant regulator of chromatin subfamily B member 1 

(SMARCB1). As SMARCB1 aides in relieving chromatin condensation and making DNA 

more accessible to transcriptional machinery, its silencing by the above miRNAs suggests 

that this relaxation of chromatin and enhanced transcription is not occurring during thawing 

(Stojanova and Penn, 2009). Another key chromatin remodelling protein identified as a 

target of the thaw-upregulated rsy-miR-192-5p was the gene that encodes for DNA 

methyltransferase (DNMT) 1-associated protein 1 (DMAP1) (Supp. Table S4.4). This 

protein functions to repress transcription through its interaction with DNMT-1, a protein 

that methylates DNA resulting in silenced gene expression (Bogdanovi and Veenstra, 

2009). It is therefore possible that miRNA-mediated suppression of DMAP1 could act to 

relieve the potential DNA methylation transcriptional repression that may have been in 

effect during freezing. Indeed, a recent study in an anoxia tolerant turtle, another model of 

extreme hypometabolism, found an overall increase in DNA methylation, and in the protein 
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abundance and activity of DNMT enzymes in liver in response to prolonged anoxia 

exposures and suggested that this translates into the downregulation of gene expression 

during oxygen deprivation (Wijenayake and Storey, 2016). These contradictory effects of 

miRNAs on chromatin remodelling complexes demonstrates the complex and intricate 

regulation of epigenetic mechanisms and warrants further investigations into the gene 

targets of these chromatin remodelling complexes.  

The overarching trend of miRNA-mediated adaptive metabolic rate depression identified 

in our study on the miRNA fingerprint of freezing and thawing appears to be evolutionarily 

conserved in the livers of distant organisms undergoing hypometabolic stress responses. A 

pioneering initial miRNA study on miR-16 and miR-21 in wood frog liver showed that 

levels of these two miRNAs were significantly increased in response to freezing and that 

they are likely playing a role in promoting anti-apoptotic functions and suppressing cell 

growth and cell cycle progression (Biggar et al., 2009). This finding supports our predicted 

targeting of DNA replication and growth pathways (Fig. 4.3). A small preliminary 

investigation of hepatic miRNAs in estivating Xenopus laevis showed miR-210 to be 

significantly upregulated during dehydration and suggested that this is linked to the 

hypoxic state Xenopus tissues experience during severe dehydration (Wu et al., 2013). This 

upregulation of miR-210 appears to be a conserved response in animals experiencing 

oxygen deprivation, as this was also observed in the hepatopancreas of the anoxic intertidal 

mollusc Littorina littorea and in our examination of frozen wood frog livers (Fig. 4.2) 

(Biggar et al., 2012; Wu et al., 2013). The overexpression of miR-210 has been shown to 

target iron-sulfur cluster assembly proteins during low oxygen availability, resulting in 
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mitochondrial repression that has been shown to promote a shift to anaerobic metabolism 

via glycolysis to compensate for the reduced oxygen availability (Chan et al., 2009).  

Furthermore, a comprehensive study on 117 miRNAs in the hibernating 13-lined ground 

squirrel (13LGS) found that hepatic miRNAs overexpressed during torpor targeted pro-

growth pathways such as, growth factor receptor signaling, regulation of glycolysis, and 

mitosis (Wu et al., 2016). Of particular interest is the overexpression of hepatic miR-181a 

levels in torpid 13LGS that leads to insulin resistance in hepatocytes and that has also been 

shown to be upregulated in patients and mouse models of Type 2 diabetes (Zhou et al., 

2012). As hibernating ground squirrels are known to exhibit reversible insulin resistance 

over the torpor-arousal cycle, the overexpression of miR-181a could be one of the 

underlying mechanisms facilitating the stimulation of insulin resistance during the initial 

periods of hyperinsulinemia and could act to maintain storage of fats required to fuel 

hibernation (Buck et al., 2002; Florant et al., 1985). Coincidentally, rsy-miR-181a was also 

overexpressed in frozen wood frog livers and is likely playing a role in instigating the 

insulin resistance required to accumulate cryoprotectant glucose and to survive freezing. 

While the pancreatic response of frozen frogs to ~300 mM rising glucose levels has been 

shown to be intact leading to the doubling of plasma insulin levels during freezing, the 

subsequent uptake of glucose into insulin-sensitive organs is not observed (Hemmings and 

Storey, 1994). Despite this feature being previously attributed to the novel sequence 

difference in wood frog insulin proteins that has been associated with low potency insulin, 

our findings point to a novel underlying regulatory miRNA mechanism that could also be 

contributing to the freeze-responsive insulin resistance required for freezing (Bajaj et al., 

1986; Conlon et al., 1998). The global miRNA-mediated suppression of liver metabolism 
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during hypometabolism was also observed in hibernating Arctic squirrels that were found 

to overexpress select miRNAs during torpor to suppress cell growth (Liu et al., 2010). 

However, this global response does not appear to be conserved in evolutionarily distant 

marsupials. Indeed, a study on the hibernating South American marsupial Dromiciops 

gliroides demonstrated an overall torpor-induced downregulation of differentially 

expressed hepatic miRNAs. This miRNA decrease was predicted to facilitate and 

potentially activate a liver-centered compensatory mechanism for thermoregulation 

evolved by the unique marsupial D. gliroides that has been shown to lack heat-generating 

brown adipose that is typically utilized by other mammals during hibernation (Hadj-

Moussa et al., 2016). 

 

  



107 
 

4.5. CONCLUSION  

Overall, our findings highlight a new underlying miRNA-mediated mechanism that is in 

part responsible for facilitating the global metabolic suppression observed in wood frog 

livers over the course of the freeze-thaw cycle. The general freeze and thaw -induced 

miRNA upregulation observed herein may have been a result of the measured increase of 

the protein levels and enhanced capacity of the key miRNA biogenesis and processing 

factors. The miRNA fingerprint of frozen and thawed livers was predicted to silence key 

ATP-demanding functions that are involved in pro-growth processes and in maintaining 

cellular homeostasis, both of which are non-essential when animals are in a hypometabolic 

state. This pattern of miRNA-mediated silencing of energy-expensive processes during 

extreme stress responses appears to be evolutionarily conserved across distant species and 

survival strategies. This study emphasizes the complexity of the expansive miRNA 

networks required for successful freeze tolerance and highlights select miRNA species that 

could be further investigated as hepatic “on/off” switches with therapeutic potential. 
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Figure 4.1. Analysis of miRNA biogenesis pathway protein levels in wood frog liver over 

a freeze-thaw cycle using immunoblotting. Upper panel displays histogram showing 

protein levels, relative to control, of DROSHA, DGCR8, XPO5, RAN, DICER, TRBP, 

PACT, AGO1, AGO2, p-AGO2Ser387, and p-AGO2Tyr393 under control, 24 h frozen, and 8 

h thawed conditions. Data are means ± SEM of 3-4 independent biological replicates. Data 

are analyzed using a one-way ANOVA with a Dunnett’s post hoc test, *p < 0.05. Bottom 

panel show representative immunoblots of each protein and experimental condition.  
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Figure 4.2. Heatmap of RT-qPCR measured expression levels of 109 miRNA species 

examined in 24 h frozen and 8 h thawed wood frog livers, relative to control. All miRNAs 

were standardized against U6 snRNA reference gene expression. Data are means ± SEM of 

3-4 independent biological replicates. Statistical testing used a one-way ANOVA with a 

Dunnett’s post hoc test, *p < 0.05. For the relative expression ± SEM values of all 109 

miRNA species examined refer to Supplementary Table S2.  
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Figure 4.3. Functional target enrichment and network clustering of the subset of miRNAs 

upregulated in 24 h frozen wood frog livers. Downstream miRNA target prediction was 

performed at -2⁰C using FINDTAR3. Protein-protein interactions of the downstream 

networks was performed using the STRING medium-confidence filter on the X. tropicalis 

database. MCL clustering and visualization was performed on CYTOSCAPE and 

coupled with GO ANALYSIS functional biological enrichment. [A] Full clustered 

protein-protein interaction map. [B] Representative set of significantly enriched protein-

protein interaction clusters. Refer to Supplementary Table S3 for more information on 

individual clusters, proteins, and targeting miRNA species.  
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Figure 4.4. Functional target enrichment and network clustering of the subset of miRNAs 

upregulated in 8 h thawed wood frog livers. Downstream miRNA target prediction was 

performed at 5⁰C using FINDTAR3. Protein-protein interactions of the downstream 

networks was performed using the STRING medium-confidence filter on the X. tropicalis 

database. MCL clustering and visualization was performed on CYTOSCAPE and coupled 

with GO ANALYSIS functional biological enrichment. [A] Full clustered protein-protein 

interaction map. [B] Representative set of significantly enriched protein-protein interaction 

clusters. Refer to Supplementary Table S4 for more information on individual clusters, 

proteins, and targeting miRNA species.  
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SUPPLEMNTARY INFORMATION 

To access and download the four additional supplementary files that accompany this 

manuscript: 

1. Visit:  http://kenstoreylab.com/?page_id=2899  

2. Enter the password:  HananeWantsToPass      [* CaSe SeNsiTivE]  

 

Supplementary Table S4.1. Primers used for analysis of miRNA expression in the liver 

of R. sylvatica, including miRNA-specific forward primers, universal reverse primer, and 

the stem-loop adapter for reverse-transcription.  

Supplementary Table S4.2. Relative expression levels of 109 miRNA species examined 

in the liver of R. sylvatica. MicroRNA relative expression was evaluated by RT-qPCR of 

reverse-transcribed, polyadenylated transcripts. Data represent means of n = 3-4 biological 

replicates from different animals ± SEM. Relative expression of genes was calculated by 

standardizing against U6 snRNA expression. Control values were adjusted to 1 and the 24h 

frozen and 8h thawed values were expressed relative to the control. Statistical testing used 

the Dunnett's test, values were considered significantly different from the corresponding 

control when *p < 0.05, **p < 0.01, and ***p <0.001.  

Supplementary Table S4.3. Identity of the significantly enriched biological processes, 

protein members, and miRNA species identified using MCL clustered protein networks 

and functional GO ANALYSIS of the miRNAs upregulated in 24 h frozen wood frog liver.  

Supplementary Table S4.4. Identity of the significantly enriched biological processes, 

protein members, and miRNA species identified using MCL clustered protein networks 

and functional GO ANALYSIS of the miRNAs upregulated in 8 h thawed wood frog liver.  
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5.1. Wood frogs and freezing  

Animals living in cold environments have adapted unique strategies such as freeze 

tolerance for dealing with the prolonged subzero temperatures of winter. Wood frogs, and 

other freeze tolerant organisms, have developed specialized survival adaptations to 

overcome the cellular consequences of freezing. The main cellular cryoprotection strategy 

in place involves the rapid synthesis and distribution of small molecular weight 

cryoprotectants, which for wood frogs is glucose (Storey and Storey, 1985). Another 

hallmark freeze tolerant adaption is metabolic rate depression and reorganization. The 

disequilibrium between active energy requirements and the limited availability of ATP 

producing resources when frozen makes transitioning into a hypometabolic state a 

necessity that allows organisms to extend the time they can survive on internal fuel reserves 

(Storey and Storey, 2004).  

To survive on their internal reserves, freeze tolerant animals reprioritize their metabolic 

functions and make a switch from aerobic ATP production to glycolytic and fermentative 

pathways (Storey and Storey, 2013). Despite this backdrop of metabolic depression, the 

wood frog is able to balance the global suppression of metabolic functions with the 

selective activation of genes and proteins required for freeze survival (Storey and Storey, 

2017). Various molecular and biochemical mechanisms are required for the facilitation of 

basic survival strategies and for facilitating “pro-survival” processes. Some of these 

defense mechanisms that wood frogs employ include the overexpression of tissue damage 

repair proteins such as fibrinogen (Cai and Storey, 1997), the enhancement of antioxidant 

enzymes and defenses (Joanisse and Storey, 1996), and the upregulation of select stress-

activated chaperone proteins (Kiss et al., 2011). 
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To elicit the extensive metabolic reorganization required for freezing, the wood frog 

actively leverages all the transcriptional, post-transcriptional, translational, and post-

translational regulatory mechanisms (Storey and Storey, 2017). This thesis explored the 

role of post-transcriptional regulation that is elicited in part through the action of miRNAs, 

small RNAs that play a big part in gene regulation. Since their discovery in Caenorhabditis 

elegans 1993, microRNAs have come to the forefront as a dynamic molecular mechanism 

of adaptation capable of selective rapid transcriptome regulation (Lee et al., 1993). Due to 

the broad nature of miRNA regulation, studies have found miRNAs to be responsible for 

facilitating global metabolic rate depression, for selectively promoting cell survival 

defenses, and for maintaining cellular functions, as was posited in Chapter 1 and 

illustrated in Chapter 3 and 4. MicroRNAs are able to elicit this control by negatively 

regulating gene expression via binding to target mRNA transcripts and subsequently 

leading to their translational repression or degradation (Bartel, 2004). Elucidating the 

diverse expression patterns and biological functions under the regulatory control of 

miRNAs adds a new dimension to our understanding of complex gene regulatory networks 

and the transcriptome as a whole. 

 

5.2. Role of microRNAs in freeze tolerance  

MicroRNAs are a multifunctional group of regulatory molecules that can play both 

activating and suppressive roles in the cell (Bartel, 2004). This thesis explored whether 

miRNA biogenesis, expression, and function would be regulated in a tissue-specific 

manner to facilitate freeze survival. To explore this question, this study examined key 

miRNA biogenesis factors using immunoblots, performed a large-scale RT-qPCR analysis 
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of miRNA expression levels, and leveraged various bioinformatics programs to 

characterize miRNA biological functions. While there are hundreds of conserved miRNA 

species that have been annotated in animals, this study was limited to a group of 113 and 

109 miRNAs in wood frog brain and liver, respectively. The reason only ~110 miRNAs 

were examined was due to the fact that currently, the wood frog nuclear genome has not 

been sequenced. As such, all miRNA sequences from this study were obtained by 

constructing conserved miRNA primers using the ~200 miRNAs annotated in Xenopus as 

a scaffold for multi-sequence alignments with other related species. While genome-

sequencing has become more affordable and accessible- the large size of the wood frog 

genome, that is 2.5 times bigger than the human genome, makes sequencing very expensive 

(>$50,000) and increases the complexity of downstream assembly and annotation. Despite 

these massive challenges, Dr. Andor J. Kiss in Miami University is currently working to 

sequence the wood frog genome. His lab has recently completed the first draft assembly of 

the wood frog nuclear genome and he is now working on additional sequencing runs to fill 

in missing gaps in the genome and to set the stage for subsequent full genome de novo 

assembly and annotation.   

 Chapter 3 examined miRNA biogenesis and regulation in wood frog brain over the course 

of a freeze-thaw cycle. Chapter 4 was a parallel-study that explored miRNA biogenesis 

and regulation in wood frog liver, the metabolic and cryoprotective center, over the course 

of a freeze-thaw cycle. The strikingly contrasting results between these studies provides us 

with strong evidence that suggests the distinct tissue-specific regulation and function of 

miRNAs in vertebrate freeze tolerance and stress-responses. Examining the miRNA 

responses in these diverse tissues will help us better understand the molecular 
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underpinnings that control the different transcriptional output of these tissues in response 

to freezing and thawing.  

This study on wood frogs is the first exploration of miRNA biogenesis and regulation in 

the brain of a freeze-tolerant vertebrate. In frozen and thawed brains, there was a correlation 

between the downregulation of both the miRNAs differentially expressed during freezing 

and thawing and the miRNA biogenesis pathway. Immunoblotting of the key miRNA 

biogenesis factors found an overall decrease in protein levels potentially resulting in a 

reduced capacity for miRNA biogenesis and processing. The subsequent quantification of 

113 miRNAs found 41 miRNAs that were differentially expressed over the course of the 

freeze-thaw cycle, with 39 of those miRNAs being significantly downregulated during 

stress. Downregulated miRNAs were found to play a role in facilitating global neuronal 

maintenance and aided in promoting cellular survival. The largely downregulated miRNA 

fingerprint observed herein suggests a miRNA-mediated cryoprotective mechanism 

responsible for fine tuning neuronal functions and facilitating successful whole brain 

freezing and thawing. These findings illustrate a novel miRNA-mediated neuroprotective 

mechanism that potentially allows brains to circumvent the extensive translational 

silencing being undertaken across the rest of the body. The pro-survival processes being 

“activated” by the downregulated miRNAs included; synaptic signaling, intracellular 

signal transduction, anoxia/ischemia protective mechanisms, and chaperone-mediated 

protein folding.  

In contrast to the global reduction of miRNAs observed in freeze tolerant brains, the liver 

freeze and thaw responsive miRNA fingerprint showed an opposite pattern of enhanced 

miRNA biosynthesis and stress-activated upregulations. Immunoblotting demonstrated an 
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increase in key miRNA biogenesis proteins which suggested an enhanced capacity for 

miRNA biosynthesis. This supported the predominant upregulation observed in the RT-

qPCR measurements of the 20 miRNAs that were differentially expressed, out of the total 

109 that were evaluated. In silico downstream miRNA target prediction implicated the 

miRNAs in suppressing various pro-growth processes and helping to elicit a state of global 

metabolic rate depression. The main pathways being targeted by the upregulated miRNAs, 

and therefore being suppressed, included DNA replication, mRNA processing and splicing, 

protein synthesis and turnover, carbohydrate metabolism, etc. This newly identified 

enhanced capacity for miRNA biosynthesis and the miRNA mediated suppression of 

energy-expensive processes appears to be vital for successful hepatic freeze survival. Using 

miRNAs to “turn off” these energy-expensive processes helps limit the shunting of 

valuable and limited ATP stores from pro-growth processes that are not essential for freeze 

survival.  

The very different miRNA responses observed in wood frog brain and liver illustrated the 

two main types of miRNA regulatory responses apparent in freeze tolerance; [1] reductions 

in miRNA levels to induce the activation of targeted pathways, and [2] increases in miRNA 

levels to suppress and inhibit targeted miRNA pathways (Bartel, 2004). The contrasting 

miRNA fingerprints measured highlight the high degree of tissue-specificity and unique 

metabolic needs that miRNAs are able to cater to. To asses the biological relevance of these 

findings and the validity of these bioinformatics predictions- downstream qPCR 

measurements of the miRNA targeted mRNA transcripts, as well as immunoblot 

measurements of the proteins they encode for should be performed. To our knowledge, this 

is the first report of a neuronal miRNA-mediated program for the activation and 
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maintenance of living brain tissue during periods of environmental stress. The miRNA-

induced neural activation and maintenance is required to ensure that after thawing, wood 

frogs are able to maintain/restore brain function and that they do not exhibit any 

neurological or behavioural deficits. This was in striking contrast to the miRNA fingerprint 

presented by liver that depicted a potential miRNA-mediated suppression of various 

energy-expensive pathways. The data for liver support metabolic rate depression as one of 

the main hallmarks of freeze tolerance (Storey and Storey, 2004). However, since liver is 

the body’s metabolic center, it was interesting to find that the pattern of miRNA biogenesis 

and differential expression in liver illustrated a global trend of suppression. The data 

indicated that miRNAs functioned to selectively depress non-essential liver functions in 

the frozen state as well as to aid in the accumulation of cryoprotectant glucose. This hepatic 

miRNA-induced “off-switch” was not seen in brain. Collectively, these findings make 

perfect metabolic sense as they support the overall metabolic and regulatory nature of each 

of the brain and liver and the roles that they play during freeze/thaw.  

One of the main trends observed in both tissues was that the majority of miRNAs remained 

unchanged over the course of the freeze-thaw cycle. This suggests that miRNA regulation 

is very selective and under tight regulatory control. Another parallel between the two 

tissues was the correlation between miRNA biogenesis and regulation. Increases in the 

levels of liver miRNA biogenesis proteins matched the upregulation of differentially 

expressed miRNAs which suggests that this response is not global but rather that the 

enhanced capacity for miRNA biogenesis is selectively aiding the upregulation of stress-

responsive miRNAs. This newly identified “rule” was also applicable to the opposite trend 

observed in brain where the reduced capacity for miRNA biogenesis appeared to 
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selectively reduce the abundance of stress-responsive miRNAs. While these findings 

appear to be rather clear-cut in Chapter 3 and 4, it should be noted that this may not always 

be the case, as miRNA networks are very intricate and complex. To test whether this trend 

is universal, miRNA biogenesis factors and miRNA expression levels should be measured 

in other tissues, animals, and stresses using Next-Generation Sequencing to study the 

global expression trend of all miRNAs.   

Comparing the findings of this thesis with previous work on miRNA responses in muscles 

of frozen wood frogs, various parallel trends and differences can be observed. An 

evaluation of 53 miRNAs in cardiac and skeletal muscles over a wood frog freeze-thaw 

cycle found 21 cardiac miRNAs to be downregulated during thawing and 16 skeletal 

miRNAs to be overexpressed during freezing. Bioinformatic target prediction for heart 

miRNAs that decreased found them to be involved in processes such as hypertrophy, cell 

structure, and cardiomyopathy, all of which likely serve a cardioprotective role during 

freezing and thawing (Bansal et al., 2016). This response of overall miRNA 

downregulation during stress in hearts suggested that there would also be a miRNA-

mediated “activation” mechanism in place, to facilitate the quick restoration of heart 

function in the thawed frog. This makes metabolic sense as the resumption of heartbeat is 

the first observable physiological function to occur when wood frogs thaw, well before 

breathing and voluntary muscle movement are restored (Storey and Storey, 2017). This 

was similar to our observations in frozen brains in which miRNAs are likely playing an 

activation and maintenance role, a role that is required to cater to the tissue-specific 

functions of these tissues.  



129 
 

The overall pattern of freeze-responsive skeletal muscle miRNAs was similar to the 

miRNA fingerprint seen in liver, wherein the majority of differentially expressed miRNAs 

were found to be upregulated (Bansal et al., 2016). Both skeletal muscle and liver freeze-

responsive miRNAs mapped to cell functions that would help transition the cell into a 

metabolically suppressed state to conserve internal fuel reserves over the cold winter 

months. Taken together, we can see that the miRNA responses in wood frog cardiac and 

skeletal muscles, were distinctly tissue-specific and promoted activation and suppression 

phenotypes, respectively, as was observed here for brain and liver miRNAs. These newly-

identified freeze-responsive wood frog miRNAs join the ranks of previously categorized 

CryomiRs, a subset of cold-responsive miRNAs found to facilitate cold hardiness, 

hibernation, freeze avoidance, and freeze tolerance (Lyons et al., 2013). Indeed, studies in 

various natural models of environmentally-induced hypometabolism highlight the 

importance of miRNAs in regulating major metabolic cascades (Biggar and Storey, 2011).  

 

5.3. Future directions 

Although traditional dogma makes a direct link between changes in gene transcription and 

changes in protein production, it is now known that there are many caveats to this, such as 

influences of miRNA in inhibiting mRNA translation or targeting transcripts for 

degradation that are examined in this thesis. MicroRNA regulation during stress responses 

is a complex system that opens the door to various types of follow-up experiments that 

should be explored to better dissect the massive potential and macro effects of these 

miRNAs. While this study focused on the interplay between miRNAs and freezing in wood 

frogs, this is not the only environmental stress wood frogs are able to endure. Indeed, freeze 

tolerance is composed of component stresses of cellular dehydration, prolonged anoxia 
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exposure, and hyperglycemia, all of which the wood frog is able to survive when frozen 

and when unfrozen (Storey and Storey, 2017). As such, examining the stress-specific 

miRNA response to each of the component stresses will allow us to determine whether 

there is a singular miRNA response to all stresses or whether the dynamic miRNA 

regulatory network changes depending on the stress with which the frogs are challenged. 

Wood frogs are an ideal model to answer this question as they serve as an excellent multi-

factorial model of environmental stress that can be used to study the separate effects of 

anoxia, dehydration, freezing, and hyperglycemia.  

Since the brain is a complex tissue made up of multiple regions and numerous cell types, 

examining miRNA expression in specific brain regions using microdissection tools would 

be pertinent to better characterizing the observed miRNA responses. Moreover, we can 

further dissect this response by investigating the subcellular compartment-specific 

expression of miRNAs. New studies are now highlighting the functional importance of 

these subpopulations of organelle-specific miRNAs, and a main organelle being examined 

for its unique miRNA profile is the mitochondrion (Borralho et al., 2014). These 

‘MitomiRs’ are significantly enriched in the mitochondria and have been shown to play 

roles in cardiovascular health and in regulating metabolic outputs (Borralho et al., 2014; 

Srinivasan and Das, 2015). Current work is investigating the mechanistic properties of 

MitomiRs; [1] how do they enter the mitochondria?, [2] does the mitochondrial genome 

contain uncharacterized novel mitochondrial miRNAs?, [3] how are these miRNAs 

processed in the mitochondria? MitomiRs can be studied using fluorescence RNA in situ 

hybridization (FISH) to track miRNAs in the cell and to identify their subcellular 

localizations. FISH will be able to reveal the miRNAs localized in organelles such as the 
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mitochondria by using miRNA-specific probes consisting of complementary 

oligonucleotides attached to fluorescent dyes (Baker, 2012). Furthermore, one can also 

isolate specific organelles, extract organelle-specific RNA populations from each, and 

perform the necessary miRNA sample preparations and downstream qPCR measurements 

on the miRNAs of interest.   

For a more extensive picture of the effects of miRNA regulation on the cell, one can 

investigate the interaction and targeting of miRNAs and their effects on targeted 

transcripts. While the present large-scale studies in this thesis were able to quantitate the 

relative expression levels of ~110 miRNAs, more advanced next generation sequencing 

would allow us to analyze the full miRNA fingerprint of an organ, a fingerprint that consists 

of several hundred conserved miRNAs and novel miRNAs. This can be challenging as the 

wood frog is not genome-sequenced, making annotation and analysis very difficult since 

numerous ingenious steps would be required to overcome this problem. In an effort to 

identify and characterize novel species-specific miRNAs in wood frogs, I used previously 

sequenced wood frog small RNA transcriptomes and various bioinformatics tools, 

including the machine-learning prediction tool MIRDEEP2, to evaluate all RNA 

sequences for the suite of characteristics that define miRNA (Friedländer et al., 2008). The 

analysis of three wood frog small RNA-Sequencing transcriptomes lead to the discovery 

of 32 novel wood frog specific miRNAs. A detailed breakdown of how this analysis was 

performed can be found in Appendix G. Precursor and mature sequences of the 32 novel 

miRNAs are annotated in Appendix H.  

To validate that these novel miRNAs are indeed “real” I designed miRNA specific primers 

for them and examined their expression levels in pooled samples of control, 24 h frozen, 
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and 8 h thawed wood frog brain and liver. Novel wood frog miRNA primers are listed in 

Appendix E. Future work will probe much deeper into examining tissue and stress-specific 

responses, characterizing these novel miRNAs, and identifying their biological functions 

using in silico bioinformatics prediction tools. MicroRNA target predictions can be 

experimentally validated using luciferase promoter assays. Briefly, using a vector with a 

luciferase reporter constructed to be under the control of a weak promoter, subtle changes 

in gene expression can be observed when a miRNA of interest is added and binds to the 

predicted mRNA 3’UTR of interest (Jin et al., 2013). Furthermore, to examine the effects 

of these miRNAs in the cell, one can use qPCR to measure the levels of the predicted 

mRNA targets and this can be coupled with immunoblot measurements of the downstream 

proteins that the targeted mRNA targets encode.  

Another factor to be considered in future studies is the protection that is offered to normally 

labile mRNA molecules by stabilizing and storing transcripts in subcellular granules. In 

the case of freezing, this could allow mRNAs that are not needed in the hypometabolic 

state to be preserved until their translation is reinitiated when the animal thaws. There is 

substantial evidence that this occurs during hypometabolism. Studies on hibernating 

squirrels investigated the distribution of individual mRNA transcript types between 

polysome and monosome fractions of tissues in aroused vs torpid squirrels (Hittel and 

Storey, 2002) and another imaging study showed the intracellular formation of large 

numbers of stress granules and/or P-bodies containing translationally-stalled mRNA 

transcripts (Tessier et al., 2014). It would be interesting to explore what happens when 

freezing is used to conserve energy. Are most mRNA transcripts temporarily silenced or 

are they targeted for degradation? This question could be answered by conducting an in-
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depth study of the abundance, localization, and identity of stress granules and P-bodies, 

two types of non-membrane-bound ribonucleoprotein (RNP) granules that can accumulate 

and store mRNAs (Kedersha et al., 2005).  

Stress granules are cytoplasmic messenger RNP granules composed of mRNAs stalled at 

translation initiation, numerous translation initiation factors, and RNA-binding proteins 

(RBPs) (Jain et al., 2016). P-bodies are comprised of mRNAs associated with translational 

repressors and mRNA decay machinery (Aizer et al., 2014). Cytoplasmic RBPs like TIA-

1/R and PABP-1 are localized to stress granules under cell stress conditions where they 

promote translational silencing (Decker and Parker, 2012). Indeed, work in hibernating 

ground squirrel liver revealed that levels of the stress granule-specific TIA-1a and TIA-1b 

proteins in the nucleus rose by 7- and 4-fold, respectively, during prolonged hibernation 

(Tessier et al., 2014). In addition, the percentage of cells that showed subnuclear foci that 

immunostained positively for TIA-1 or PABP-1 rose from 1-2% in euthermic squirrels to 

>95% in hibernating animals indicating extensive storage of mRNA transcripts during 

torpor. These explorative studies in hibernating mammals suggest that similar mechanisms 

might be leveraged in freeze tolerant vertebrates. Indeed, similar immunohistochemistry 

and/or FISH can be used to elucidate the RNA landscape in frozen frogs. Future studies 

can analyze the fate of mRNA transcripts in frozen wood frog brain and liver through the 

use of RNA immunoprecipitation (RIP) of stress granule specific (TIA-1) and P-body 

specific (Pat1/PatL1) proteins with co-isolation of the RNA species associated with these 

proteins. This can then be combined with total RNA sequencing (RIP-Seq) to characterize 

the identities of specific RNA molecules that are associated with these two RNA-binding 
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proteins in control vs frozen vs thawed states. Alternatively, a more focused approach can 

be applied using RIP-qPCR to amplify specific mRNA and miRNA transcripts.  

 

5.4. Significance and applications  

Unravelling the mechanisms by which animals are able to survive prolonged periods of 

stress can potentially lead to the identification of novel therapeutic and cryoprotective 

targets. By identifying the miRNAs critical for freeze tolerance and other extreme 

hypometabolic states, we can determine which miRNAs are necessary for basic cellular 

survival and which miRNAs instigate cellular protective programs. Current work is 

examining the clinical and therapeutic role of microRNAs in infectious diseases, cancer, 

neurodegenerative disorders, and a myriad of other conditions (Broderick and Zamore, 

2011; Hayes et al., 2014; Wang et al., 2016). The freeze-responsive brain miRNAs 

identified herein can also serve as targets for the neuronal adaptations and maintenance of 

brain functions. To date, neuropathological studies have shown that miRNAs can serve as 

promising candidates for various neurodegenerative diseases (Kuss and Chen, 2008). For 

example, miR-34, a miRNA that has been previously implicated in several physiological 

processes, appears to be overexpressed in the brains of Alzheimer’s patients where it acts 

to regulate p53 expression and the subsequent phosphorylation of tau tangles (Hooper et 

al., 2007). In transgenic mouse models of this condition, the downregulation of miR-34 

was able to rescue some cognitive abilities (Zovoilis et al., 2011).  

MicroRNAs are also being identified as biomarkers for various diseases and conditions 

including nervous system disorders, cancer, diabetes, viral infections, etc. (Hayes et al., 

2014; Wang et al., 2016). This has been made possible by both NGS sequencing and by 
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the development of new bioinformatics tools such as the newly-developed program I co-

authored, RBioFS. This program leverages machine-learning technology to accurately 

identify potential miRNA biomarkers from various medical and comparative datasets 

(Zhang et al., 2016) (http://kenstoreylab.com/?page_id=2542).  

The miRNAs characterized in this thesis, particularly in the liver, could be further 

investigated as potential miRNA candidates for inducing metabolic rate depression. This 

idea is of great interest to various medical fields, the main one being organ preservation 

and storage. If we can use miRNAs to help induce a global state of dormancy and 

hypometabolism then we might be able to preserve organs for longer periods of time. This 

will extend the window of time available for organ transfer from donor to recipient and 

thereby greatly increase the number of donor organs that can be successfully transplanted, 

with the potential to save millions of lives. Moreover, miRNAs are also being investigated 

for their tissue regenerative properties and our findings in wood frog brains highlight 

potential miRNA candidates that could possibly help maintain and enhance overall cellular 

and neuronal functions. A study on a rat model of skeletal muscle injury found that the 

local injection of muscle-specific miRNAs promoted an acceleration of muscle 

regeneration and healing (Nakasa et al., 2010). Interestingly, the miRNAs used in this study 

included miR-1 that was found to be significantly upregulated in the muscles of 

hypometabolic hibernating marsupials and bats, where they were suggested to aid muscle 

remodelling and prevention of muscle disuse atrophy during torpor (Hadj-Moussa et al., 

2016; Kornfeld et al., 2012). This observation emphasizes the importance of applying our 

findings from animals that can push the elastic-limits of survival into new and innovative 

therapeutics.  

http://kenstoreylab.com/?page_id=2542
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Such medical studies could investigate the use of exogenous miRNAs or anti-miRs to 

simulate the putatively protective metabolic responses observed in frozen wood frog brain 

and liver. Generally, miRNA upregulation is achieved through the administration of 

synthetic exogenous miRNAs or though the administration of miRNA expressing vectors 

whereas miRNA downregulation is mimicked through the addition of anti-sense 

nucleotides, often chemically modified to ensure stability and specificity (Ishida and 

Selaru, 2013). Another approach to inhibit specific miRNAs is through the use of anti-

miRs. Anti-miRs are miRNA-sponges that seek to occupy mature miRNA using DNA 

sequences, typically plasmids that express target mRNA binding sites in high copy 

numbers (Zhang et al., 2013). These miRNA-based interventions and therapeutics can be 

administered via local microinjections, microbubbles, nanoparticles, lipid-vesicles, etc. 

(Zhang et al., 2013). Taken together, the identification of miRNAs and pathway targets in 

this study sets the stage for numerous innovative future medical applications that just 

maybe might work!  

 

5.5. Summary  

To survive in a frozen state of suspended animation, wood frogs undergo extensive whole-

body reorganization of the cellular, biochemical, and molecular landscapes through the 

coordination of all regulatory levels. This thesis demonstrated that the post-transcriptional 

regulation orchestrated by miRNAs appears to be playing an important and dynamic role 

in facilitating freeze tolerance. MicroRNA expression was found to be highly tissue-

specific and the patterns illustrated in brain and liver were contrasting, with each of the 

chapters highlighting one of the two main regulatory outputs of miRNA. Brain freeze-thaw 
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specific miRNAs were found to play an “activating” role where they are suggested to serve 

a neuroprotective role by maintaining neuronal tissues, preserving synaptic functions, and 

circumventing translational repression in the frozen state. The global downregulation of 

differentially expressed brain miRNAs was coupled with an overall decreased capacity for 

miRNA biogenesis. In contrast, differentially expressed liver freeze-thaw specific miRNAs 

were upregulated, which was supported by the observed overall increase of miRNA 

biogenesis capacity. Bioinformatics target enrichment lead to the identification of a novel 

miRNA-mediated mechanism for facilitating global hepatic metabolic rate depression and 

energy conservation strategies. This thesis also demonstrated that the tight regulation of 

miRNA biogenesis in both tissues was reflected in the miRNA fingerprint of each tissue, 

where increased miRNA biogenesis capacity translated to an overall upregulation of select 

miRNA species, and vice versa. These findings highlight the critical role of miRNAs in 

regulating brain and liver metabolic reorganization and survival over the course of the 

freeze-thaw cycle, emphasize the complex interconnectivity of the various regulatory 

layers, and set the stage for future innovative miRNA-based therapeutics.   
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Table B1. Antibody information and suppliers.  

  

Antibody Company Catalogue number Reactivity 

DROSHA NeoBiolab A8336 Anti-Rabbit 

DGCR8 GeneTex GTX130061 Anti-Rabbit 

XPO5 GeneTex GTX130727 Anti-Rabbit 

RAN GeneTex GTX114139 Anti-Rabbit 

DICER SantaCruz SC-30226 Anti-Rabbit 

TRBP GeneTex GTX48546 Anti-Rabbit 

PACT GeneTex GTX114215 Anti-Rabbit 

AGO1 GeneTex GTX47799 Anti-Rabbit 

AGO2 ECM BioSciences AP5281 Anti-Rabbit 

p-AGO2 Tyr393 ECM BioSciences AP5311 Anti-Rabbit 

p-AGO2 Ser387 ECM BioSciences AP5291 Anti-Rabbit 
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To ensure that the antibodies used cross-reacted with the protein of interest at the 

appropriate molecular weight, the following steps were taken:  

 

1. When companies supplied their antibody epitope sequence, this was aligned with 

various species (human, mouse, chicken, Xenopus) using CLUSTAL OMEGA to 

determine if the epitope region is conserved which would increase the likelihood 

that the protein is also conserved in the wood frog. Antibodies that recognized 

highly conserved epitopes were used. 

2. When possible, polyclonal antibodies that were tested on numerous species were 

used as to increase the chance of cross-reactivity in the wood frog.  

3. Immunoblot membranes were incubated with milk to minimize non-specific 

background binding, prior to primary antibody probing 

4. All antibodies were tested with a mammalian positive control sample (thirteen-

lined ground squirrel), to verify that the antibodies cross-react at the expected 

molecular weight.  
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Figure C1. Representative protein multi-sequence alignment of antibody epitope. 

 

The multi-sequence protein alignments of DICER below depicts antibody epitope mapping 

between amino acids 1698-1729 (highlighted in yellow) near the C-terminus of DICER 

human dicer. The alignment was generated using CLUSTAL OMEGA (1.2.4).  

The alignment was generated using sequenced from Xenopus tropicalis, Xenopus laevis, 

human, and mouse.  

 

 

 

 

 

  

X.tropicalis   nypfknkayllqafthasyhyntitdcyqrleflgdaildylitkhlyedprqhspgvlt 1704 

X.laevis       nypfknkayllqafthasyhyntitdcyqrleflgdaildylitkhlyedprqhspgvlt 1702 

Human          nyrfknkayllqafthasyhyntitdcyqrleflgdaildylitkhlyedprqhspgvlt 1733 

Mouse          nyrfknkayllqafthasyhyntitdcyqrleflgdaildylitkhlyedprqhspgvlt 1717 

               ** ********************************************************* 

  

X.tropicalis   dlrsalvnntifaslavkydyhkyfkaispelfhviddfvqfqleknemqgmdselrrse 1764 

X.laevis       dlrsalvnntifaslavkydyhkyfkaispelfhviddfvqfqleknemqgmdselrrse 1762 

Human          dlrsalvnntifaslavkydyhkyfkavspelfhviddfvqfqleknemqgmdselrrse 1793 

Mouse          dlrsalvnntifaslavkydyhkyfkavspelfhviddfvkfqleknemqgmdselrrse 1777 

               ***************************:************:******************* 
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Figure C2. Representative whole image of ECL-detected membrane using control, 24 hr 

frozen, and 8 hr thawed wood frog liver samples probed with anti-DGCR8 antibody.   
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153 
 

 

 

 

 

 

 

 

 

 

 

 

 

APPENDIX D 
 

Optimized Immunoblotting Conditions 

 

  



154 
 

Table D1. Optimized immunoblotting conditions used in this thesis. 

 

 

  

Antibody Tissue Protein (µg) Gel (%) Secondary Antibody (1:8000) 

DROSHA Brain 25 8 Goat Anti-Rabbit 

 Liver 25 8 Goat Anti-Rabbit 

DGCR8 Brain 25 8 Goat Anti-Rabbit 

 Liver 25 8 Goat Anti-Rabbit 

EXPORTIN-5 Brain 25 8 Goat Anti-Rabbit 

 Liver 25 8 Goat Anti-Rabbit 

RAN Brain 25 15 Goat Anti-Rabbit 

 Liver 25 15 Goat Anti-Rabbit 

DICER Brain 40 6 Goat Anti-Rabbit 

 Liver 40 6 Goat Anti-Rabbit 

TRBP Brain 25 12 Goat Anti-Rabbit 

 Liver 25 12 Goat Anti-Rabbit 

PACT Brain 25 12 Goat Anti-Rabbit 

 Liver 25 12 Goat Anti-Rabbit 

AGO1 Brain 25 8 Goat Anti-Rabbit 

 Liver 25 8 Goat Anti-Rabbit 

AGO2 Brain 25 8 Goat Anti-Rabbit 

 Liver 25 8 Goat Anti-Rabbit 

p-AGO2 Tyr393 Brain 25 8 Goat Anti-Rabbit 

 Liver 25 8 Goat Anti-Rabbit 

p-AGO2 Ser387 Liver 25 8 Goat Anti-Rabbit 
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Table E1. Primers used for analysis of conserved miRNA expression in the brain and liver 

of R. sylvatica, including miRNA-specific forward primers, universal reverse primer, and 

the stem-loop adapter for reverse transcription. 

Target Primer Sequence (5'-3') 

rsy-let-7abce-5p ACA CTC CAG CTG GGT GAG GTA GTA GGT TG 

rsy-let-7d-5p ACA CTC CAG CTG GGA GAG GTA GTA GGT TG 

rsy-let-7f-3p ACA CTC CAG CTG GGC TAT ACA ATC TAT TG 

rsy-miR-101a-3p ACA CTC CAG CTG GGA CAG TAC TGT GAT AA 

rsy-miR-103/107-5p ACA CTC CAG CTG GGA GCA GCA TTG TAC AG 

rsy-miR-106-5p ACA CTC CAG CTG GGC AAA AGT GCT TAT AG 

rsy-miR-10a-5p ACA CTC CAG CTG GGT ACC CTG TAG ATC CG 

rsy-miR-10b-5p ACA CTC CAG CTG GGT ACC CTG TAG AAC CG 

rsy-miR-10c-5p ACA CTC CAG CTG GGC ACC CTG TAG AAT CG 

rsy-miR-125a-5p ACA CTC CAG CTG GGT CCC TGA GAC CCT TA 

rsy-miR-125b-5p ACA CTC CAG CTG GGT CCC TGA GAC CCT AA 

rsy-miR-126-3p ACA CTC CAG CTG GGT CGT ACC GTG AGT AA 

rsy-miR-126-5p ACA CTC CAG CTG GGC ATT ATT ACT TTT GG 

rsy-miR-129-5p ACA CTC CAG CTG GGC TTT TTG CGG TCT GG 

rsy-miR-130a-3p ACA CTC CAG CTG GGC AGT GCA ATG TTA AA 

rsy-miR-130c-3p ACA CTC CAG CTG GGC AGT GCA ATA TTA AA 

rsy-miR-133-3p ACA CTC CAG CTG GGT TGG TCC CCT TCA AC 

rsy-miR-137-3p ACA CTC CAG CTG GGT ATT GCT TAA GAA TA 

rsy-miR-137-5p ACA CTC CAG CTG GGA CGG GTA TTC TTG GG 

rsy-miR-140-5p ACA CTC CAG CTG GGA GTG GTT TTA CCC TA 

rsy-miR-142-5p ACA CTC CAG CTG GGC ATA AAG TAG AAA GC 

rsy-miR-143-3p ACA CTC CAG CTG GGT GAG ATG AAG CAC TG 

rsy-miR-145-5p ACA CTC CAG CTG GGG TCC AGT TTT CCC AG 

rsy-miR-147-3p ACA CTC CAG CTG GGG TGT GCG GAA ATG CT 

rsy-miR-148a-3p ACA CTC CAG CTG GGT CAG TGC ACT ACA GA 

rsy-miR-148b-3p ACA CTC CAG CTG GGT CAG TGC ATC ACA GA 

rsy-miR-153-3p ACA CTC CAG CTG GGT TGC ATA GTC ACA AA 

rsy-miR-155-5p ACA CTC CAG CTG GGT TAA TGC TAA TCG TG 

rsy-miR-16a-5p ACA CTC CAG CTG GGT AGC AGC ACG TAA AT 

rsy-miR-17-3p ACA CTC CAG CTG GGA CTG CAG TGA AGG CA 

rsy-miR-17-5p ACA CTC CAG CTG GGC AAA GTG CTT ACA GT 

rsy-miR-1805-5p ACA CTC CAG CTG GGA GTT GTA GTC TTT CA 

rsy-miR-181a-3p ACA CTC CAG CTG GGA CCA TCG ATC GTT GA 

rsy-miR-181a-5p ACA CTC CAG CTG GGA ACA TTC AAC GCT GT 

rsy-miR-183-5p ACA CTC CAG CTG GGT ATG GCA CTG GTA GA 
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rsy-miR-184-3p ACA CTC CAG CTG GGT GGA CGG AGA ACT GA 

rsy-miR-18-5p ACA CTC CAG CTG GGT AAG GTG CAT CTA GT 

rsy-miR-187-3p ACA CTC CAG CTG GGT CGT GTC TTG TGT TG 

rsy-miR-191-5p ACA CTC CAG CTG GGC AAC GGA ATC CCA AA 

rsy-miR-192-5p ACA CTC CAG CTG GGA TGA CCT ATG AAT TG 

rsy-miR-193-3p ACA CTC CAG CTG GGA ACT GGC CCG CAA AG 

rsy-miR-194-5p ACA CTC CAG CTG GGT GTA ACA GCA ACT CC 

rsy-miR-196b-5p ACA CTC CAG CTG GGT AGG TAG TTT TAT GT 

rsy-miR-199a-5p ACA CTC CAG CTG GGC CCA GTG TTC AGA CT 

rsy-miR-199b-5p ACA CTC CAG CTG GGC CAG TGT TCA GAC TA 

rsy-miR-19a-3p ACA CTC CAG CTG GGT GTG CAA ATC TAT GC 

rsy-miR-19b-3p ACA CTC CAG CTG GGT GTG CAA ATC CAT GC 

rsy-miR-1a-3p ACA CTC CAG CTG GGT GGA ATG TAA AGA AG 

rsy-miR-200a-3p ACA CTC CAG CTG GGT AAC ACT GTC TGG TA 

rsy-miR-200b-3p ACA CTC CAG CTG GGT AAT ACT GCC TGG TA 

rsy-miR-202-3p ACA CTC CAG CTG GGA GGG GCA TAG GGC AT 

rsy-miR-203-3p ACA CTC CAG CTG GGG TGA AAT GTT TAG GA 

rsy-miR-204-5p ACA CTC CAG CTG GGT TCC CTT TGT CAT CC 

rsy-miR-205-5p ACA CTC CAG CTG GGT CCT TCA TTC CAC CG 

rsy-miR-206-3p ACA CTC CAG CTG GGT GGA ATG TAA GGA AG 

rsy-miR-208-3p ACA CTC CAG CTG GGA TAA GAC GAG CAT AA 

rsy-miR-20a-5p ACA CTC CAG CTG GGT AAA GTG CTT ATA GT 

rsy-miR-20b-5p ACA CTC CAG CTG GGC AAA GTG CTC ATA GT 

rsy-miR-210-3p ACA CTC CAG CTG GGC TGT GCG TGT GAC AG 

rsy-miR-212-3p ACA CTC CAG CTG GGT AAC AGT CTA CAG TC 

rsy-miR-214-3p ACA CTC CAG CTG GGA CAG CAG GCA CAG AC 

rsy-miR-21-5p ACA CTC CAG CTG GGT AGC TTA TCA GAC TG 

rsy-miR-216-5p ACA CTC CAG CTG GGT AAT CTC AGC TGG CA 

rsy-miR-2184-5p ACA CTC CAG CTG GGA ACA GTA AGA GAT TA 

rsy-miR-2188-5p ACA CTC CAG CTG GGA AGG TCC AGC CTC AT 

rsy-miR-221-3p ACA CTC CAG CTG GGA GCT ACA TTG TCT GC 

rsy-miR-222-3p ACA CTC CAG CTG GGA GCT ACA TCT GGC TA 

rsy-miR-223-3p ACA CTC CAG CTG GGT GTC AGT TTG TCA AA 

rsy-miR-22-3p ACA CTC CAG CTG GGA AGC TGC CAG TTG AA 

rsy-miR-22-5p ACA CTC CAG CTG GGA GTT CTT CAG TGG CA 

rsy-miR-23-3p ACA CTC CAG CTG GGA TCA CAT TGC CAG GG 

rsy-miR-24a-5p ACA CTC CAG CTG GGG TGC CTA CTG AAC TG 

rsy-miR-24b-3p ACA CTC CAG CTG GGT GGC TCA GTT CAG CA 

rsy-miR-25-3p ACA CTC CAG CTG GGC ATT GCA CTT GTC TC 

rsy-miR-26-3p ACA CTC CAG CTG GGC CTA TTC TTG ATT AC 

rsy-miR-26-5p ACA CTC CAG CTG GGT TCA AGT AAT CCA GG 

rsy-miR-27-3p ACA CTC CAG CTG GGT TCA CAG TGG CTA AG 

rsy-miR-2970-5p ACA CTC CAG CTG GGG ACA GTC AGT AGT TG 
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rsy-miR-29abc-3p ACA CTC CAG CTG GGT AGC ACC ATT TGA AA 

rsy-miR-29c-5p ACA CTC CAG CTG GGT GAC CGA TCT CTC TT 

rsy-miR-29d-3p ACA CTC CAG CTG GGT AGC ACC ATA TGA AA 

rsy-miR-301-3p ACA CTC CAG CTG GGC AGT GCA ATA GTA TT 

rsy-miR-30a-3p ACA CTC CAG CTG GGC TTT CAG TCA GAT GT 

rsy-miR-30a-5p ACA CTC CAG CTG GGT GTA AAC ATC CTC GA 

rsy-miR-30b-5p ACA CTC CAG CTG GGT GTA AAC ATC CTA CA 

rsy-miR-30d-5p ACA CTC CAG CTG GGT GTA AAC ATC CCC GA 

rsy-miR-30e-5p ACA CTC CAG CTG GGT GTA AAC ATC CTT GA 

rsy-miR-31b-5p ACA CTC CAG CTG GGG GCA AGA TGC TGG CA 

rsy-miR-320-3p ACA CTC CAG CTG GGA AAA GCT GGG TTG AG 

rsy-miR-338-3p ACA CTC CAG CTG GGT CCA GCA TCA GTG AT 

rsy-miR-33a-5p ACA CTC CAG CTG GGG TGC ATT GTA GTT GC 

rsy-miR-33b-5p ACA CTC CAG CTG GGG TGC ATT GTT GTT GC 

rsy-miR-34a-5p ACA CTC CAG CTG GGT GGC AGT GTC TTA GC 

rsy-miR-363-3p ACA CTC CAG CTG GGA ATT GCA CGG TAT CC 

rsy-miR-365-3p ACA CTC CAG CTG GGT AAT GCC CCT AAA AA 

rsy-miR-367-3p ACA CTC CAG CTG GGA ATT GCA CTG TAG CA 

rsy-miR-425-5p ACA CTC CAG CTG GGA ATG ACA CGA TCA CT 

rsy-miR-427-3p ACA CTC CAG CTG GGA AAG TGC TTT CTG TT 

rsy-miR-429-3p ACA CTC CAG CTG GGT AAT ACT GTC TGG TA 

rsy-miR-449a-5p ACA CTC CAG CTG GGA GGC AGT GTA ATG TT 

rsy-miR-449b-5p ACA CTC CAG CTG GGA GGC AGT GTA GTT TT 

rsy-miR-449c-3p ACA CTC CAG CTG GGA GCT GCT AGC TGC AC 

rsy-miR-451-5p ACA CTC CAG CTG GGA AAC CGT TAC CAT TA 

rsy-miR-455-5p ACA CTC CAG CTG GGT ATG TGC CCT TGG AC 

rsy-miR-7-5p ACA CTC CAG CTG GGT GGA AGA CTA GTG AT 

rsy-miR-92a-5p ACA CTC CAG CTG GGA GCA TTG CAA CCA AT 

rsy-miR-92b-3p ACA CTC CAG CTG GGT ATT GCA CTC GTC CC 

rsy-miR-93a-5p ACA CTC CAG CTG GGA AAG TGC TGT TCG TG 

rsy-miR-9406-3p ACA CTC CAG CTG GGA GCA AAT CTG TTG GT 

rsy-miR-9407-5p ACA CTC CAG CTG GGT GCG CTC GGT GGA TA 

rsy-miR-9-5p ACA CTC CAG CTG GGT CTT TGG TTA TCT AG 

rsy-miR-96-5p ACA CTC CAG CTG GGT TTG GCA CTA GCA CA 

rsy-miR-98-5p ACA CTC CAG CTG GGT GAG GTA GTA AGT TG 

rsy-miR-99/100-5p ACA CTC CAG CTG GGA ACC CGT AGA TCC GA 

Snord 68 ACA CTC CAG CTG GGG CTG TAC TGA CTT G 

SnRNA U6 ACA CTC CAG CTG GGG TGC TCG CTT CGG 

Universal Primer CTC ACA GTA CGT TGG TAT CCT TGT G 

Stem-loop Adapter CTC ACA GTA CGT TGG TAT CCT TGT GAT GTT 

CGA TGC CAT ATT GTA CTG TGA GTT TTT TTT 

TVN 
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Table E2.  Primers used for analysis of novel wood frog specific miRNAs in pooled R. 

sylvatica brain and liver, including miRNA-specific forward primers, universal reverse 

primer, and the stem-loop adapter for reverse transcription.  

 

Target Primer Sequence (5'-3') 

rsy-miR-novel1-3p ACA CTC CAG CTG GGA AAG TTC TGA GGG TA 

rsy-miR-novel5-5p ACA CTC CAG CTG GGA CCC TGC TCG CAG CG 

rsy-miR-novel6-5p ACA CTC CAG CTG GGA GTA CCA CAT TTC TG 

rsy-miR-novel7-3p ACA CTC CAG CTG GGA TAG CTC TTT GAA TG 

rsy-miR-novel8-3p ACA CTC CAG CTG GGA TAT CCT TTG TCT CT 

rsy-miR-novel9-3p ACA CTC CAG CTG GGA TAT TGC AGT CCA TG 

rsy-miR-novel10-3p ACA CTC CAG CTG GGA TGA CAT CTC AAA AT 

rsy-miR-novel12-5p ACA CTC CAG CTG GGA TTG AGG CTA TCT GT 

rsy-miR-novel14-3p ACA CTC CAG CTG GGA TTT GCG TGC TTA CT 

rsy-miR-novel16/17-3p ACA CTC CAG CTG GGC AGG CTG GTT AGA TG 

rsy-miR-novel18-5p ACA CTC CAG CTG GGC CAC CTC CCC TGC AA 

rsy-miR-novel19-3p ACA CTC CAG CTG GGC CTA CGG CCA TAC CA 

rsy-miR-novel20-5p ACA CTC CAG CTG GGC CTC CAG CTG TTG CA 

rsy-miR-novel21-5p ACA CTC CAG CTG GGC CTG CAT TGT ACA CA 

rsy-miR-novel22-3p ACA CTC CAG CTG GGC GTT GTA GGC CTC TC 

rsy-miR-novel24-5p ACA CTC CAG CTG GGC TGT ACA GAT CAC TG 

rsy-miR-novel25-5p ACA CTC CAG CTG GGG ACA GTC AGA AGT TG 

rsy-miR-novel26-5p ACA CTC CAG CTG GGG AGG CTG ATT CTG AG 

rsy-miR-novel27-3p ACA CTC CAG CTG GGG CGA CCC ATA CTT GG 

rsy-miR-novel29-3p ACA CTC CAG CTG GGG CGG ATA TGG GAC TG 

rsy-miR-novel30-5p ACA CTC CAG CTG GGG GGA TGA TGG GAC TT 

rsy-miR-novel32-3p ACA CTC CAG CTG GGG TTG TAG GCC TCT CC 

rsy-miR-novel34-5p ACA CTC CAG CTG GGT AGC AGC ACA CAG AT 

rsy-miR-novel35-5p ACA CTC CAG CTG GGT AGC TTA TCA GAC TG 

rsy-miR-novel36-3p ACA CTC CAG CTG GGT AGT GCA ATA TTG CT 

rsy-miR-novel37-5p ACA CTC CAG CTG GGT CAA TGA AAT CAA CC 

rsy-miR-novel38-3p ACA CTC CAG CTG GGT CCT AGA AGC TTG AA 

rsy-miR-novel39-5p ACA CTC CAG CTG GGT CCT CAT TGT ACA TG 

rsy-miR-novel40-3p ACA CTC CAG CTG GGT CTT TTT TGC TGG AA 

rsy-miR-novel41-3p ACA CTC CAG CTG GGT GCA GAT GCC TGT GG 

rsy-miR-novel44-5p ACA CTC CAG CTG GGT GTA CCA TGC TGG TA 

rsy-miR-novel46-3p ACA CTC CAG CTG GGT TCA CTA CTA GCA GA 

rsy-miR-novel47-5p ACA CTC CAG CTG GGT TGA CAT CAT CAT AC 

Universal Primer CTC ACA GTA CGT TGG TAT CCT TGT G 

Stem-loop Adapter CTC ACA GTA CGT TGG TAT CCT TGT GAT 

GTT CGA TGC CAT ATT GTA CTG TGA GTT 

TTT TTT TVN 
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APPENDIX F 
 

Bioinformatics Workflow for Temperature-

Sensitive miRNA Target Prediction 
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OVERALL WORKFLOW: 

1. Install all programs and tools needed 

2. Predict mRNA targets of significant miRNAs at °C of interest using FINDTAR3 

3. Filter and sort through FindTar3 output  

4. Convert Ensemble Transcript IDs from into gene symbols using BIODBNET 

5. Map protein-protein interactions between predicted miRNA targets using STRING 

6. Visualize protein-protein interactions and perform MCL clustering using CYTOSCAPE 

7. Analyze the enriched functions of the clustered protein-protein interactions using GO 

ANALYSIS  

 

 

PROGRAMS AND ONLINE TOOLS: 

Programs to download and install: 

- FindTar3: (http://bio.sz.tsinghua.edu.cn/) 

- Cytoscape: (http://www.cytoscape.org/) 

 

 Online bioinformatics tools and databases to use: 

- STRING: 
(http://string-db.org/cgi/input.pl?UserId=vIwSrTrf48u1&sessionId=b4pdpJEPgnju&input_page_show_search=on) 

- Gene Ontology (GO) enrichment analysis: (http://www.geneontology.org/) 

- bioDBnet - db2db: (https://biodbnet-abcc.ncifcrf.gov/db/db2db.php) 

- miRBase: (http://www.mirbase.org/index.shtml) 

- UCSC Genome Browser: 
(http://genome.ucsc.edu/cgi-bin/hgTables?hgsid=585741047_yoc2Xw7DVSZdK52r2ZEcE9LOuC6Q) 

 

 

*NOTE: Analyses below should be done in a Linux environment but some steps can be 
done in Windows 

*NOTE: For more information on how these programs work- read their manuals and 
documentation 

*NOTE: Run scripts from the correct directory and place the files you need in the 
appropriate directory 

  

http://bio.sz.tsinghua.edu.cn/
http://www.cytoscape.org/
http://string-db.org/cgi/input.pl?UserId=vIwSrTrf48u1&sessionId=b4pdpJEPgnju&input_page_show_search=on
http://www.geneontology.org/
https://biodbnet-abcc.ncifcrf.gov/db/db2db.php
http://www.mirbase.org/index.shtml
http://genome.ucsc.edu/cgi-bin/hgTables?hgsid=585741047_yoc2Xw7DVSZdK52r2ZEcE9LOuC6Q
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Predict mRNA gene targets for significantly changing miRNAs using FindTar3 

Once you have a list of significantly changing miRNAs you can use FindTar to predict their 

potential mRNA gene targets based on the 3’UTR regions. With FindTar you are also able 

to specify the temperature at which binding will be simulated, in this case a temperature 

of -2°C was used for freezing as this is the frog’s internal temperature after ice formation.   

[Linux only] 

 

 

Installing and running FindTar3   

- Download annotated 3’UTR regions of your reference animal. In this case, Xenopus 

tropicalis 3’UTRs were used  
(http://genome.ucsc.edu/cgi-bin/hgTables?hgsid=585741047_yoc2Xw7DVSZdK52r2ZEcE9LOuC6Q) 

- Download and install FindTar3 (http://bio.sz.tsinghua.edu.cn/) 

- Read the FindTar manual and tutorial for option information 

- Run the following script: 
$ ./findtar liver_novel_frozen_down.fasta 
Xenopus_3UTR.fasta -o Novel_Liv_FZ_DOWN_5.txt -tab -
T 5 -at 5 -gt 2 -gc 5 -go -8 -ge -2 -score 20 -
energy -20 

 

 

FindTar output processing  

Next you must extract the 3’UTRs that were targeted by your significantly expressed 

miRNAs from your FindTar output. To do this: 

- Organize the results on excel to remove all the Xenopus 3’UTRs that weren’t predicted 

to be targeted by your group of miRNAs.  

- Open the FindTar output in excel and use the following excel functions to clean up your 

sheet: 

-  Insert a column in A and number all the rows   

- [column N] If cell underneath is empty = TRUE, full= FALSE   
=IF(ISBLANK(B3),0,1) 

- [column O] If cell has the word “xen” = TRUE   
=ISNUMBER(SEARCH("xen",B2)) 

- [column P] If N=0 and O=TRUE then the function is true   
=AND(N2=0,O2=1) 

- [column Q] If O=TRUE and P=TRUE, then DELETE   
=IF(P2=1,"DELETE","")  

- [column R] If cell is blank =delete blank     =IF(ISBLANK(B2),"DELETE 
BLANK","") 

http://genome.ucsc.edu/cgi-bin/hgTables?hgsid=585741047_yoc2Xw7DVSZdK52r2ZEcE9LOuC6Q
http://bio.sz.tsinghua.edu.cn/


163 
 

- Copy columns Q and R into columns S and T (TEXT ONLY), respectively.  

- Organize the sheet by columns S and T and then delete all the rows that have ‘DELETE’ 

in column S and ‘DELETE BLANK’ in column T. 

- Below is a screenshot of how the columns and functions should be used: 

NOTE: Make sure to adjust the cells and check that the formula makes sense 

 

To isolate the Ensemble transcript IDs in a separate column you need to open the cleaned 

up excel file (with just the targeted mRNAs) in a text editor: 

- In this case, this was the 3’UTR identifier format: 
xenTro3_ensGene_ENSXETT00000065636 
range=GL172637:57443-59436 5'pad=0 3'pad=0 strand=- 
repeatMasking=none 

- Replace “xenTro3_ensGene_” and “range=” with a ‘tab’  

- Save this file and open it with excel 

- Now all the ensemble transcript IDs will be in a separate column, ready for the next 

step 

 

 

Convert Ensemble transcript IDs to gene symbols 

[Linux and Windows friendly] 

- Open the db2db tool hosted on bioDBnet: (https://biodbnet-abcc.ncifcrf.gov/db/db2db.php)   

- Input: ‘Ensemble transcript ID’  

- Outputs: ‘Gene symbol’ 

- Copy the ensemble transcript ID list you made in the previous section, example: 

ENSXETT00000047050 

ENSXETT00000018929 

- Click ‘Submit’    Click the ‘Results in excel’ button to download the table 

- Open the file in excel and when opening the file separate the columns by ‘tab’ and 

‘semicolon’ 

https://biodbnet-abcc.ncifcrf.gov/db/db2db.php
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- For transcript IDs with multiple gene symbols- you can delete all the other names as 

they are all synonyms and only one name is needed. Keep the name in the main column 

and delete the other columns.  

  

 

Mapping protein-protein interactions  

The list of targeted genes will be run through the STRING database to identify all predicted 

and experimentally validated protein-protein interactions. 

[Linux and Windows friendly] 

- Open the STRING ‘Search’ page:  

(http://string-

db.org/cgi/input.pl?UserId=vIwSrTrf48u1&sessionId=b4pdpJEPgnju&input_page_active_form=multipl

e_identifiers)  

- Select the ‘Multiple proteins’ option 

- Copy your list of gene symbols into ‘List 

of names’ box 

- Select your organism of interest, in this 

case X. tropicalis was selected  Click 

‘Search’  

- A webpage with the gene names and the 

proteins they encode will open  Click 

‘Continue’ 

- This will generate a protein interaction 

network, Here is an example of a large 

network: 

- Click ‘Table/Exports’ and download the 

network as ‘as simple tabular text output’ 

 

 

Visualizing protein networks and clustering  

You can now perform cluster analysis on the protein-protein networks you have 

generated to identify potential binding partners and functional interactions. 

[Linux and Windows friendly] 

- Download and install Cytoscape (http://www.cytoscape.org/) 

- Create a new network and give it an appropriate name, ex (Rsy_Liver_Frozen_Up) 

- Click the ‘Import network’ button and select the string interaction network for 

Rsy_Liver_Frozen_Up 

- Generate a cluster using ‘clustrmaker’  Select ‘MCL clustering’  Select ‘combined 

scores’ 

http://string-db.org/cgi/input.pl?UserId=vIwSrTrf48u1&sessionId=b4pdpJEPgnju&input_page_active_form=multiple_identifiers
http://string-db.org/cgi/input.pl?UserId=vIwSrTrf48u1&sessionId=b4pdpJEPgnju&input_page_active_form=multiple_identifiers
http://string-db.org/cgi/input.pl?UserId=vIwSrTrf48u1&sessionId=b4pdpJEPgnju&input_page_active_form=multiple_identifiers
http://www.cytoscape.org/
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- You should also play around with the style and visual appearance of your clustered 

network.  

 

 

Enriching for biological functions in protein clusters  

GO analysis can be used to determine if any of the protein clusters generated are enriched 

for a particular biological process or cellular function.  

[Linux and Windows friendly] 

- On Cytoscape, open up the ‘node table’  organize the table by MCL cluster # 

- Select a cluster (e.g. cluster 1) and highlight the names of all proteins from that cluster 

- Copy this list into the GO analysis box (http://www.geneontology.org/) 

- Select ‘biological processes’ (you can also play with molecular function and cellular 

component)  

- Select ‘Xenopus tropicalis’. Or select the organism that is the most evolutionarily 

similar to your animal of study.  

- Analyze the enriched network output. Organize the biological processes by 

‘hierarchical view’ or ‘fold change’. Only discuss the process found to be significantly 

enriched with a large fold difference.  

 

 

  

http://www.geneontology.org/
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APPENDIX G 
 

Bioinformatics Workflow for Discovery of Novel 

Species-Specific MicroRNA  
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OVERALL WORKFLOW: 

1.  Install all programs and tools needed 

2.  Obtain small RNA-Seq FASTQ files, cleaned and trimmed  

3.  Convert FASTQ files into FASTA files using BLASTSTATION or GALAXY 

4.  Identify conserved miRNAs in wood frog RNA-Seq using NCBI BLAST+ and MIRBASE 

5.  Pre-process files for novel miRNA discovery using GALAXY and PYFASTA  

6.  Use MIRDEEP2 to identify novel microRNAs 

7.  Filter and sort through miRDeep2 output  

8.  Check that the predicted novels do not exist on MIRBASE using BLAST+ 

9.  Validate the identity and sequences of the predicted novels with RT-qPCR 

10.   Quantify, normalize, and graph RT-qPCR data of novel miRNAs using RBIOPLOT 

11.   Refer to APPENDIX F for the bioinformatics workflow on predicting mRNA targets of 

significantly changing miRNAs, at °C of interest, using FINDTAR3 + BIODBNET + 

STRING + CYTOSCAPE + GO ANALYSIS  

 

PROGRAMS AND ONLINE TOOLS: 

Programs to download and install: 

- miRDeep2 (https://www.mdc-berlin.de/8551903/en/) 

- Pyfasta (https://pypi.python.org/pypi/pyfasta/) 

- BLAST+ (https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE_TYPE=BlastDocs&DOC_TYPE=Download) 

- FASTQC (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) 

- Fastq-mcf (https://expressionanalysis.github.io/ea-utils/) 

 

 Online bioinformatics tools and databases to use: 

- Bugaco Sequence converter: 

(http://sequenceconversion.bugaco.com/converter/biology/sequences/tab_to_fasta.php) 

- Galaxy: (https://usegalaxy.org/) 

- bioDBnet - db2db (https://biodbnet-abcc.ncifcrf.gov/db/db2db.php) 

- miRBase (http://www.mirbase.org/index.shtml) 

- UCSC Genome Browser:  

(http://genome.ucsc.edu/cgi-bin/hgTables?hgsid=585741047_yoc2Xw7DVSZdK52r2ZEcE9LOuC6Q) 

 
 
*NOTE: Analyses below should be done in a Linux environment but some steps can be 

done in Windows 
*NOTE: For more information on how these programs work- read their manuals and 

documentation 
*NOTE: Run scripts from the correct directory and place the files you need in the 

appropriate directory 

https://www.mdc-berlin.de/8551903/en/
https://pypi.python.org/pypi/pyfasta/
https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE_TYPE=BlastDocs&DOC_TYPE=Download
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://expressionanalysis.github.io/ea-utils/
http://sequenceconversion.bugaco.com/converter/biology/sequences/tab_to_fasta.php
https://usegalaxy.org/
https://biodbnet-abcc.ncifcrf.gov/db/db2db.php
http://www.mirbase.org/index.shtml
http://genome.ucsc.edu/cgi-bin/hgTables?hgsid=585741047_yoc2Xw7DVSZdK52r2ZEcE9LOuC6Q
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SMALL RNA-SEQUENCING [INPUT]: 
For this analysis, I used wood frog small 
RNA-sequencing files (FASTQ). Sequencing 
was performed on an Illumina platform 
(Genome Quebec). The files we obtained 
were trimmed of adapters and cleaned of 
low quality reads. This analysis was based 
on three wood frog sequencing runs: 

1) Frozen liver 
2) Anoxic liver 
3) Anoxic heart 

 
 
METHODS: 
RNA-Seq raw read pre-processing [OPTIONAL] 
If the sequencing facility sends raw Illumina reads then you must first remove all low-
quality reads and trim the sequencing adapters off your reads.  
[Linux only] 
 
1) Quality control-  

- Download and install FASTQC (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) 

- Perform quality checks on FASTQ files using FASTQC 

- Read and follow the FASTQC manual  

- Possible criteria to include in the script  

- Remove reads <16 or 18 nt and >60 nt 

- Remove reads without insert fragment between adapters  

- Remove reads containing poly (A) stretches 

- Remove poor quality reads, such as reads with a Q Score <20 

2) Adapter trimming-  

- Download and install Fastq-mcf (https://expressionanalysis.github.io/ea-utils/) 

- Read and follow the fastq-mcf manual  

 

 

Converting FASTQ to FASTA 

Next you need to convert the FASTQ files into FASTA files as we need FASTA files for the 

subsequent blasting and discovery steps.  

[Linux and Windows friendly] 

- Open the Galaxy server (https://usegalaxy.org/) 

- Create a free account, allows you to save up to 250Gb on the Galaxy cloud server 

- Upload your FASTA files of interest 

- Use their ‘FASTQ to FASTA converter’ 

https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://expressionanalysis.github.io/ea-utils/
https://usegalaxy.org/
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- Download the newly converter FASTQ file 

- For additional instructions visit (https://galaxyproject.org/support/) 

 

 

BLASTing for conserved miRNAs 

The NCBI BLAST+ tool can be used to blast your query small RNA-Seq reads against 

databases of known precursor and mature miRNAs, this will identify conserved miRNAs 

in your query file(s).  

[Linux and Windows friendly]  

 

Downloading and installing BLAST+ 

- Download and install NCBI BLAST+  
(https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE_TYPE=BlastDocs&DOC_TYPE=Download) 

- You should save this file to the C:// drive as this will make it easy to access from the 

terminal (Linux) or command prompt (Windows). The below manuals are SUPER useful, 

read them for more detailed instructions.  

- Quick Start BLAST+ user manual  
(https://www.ncbi.nlm.nih.gov/books/NBK279680/) 

- Options for BLAST+ command-line applications  
(https://www.ncbi.nlm.nih.gov/books/NBK279675/) 

- Full BLAST+ user manual  
(https://www.ncbi.nlm.nih.gov/books/NBK279690/) 

 

Building a local BLAST+ database 

Before you can search you should BLAST your query small RNA-seq FASTA files, you need 

to convert the files into a local database to allow the program to organize, parcel, and 

retrieve your reads. This local database will be our query database.  

- Follow these instructions to build a local database  
(https://www.ncbi.nlm.nih.gov/books/NBK279688/) 

- Change into the BLAST+ ‘bin’ directory 

- Copy your query FASTA files into this bin directory 

- To build a database run a variation of the BLAST+ makedb command 

$ makeblastdb -in HI.2163.008.RPI20.HRT_Anox.fasta -
parse_seqids -dbtype nucl 

- To customize this command, replace HI.2163.008.RPI20.HRT_Anox.fasta 

with the name of the query FASTA file you want to convert into a database. 

- This command requires a lot of computing power and can take over an hour, 

depending on the size of your query FASTA files. Don’t lose hope.  

https://galaxyproject.org/support/
https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE_TYPE=BlastDocs&DOC_TYPE=Download
https://www.ncbi.nlm.nih.gov/books/NBK279680/
https://www.ncbi.nlm.nih.gov/books/NBK279675/
https://www.ncbi.nlm.nih.gov/books/NBK279690/
https://www.ncbi.nlm.nih.gov/books/NBK279688/
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NOTE: If you copy any scripts from .doc or .txt into the command prompt then you 

should re-write the hyphen (-), because the command prompt uses a special 

hyphen character  

 

Create libraries of precursor and mature miRNA reference sequences from miRBase 

If you are working on an animal with known miRNAs that have been annotated and 

deposited to miRbase, then you should download that animals miRNA library. If you are 

working on a non-genome sequenced animal or on an animal with no miRNAs deposited 

on miRbase then you should use precursor and mature miRNA sequence from 

evolutionarily similar animals. In this case, because I am working with the non-sequenced 

wood frog, I constructed miRNA precursor and mature libraries using: 

- Frog  Xenopus laevis 

- Frog  Xenopus tropicalis 

- Chicken  Gallus gallus 

- Lizard  Anolis carolinensis 

 

To download miRNAs of a particular animal: 

- Open miRBase (http://www.mirbase.org/index.shtml) 

- Click the ‘Browse’ button in the menu bar  Click ‘Expand all’  Find your animal(s) 

of interest 

- Scroll to the bottom of the page  Select ‘Stem-loop sequence’ for precursors OR 

‘mature sequences’ for mature miRNAs  Select ‘Unaligned fasta format’   Click 

the ‘Select all’ button 

- Select ‘Fetch Sequences’ and copy all sequences into a text file and save it 

- File name and content (Xtrop_matmiRNA.fasta) 

>xtr-miR-202-5p MIMAT0003620 

UUUCCUAUGCAUAUACCUCUUU 

>xtr-miR-200a MIMAT0003693 

UAACACUGUCUGGUAACGAUGU 

- Format the identifiers to look like the example below using the ‘Replace all’ function 

in your text editor. You need to do this to remove the hyphens, whitespaces, and 

miRBase accession numbers.   

>xtr_miR_202_5p 

UUUCCUAUGCAUAUACCUCUUU 

>xtr_miR_200a 

UAACACUGUCUGGUAACGAUGU 

 

 

http://www.mirbase.org/index.shtml
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Searching your query database against conserved reference miRNAs 

Now, you can BLAST your database against your miRBase constructed libraries of 

conserved mature miRNA sequences. To BLAST databases run the ‘blastn’ command. 

- For instructions on how to customize the different options refer to the NCBI manual 

- To blast databases you need to run this script:  
$ blastn -db HI.2163.008.RPI20.HRT_Anox.fasta -query 
X_laevis_premiRNA.fasta -out HRT_AX_Xlav_premiRNA.out 
-num_alignments 1 -num_threads 20 -outfmt 6 

- In this example, I blasted my Rsy anoxic heart database 

(HI.2163.008.RPI20.HRT_Anox.fasta) against known X. laevis mature 

miRNAs (X_laevis_premiRNA.fasta). This generates the tabular file 

(HRT_AX_Xlav_premiRNA.out).  

- Below is an excerpt from the HRT_AX_Xlav_premiRNA.out file:  

 

 

If the file is columns are not labelled go to 

(http://www.drive5.com/usearch/manual/blast6out.html) for the proper column 

headers. 

NOTE: Sometimes you will not find any matches with the mature miRNA sequences 

 

Since the matches were found in the precursors you need to check that your RNA-seq 

read matches with the precursor’s miRNA coding region. To do this: 

- Go to miRBase  ‘Search’ from the menu bar  input name of miRNA and species 

in the search box  check, for example, that the xla-mir-133a region between 

nucleotide 53-80 harbors either the 5’ or 3’ miRNA sequences 

 

Finding and validating conserved miRNAs 

Now that we know which reads and which regions match with conserved miRNA 

sequences we can use the ‘blastcmd’ to extract the actual wood frog sequence that 

matched.  

 

- For information on blastcmd options read the BLAST+ manual 

- Run the Blastcmd command:  
$ blastdbcmd -db HI.2163.008.RPI16.LIV_Frozen.fasta -
dbtype nucl -entry 

http://www.drive5.com/usearch/manual/blast6out.html
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D69F08P1:374:C56KDACXX:8:1204:2079:83550 –range 1-50 –
outfmt %f 

- Because you need to do this separately for each conserved precursor/mature 

miRNA, it will be easier to combine all the scripts for each individual miRNA on excel 

and then you can convert this into a batch file by changing the file extension to 

(.bat). The excel file with all the blastcmd scripts will look like this, where only 

column G and column I are unique to the separate miRNAs: 

 

NOTE: You need to use two ‘%’ in column k symbols in your batch file because when you 

convert a .txt file to a batch file a single ‘%’ will be deleted but if you use 2 then one will 

be deleted and the second one will remain and your command will run properly.  

 

To convert the above excel file into a batch file: 

- Run the ‘Replace all’ function to remove the tabs (replace ‘tab’ with ‘space’).  

NOTE: Copy paste the tab into the box, if you press the tab button in the box, it 

will not work as this will appear as a space not a tab.  

- Change the file from a text file to an executable batch file  Change file extension 

from ‘.txt’ to ‘.bat’.  

- If you can’t see the file names and you can’t rename the extension follow this link 

and it should enable this feature: http://kb.winzip.com/kb/entry/26/   

 

 

Predicting novel miRNAs using miRDeep2 

miRDeep2 is a tool that can identify known and novel miRNAs by analyzing RNA-

sequencing data.   

[Linux only] 

 

Installation and setup 

- Download and install miRDeep2 (https://www.mdc-berlin.de/8551903/en/) 

- Once installed, you will see a tutorial directory. Copy its contents into the main 

mirdeep directory 

- Run through the tutorial file to make sure that everything is working properly  

- For detailed information on mirdeep functions and options read the tutorial and help 

file  

http://kb.winzip.com/kb/entry/26/
https://www.mdc-berlin.de/8551903/en/
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Input file preprocessing 

To use miRDeep you need ensure that your input RNA-Seq reads have identifiers that 

match the miRDeep format. Below is the mirdeep error you get if your input file headers 

do not comply with the mirdeep format: 
has to have the format 
name_uniqueNumber_xnumber 
 

- The below scripts were used to change the identifier names. Here is a sample entry from 

my input RNA-seq fasta file:  
>D69F08P1:374:C56KDACXX:7:1101:1973:2190 
NAACTATGATGAGTCTATCCCGAACCTGAATTGGTGATGACACACTTTTA 

 

 (1) This script was used to replace "D69F08P1:374:C56KDACXX:7:" with "LFr" 
$ perl -i -pe 's/\D69F08P1:374:C56KDACXX:7:\b/LFr_/g' 

test3333.fasta 

(2) This was used to remove all ":"  
 $ perl -pi -e's/^:*\n//' test3333.fasta 

(3) Below used to save this to a new file 
 $ perl -p -e's/^:*\n//' test3333.fasta > YOLO.fasta 

(4) To add text to the start of a header and save that to a new file  
 $ perl -p -e "s/^>/>LAx_/g" test_new.fasta > 
test_new2.fasta 

(5) To add text to the end of a header and then overwrite your new file 
 $ perl -p -e 's/^(>.*)$/$1_x1/g' test_new2.fasta > 
test_new3.fasta 

(6) Open this file in a text editor and use the 'replace all' function to remove the large 

space between the unique number and the "_x1" 

 

NOTE: When changing the fundamental features of important files you should always 

keep a copy of your original file and save all changes to a new file. 

 

 

 

------- [OPTIONAL] ------- 

Depending on your file size, you might have to parse your large FASTA files into smaller 

ones to be able to change all the identifiers into the mirdeep format using excel and 

galaxy. To do this you can use pyfasta. 

- Download and install pyfasta (https://pypi.python.org/pypi/pyfasta/) 

- To split fasta files run: 
$ split -n 15 Liv_anox_reads_3.fasta 

https://pypi.python.org/pypi/pyfasta/
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-  To combine multiple fasta files back into ONE BIG FASTA FILE  Make a new folder  

move all fasta files you wish to combine into this new directory  change into this 

directory  run the below script 
 $ cat *.fasta > one_big_file.fasta 

------- [OPTIONAL] ------- 

 

- You might also need to convert your file between tabular and fasta (and vice versa) to 

fix any other issues you might have with your identifier and the miRDeep format. 

- Once identifier changes are completed, run a sanity check on your file to ensure it is in 

the proper format. See ‘Read me’ manual. 
 $ sanity_check_reads_ready_file.pl yourfile.fasta 

 

Reference file compilation  

Now you need to prepare all your reference files… :O After preparing the below files, 

make sure to run a sanity check on each of them to ensure it is in the proper format. See 

‘Read me’ manual. 

(1) Reference genome (.fasta). In this case, the X. tropicalis genome was downloaded 

from UCSC Genome Browser (http://genome.ucsc.edu/cgi-

bin/hgTables?hgsid=585741047_yoc2Xw7DVSZdK52r2ZEcE9LOuC6Q). [File 

name- xenTro7.fa]. Run a sanity check: 
$ sanity_check_genome.pl 

(2) Reference miRBase mature miRNAs for the species (.fasta). X. tropicalis mature 

miRNAs were used. This file must also have identifiers that are compatible with 

mirdeep. [File name- Xtrop_premiRNAs_noname.fasta] 

- Fasta file was opened in a text editor and all whitespaces and hyphens were 

removed 

- This was saved and opened in .tabular 

- Columns B, C, and D were added and 

filled accordingly (xmi = xenopus 

mature miRNAs; column B is miRNA 

number; column C has to be an ‘x’ and a single number). Example attached: 

 - This was saved and then opened in a text editor and ‘tabs’ were removed 

to make file resemble a proper fasta file. See below: 

>xmi_1_x2 

UUUCCUAUGCAUAUACCUCUUU 

>xmi_2_x2 

UAACACUGUCUGGUAACGAUGU 

>xmi_3_x2 

UGGAGUGUGACAAUGGUGUUUGU 

http://genome.ucsc.edu/cgi-bin/hgTables?hgsid=585741047_yoc2Xw7DVSZdK52r2ZEcE9LOuC6Q
http://genome.ucsc.edu/cgi-bin/hgTables?hgsid=585741047_yoc2Xw7DVSZdK52r2ZEcE9LOuC6Q


175 
 

- Make sure to keep the original list so you can go back to it and figure out 

what miRNA corresponds to ‘xmi_3_x2’ 

- Run a sanity check: 
$ sanity_check_mature_ref.pl 

(3) Reference miRBase mature miRNAs for related species (.fasta). In this example, 

the same related animals used for BLASTing were used (Chicken, lizard, Xenopus 

laevis). This file was processed similarly to the xenopus mature miRNAs described 

above. [File name- other_matmiRNAs_noname.fasta].  

(4) Reference miRBase precursor miRNAs for the species (.fasta). This file was 

processed similarly to the xenopus mature miRNAs. [File name- 

Xtrop_premiRNAs_noname.fasta] 

 

Mapping reads to genome 

Run the below command 
mapper.pl Liv_anox_reads_3.fasta -c -j -l 18 -m -p 
xenTro7 -s Liv_anox_reads_collapsed.fasta -t 
Liv_anox_reads_collapsed_vs_genome.arf -v 

 

Finding novels!! 

Before running the mirdeep2 function you need to find the proper name of the species 

to allow mirdeep to map back to the UCSC genome browser. Run the following script, and 

find the name of your genome species from the list. In this case, it was ‘X.tropicalis2’: 
$ miRDeep2.pl -u 

 

Now you are ready to run the mirdeep2 command and find novels! 
$ miRDeep2.pl TOTAL_Lax_reads_collapsed.fasta 
xenTro7.fa TOTAL_Lax_reads_collapsed_vs_genome.arf 
Xtrop_matmiRNA_noname.fasta 
other_matmiRNAs_noname.fasta 
Xtrop_premiRNAs_noname.fasta -t X.tropicalis 
2>report.log 

 

Processing list of novels   

You will get a list of conserved miRNAs and a list of novel miRNAs. You can go through the 

conserved miRNA list and extract both the precursor and mature miRNAs- make sure to 

remove any duplicates. To process he novels: 

- Open the miRDeep2 output in excel and organize the sequences by mature miRNA 

sequence. 

- Go through the list and remove any redundant mature and precursor miRNA 

sequences. 
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- Only keep potential novels that have unique mature and/or precursor sequences 

 

Verify that the novel miRNAs are ACTUALLY novel  

Now that you have a list of predicted novel miRNAs, you need to ensure that none of 

them match sequences for existing known miRNAs.  

[Linux and Windows friendly] 

- Download all the mature miRNAs on miRBase in FASTA format. 

- Remove all whitespaces and hyphens 

- Build a local database with your FASTA list of predicted novel miRNAs (See section 

5.3.2.) 

- Blast your novels against the list of all known miRBase miRNAs using the blastn 

command 

$ blastn -db ALLmiRBase_mature.fasta -query 
Novel_Rsy_miRNAs_preBLAST.fasta -out results.out -
num_alignments 1 -num_threads 20 -outfmt 6 

- Nothing should match in the blastn  TA DA!! NOVEL!!! 

- If any of the novels happen to match existing miRNAs then remove them from your 

list of predicted novel miRNAs 

 

Validate candidate novel miRNAs with RT-qPCR 

For information on miRNA RT-qPCR refer to (http://www.nature.com/articles/srep24627) 

- Only novel miRNAs with a single tight melt curve peak that also had low errors were 

kept as the novel miRNAs. Predicted novels with bad melt curves and high errors 

were discarded.  

- Make a FASTA file with the names and sequences of the novel miRNAs that were 

found to significantly change in each of the conditions.  

- Example file  Novel miRNAs significantly upregulated in frozen frog livers 

>Rsy_novel_14 

auuugcgugcuuacuuccca 

>Rsy_novel_29 

gcggauaugggacugagc 

>Rsy_novel_35 

uagcuuaucagacugauguuga 

  

http://www.nature.com/articles/srep24627


177 
 

 

 

 

 

 

 

 

 

 

 

 

 

APPENDIX H 
 

Novel Wood Frog Specific MicroRNA Sequences 
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Table H1. Annotated precursor and mature novel microRNA sequences. 

 

MicroRNA Mature sequence Precursor sequence Precursor coordinates 

rsy-miR-novel1-3p aaaguucugaggguaccu gucucaaaaaugucagacuuugaauaauuaua

aaguucugaggguaccu 

KB021649:17309213..17309262:- 

rsy-miR-novel5-5p acccugcucgcagcgcca acccugcucgcagcgccaaauuguguaaggcc

uauuucaccaggcacucaguuuugguugcugu

uugucuugcca 

KB021649:185517653..185517728:- 

rsy-miR-novel6-5p aguaccacauuucugaugcug aguaccacauuucugaugcugaaaugcuacau

ccaaaaaugcagcaucaggauggguggcaccu

c 

KB021651:13718358..13718423:+ 

rsy-miR-novel7-3p auagcucuuugaaugguacu cgccauuuuccgagcuauaaacaguaucauug

ucauagcucuuugaaugguacu 

KB021651:72902570..72902624:+ 

rsy-miR-novel8-3p auauccuuugucucugag cagaggguauuuauguacuauguauaucugua

uauccuuugucucugag 

KB021657:51395541..51395590:+ 

rsy-miR-novel9-3p auauugcaguccauguug aaguggcucgcaagccaauauauugcagucca

uguug 

KB021658:105607327..105607364:+ 

rsy-miR-novel10-3p augacaucucaaaaugagcggag ccacccauuuugggacgucauuguggcaccua

cgcauuccaaugacaucucaaaaugagcggag 

KB021650:27225935..27225999:- 

rsy-miR-novel12-5p auugaggcuaucuguguagc auugaggcuaucuguguagccugcucuuauga

cccggcuacccauguaacccuuuuaca 

KB021656:86807609..86807668:- 

rsy-miR-novel14-3p auuugcgugcuuacuuccca aggaggcaugcccucaaauccuguuaacaaau

aacaggauuugcgugcuuacuuccca 

KB021657:85902793..85902851:+ 

rsy-miR-novel16-3p caggcugguuagaugguuau agcaggcaucuucucagccuacauguagauug

ucaaaucugcaggcugguuagaugguuguca 

KB021654:83538137..83538200:+ 

rsy-miR-novel18-5p ccaccuccccugcaaacgucc ccaccuccccugcaaacguccagugacgcaga

gguaauggacguuggcucugguggugaug 

KB021649:52590231..52590292:- 

rsy-miR-novel19-3p ccuacggccauaccacccu gaguagaagcgccuaggagauguuuaagagga

cgaaaagucagcuuagucaucaccuacggcca

uaccacccu 

KB023293:7552..7625:- 
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rsy-miR-novel20-5p ccuccagcuguugcagaacua ccuccagcuguugcagaacuacaugcacccug

uugcuuauuguuguucugugacagcuggaggg

c 

KB021649:73092695..73092760:- 

rsy-miR-novel21-5p ccugcauuguacacacugugu ccugcauuguacacacugugugugcaccucag

acuugcacagcgcauacaauguggaug 

KB021656:134794298..134794357:+ 

rsy-miR-novel22-3p cguuguaggccucuccagcauu ugcuggaguggacaucaaugcauuauuuugca

aggcguuguaggccucuccagcauu 

KB021661:70775875..70775932:- 

rsy-miR-novel24-5p cuguacagaucacugcguugc cuguacagaucacugcguugcacuacaacucc

cagcaugcccuguugcacug 

KB022184:16463..16515:- 

rsy-miR-novel25-5p gacagucagaaguuggucugg gacagucagaaguuggucuggcgugagaauag

auucucagaucaucucuuggcugaugc 

KB021653:121432253..121432312:- 

rsy-miR-novel26-5p gaggcugauucugagcaa gaggcugauucugagcaaacauuugagaucag

auugcuggcugccucagcucaccuccc 

KB021653:20533930..20533989:+ 

rsy-miR-novel27-3p gcgacccauacuugguuuca aaaccaagaguggguugggccuguuagaucac

auaggcgacccauacuugguuuca 

KB021657:96570668..96570724:+ 

rsy-miR-novel29-3p gcggauaugggacugagc ggggaugaaucccuuaucuggagacgguugga

ugaaucuugcggauaugggacugagc 

KB022003:55963..56021:+ 

rsy-miR-novel30-5p gggaugaugggacuuguaguc gggaugaugggacuuguaguccagaaacagcu

ucaagccucacuuuuaacgaacuacagguccc

accaucccac 

KB021654:118208916..118208990:- 

rsy-miR-novel32-3p guuguaggccucuccagcauu ugcuggaguggacaucaaugcauuauuuugca

aggcguuguaggccucuccagcauu 

KB021661:70775875..70775932:- 

rsy-miR-novel34-5p uagcagcacacagauauuggca uagcagcacacagauauuggcaguuucaaccc

uaaagcucugccaguucugcuugugcugcuuc

a 

KB028798:1937..2002:+ 

rsy-miR-novel35-5p uagcuuaucagacugauguuga uagcuuaucagacugauguugacuguuggaug

ucauggcaacaacagucgguaggcu 

KB021650:14716187..14716244:+ 

rsy-miR-novel36-3p uagugcaauauugcuuauaggguc

u 

acccuaucaauauugccucugcuuuugugcuc

ggaguaguagugcaauauugcuuauagggucu 

KB021649:54032702..54032766:+ 

rsy-miR-novel37-5p ucaaugaaaucaaccuauccugu ucaaugaaaucaaccuauccugugguguagga

gaaacaggucauagggugauuucaucagaca 

KB021897:107685..107748:+ 
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rsy-miR-novel38-3p uccuagaagcuugaagccuag ugaggcuuccuacuucaaggcuguguucugac

ucauccuagaagcuugaagccuag 

KB021654:38483781..38483837:- 

rsy-miR-novel39-5p uccucauuguacaugcugugugu uccucauuguacaugcuguguguaucuauuuc

ucuuacacagcgcaugcaauguggaua 

KB021658:43219725..43219784:+ 

rsy-miR-novel40-3p ucuuuuuugcuggaacauuucu aaauguuuuagaaaaaaagacguagucagugc

guuuggggaacucuuuuuugcuggaacauuuc

u 

KB021927:128477..128542:- 

rsy-miR-novel41-3p ugcagaugccuguggcaca agccacugugucuugagauuucuugcagaugc

cuguggcaca 

KB021662:1930534..1930576:+ 

rsy-miR-novel44-5p uguaccaugcugguagccagug uguaccaugcugguagccaguguaaugaaagu

ugcuccuggcaaccaguguugugccac 

KB021656:7549075..7549134:- 

rsy-miR-novel46-3p uucacuacuagcagaacucggc aggaauuccgcuaguucugaacuauuccaugu

uaguaaguaaaaguucacuacuagcagaacuc

ggc 

KB021658:12977881..12977948:+ 

rsy-miR-novel47-5p uugacaucaucauacuugggau uugacaucaucauacuugggauguaugacaca

aagucccaagcaagcugauguuaggc 

KB021760:222321..222379:+ 
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That’s all Folks! 


