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Abstract

When temperatures plummet below 0 °C, wood frogs (Rana sylvatica) can endure the freezing of up to~65% of their body
water in extracellular ice masses, displaying no measurable brain activity, no breathing, no movement, and a flat-lined heart.
To aid survival, frogs retreat into a state of suspended animation characterized by global suppression of metabolic functions
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 crucial role in coordinating stress
responses. Immunoblotting of miRNA biogenesis factors illustrated an overall reduction in the majority of these process-
ing 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 sig-
nificantly 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 signaling, intracellular signal transduction, and anoxia/ischemia injury protection. The predomi-
nantly downregulated microRNA fingerprint identified herein suggests a microRNA-mediated cryoprotective mechanism
responsible for maintaining neuronal functions and facilitating successful whole brain freezing and thawing.
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Introduction masses. When the wood frog retreats into its frozen state of

suspended animation, that can last months at a time, it exhib-

Freezing is deadly for most organisms. Yet despite the chal-
lenges it poses, freeze tolerance has arisen multiple times
across the eukaryotic kingdom ranging from microorgan-
isms, plants, insects, invertebrates, reptiles, and amphibians
[1-5]. 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
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its no measurable brain activity, no breathing, no movement,
and a flat-lined heart [6]. To freeze and thaw months later,
unscathed, wood frogs have developed various key adapta-
tions that include the following: (1) initiation of freezing
above the freezing point of body fluids at (— 0.5 °C), to
minimize damaging instantaneous ice surges that occur if
animals are extensively supercooled prior to freezing (2)
synthesis and distribution of cryoprotectant glucose to mini-
mize cell volume reduction and limit extracellular ice forma-
tion, and (3) global metabolic rate depression coupled with
the activation of select “survival” pathways that protect and
stabilize cellular macromolecules [5].

Wood frogs are subject to numerous freeze-associated
challenges such as anoxia/ischemia, dehydration, hyper-
glycemia, osmotic shock, mechanical damage from ice
crystallization, and even thawing brings with it the dangers
of rapid oxygen reperfusion [5]. To survive such extreme
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environmental stress, these frogs have evolved various pro-
tective mechanisms, such as the upregulation of antioxidant
defenses [7], coupled with the global reprioritization of
energy consumption [8]. 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 [9]. 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 [10].
Indeed, studies on various animal species that use hypo-
metabolism have found that this complex metabolic state
is 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 transduc-
tion, in addition to post-transcriptional regulation of mRNA
transcripts by RNA-binding proteins and the inhibitory
action of microRNAs (miRNAs) [10].

MicroRNAs are short (~22 nt) non-coding RNA tran-
scripts that have been predicted to target more than 60%
of protein-coding genes in humans [11, 12]. This large and
highly conserved group is proving to be master regulators of
virtually all cell processes with broad controls stretching into
cell cycle, signal transduction, and energy metabolism path-
ways, among others [13, 14]. 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 [12]. Added
to this, the thermodynamic nature of miRNA—-mRNA inter-
actions is sensitive to changes in the cellular environment,
such as temperature [15]. 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 favors the binding of miRNA-mRNA [15, 16].
Indeed, events such as freezing have been shown to result
in significant changes in miRNA functionality and the indi-
vidual mRNA molecules they target [17].

The biogenesis and processing of microRNAs is under
tight spatial and temporal control [18]. 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 endonu-
clease, and its binding partner DiGeorge’s syndrome criti-
cal region gene 8 (DGCRS), a dsRNA binding protein, to
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release the ~60-70 nt precursor-miRNA (pre-miRNA) [19].
Pre-miRNA then complexes with the nucleoplasmic trans-
porter factor EXPORTIN-5 (XPOS5) and RAN-GTP to pro-
tect against nuclear degradation and facilitate nuclear export
into the cytoplasm for further processing [20]. Once in the
cytoplasm, the RNAse III endonuclease DICER cleaves the
loop structures to yield ~ 21 nt miRNA duplexes [21, 22].
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 [23, 24]. While one of the miRNA strands is usu-
ally degraded, the mature guide strand is incorporated into
the effector (RISC) complex along with a member of the
Argonaute family of endonucleases (AGO1-4), where miR-
NAs then use base-pairing to negatively regulate the expres-
sion of target mRNAs [12].

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 [25,
26]. The brain’s persistent flow of information and adapta-
tions to environmental stimuli plays a pivotal role in the
facilitation of stress responses and prolonged hypometa-
bolic periods [27]. Despite the lack of any measurable brain
activity or nerve conductance [5], biochemical studies on
the brains of frozen R. sylvatica have revealed various neu-
roprotective aspects such as the increase in /i/6 and fri0
transcripts that encode novel protein that have been linked
with the mitigation of oxygen restriction damage 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 [28-31]. Other neuronal “acti-
vations” found to occur in frozen wood frog brains include
the following: increased protein kinase C phosphorylation
status, the upregulation of the acidic ribosomal phosphopro-
tein PO, and increased levels of the large ribosomal subunit
protein 7 [32-34]. Our initial investigations into the reg-
ulatory response of miRNAs in wood frog heart, skeletal
muscle, and liver have demonstrated tissue-specific differ-
ential expression of miRNAs involved in the maintenance of
muscle contraction and reversible protein phosphorylation
kinases over the freeze—thaw cycle [35, 36].

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 [37], sea cucumber estivation [38], inver-
tebrate anoxia tolerance [39], insect freeze avoidance
[40], and turtle, frog, and insect freeze tolerance [5, 41].
In the present study, which to our knowledge is the first
investigation of miRNAs in the brain of a freeze toler-
ant species, immunoblotting of the miRNA biogenesis
proteins revealed a potential suppression of miRNA pro-
cessing over the freeze—thaw cycle in wood frog brains.
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Large-scale analysis of the expression levels of 113 miR-
NAs, using RT-qPCR, found that the 41 differentially
regulated miRNAs displayed a pattern of downregulation
during both freezing and thawing. Subsequent bioinfor-
matic miRNA target prediction of the downregulated
miRNAs was then carried out at physiologically relevant
low temperatures of — 2 and 5 °C, for 24 h frozen and
8 h thawed conditions, respectively. Functional enrich-
ment and clustering revealed that the mRNA targets of
the downregulated miRNA networks mediate neuroprotec-
tive processes and hypoxia/anoxia protection. Our findings
suggest a miRNA-mediated mechanism for tuning of neu-
ronal functions and brain cryoprotection over the course
of the freeze—thaw cycle. Understanding the role that miR-
NAs 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 suc-
cessful brain function.

Materials and methods
Animals

Mature male R. sylvatica were collected from spring melt-
water 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 5 °C for
2 weeks in containers lined with sphagnum moss. Three
experimental treatments were run in parallel with indi-
viduals randomly selected for control, frozen, and thawed
conditions. Control (non-stressed) frogs were sampled
from this condition. For freezing experiments, frogs were
placed in an incubator at — 4 °C 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 — 0.5 °C, at which point ice
nucleation was triggered due to skin contact with ice crys-
tals formed on the paper towels, as previously described
[73]. Following the initial 45 min, the incubator tempera-
ture was raised to — 2.5 °C and a 24-h freezing exposure
was timed from this point (maximal ice formation is usu-
ally achieved within 12—15 h) [6]. Frogs were randomly
assigned to either the freezing group that was sampled
after the 24-h freezing exposure, or to the recovery group
and were subsequently transferred to 5 °C and sampled
after 8 h of thawing. Animals were euthanized by spi-
nal pithing and brains were rapidly dissected, immedi-
ately flash frozen in liquid nitrogen, and then stored at
— 80 °C until use. Animal care protocols, experimenta-
tion, and euthanasia were performed in accordance with

the Carleton University Animal Care Committee and fol-
lowed the guidelines set forth by the Canadian Council on
Animal Care.

Total protein extraction

Total protein extracts were prepared as previously described
[30]. Briefly, ~ 100 mg of brain tissue (n =4 individual ani-
mals) was homogenized in 1:2 w:v chilled homogeniza-
tion buffer (20 mM Hepes, 200 mM NaCl, 0.1 mM EDTA,
10 mM NaF, 1 mM Na;VO,, 10 mM f-glycerophosphate,
pH 7.5) with a few crystals of phenylmethylsulfonyl fluoride
(Bioshop) and 1 pL/mL of protease inhibitor (Cat# PIC002;
Bioshop Canada Inc., Burlington, ON, Canada) using a Pol-
ytron PT10 homogenizer. Samples were then centrifuged at
4 °C for 15 min at 10,000g, and soluble protein-containing
supernatants were collected. Protein concentrations were
measured using the BioRad reagent (Cat# 5000002; Hercu-
les, CA) as per the manufacturer’s instructions. Soluble brain
protein concentrations were standardized to 10 pg/uL 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 B-mercaptoethanol, pH 6.8) to
yield a final concentration of 5 pg/uL. Samples were then
boiled for 10 min and subsequently stored at — 20 °C until
use.

Immunoblotting

Equal amounts of total protein homogenates (20-40 g
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-um polyvinylidene
difluoride membrane in a pre-chilled transfer solution
(25 mM Tris [pH 8.8], 192 mM glycine, and 10% v/v metha-
nol) 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 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 H,0), and blocked for 10-45 min in 2-10% w:v milk
in TBST. This was followed by 3 X 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), DGCRS8 (GeneTex; Cat# GTX130061), DICER
(SantaCruz; Cat# SC-30226), AGO1 (GeneTex; Cat#
GTX47799), AGO2 (ECM BioSciences; Cat# AP5281),
p-AGO2™3% (ECM BioSciences; Cat# AP5311), RAN
(GeneTex; Cat# GTX114139), EXPORTIN-5 (GeneTex;
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Cat# 130727), TRBP (GeneTex; Cat# GTX485546), and
PACT (GeneTex; Cat# GTX114215). After probing with pri-
mary antibody, membranes were washed for 3 X 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 chemilumines-
cence (H,0, and Luminol) on a ChemiGenius Bio-Imaging
System (Syngene, Frederick, MD). Membranes were then
stained with Coomassie blue (0.25% w/v Coomassie bril-
liant blue, 7.5% v:v acetic acid, and 50% v:v methanol) to
visualize total protein levels.

Total RNA extraction

Isolation of RNA was conducted as previously described
[37]. Approximately 50 mg of brain tissue (n =4 individual
animals) was briefly homogenized using a Polytron PT1200
homogenizer in 1 mL of Trizol (Invitrogen; Cat# 15596-
018), as per the manufacturer’s 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 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 pg/pL with RNase-free water. Samples were frozen at
— 80 °C until use.

MicroRNA polyadenylation and stem-loop reverse
transcription

RNA samples were prepared for miRNA analysis as previ-
ously described [54]. Polyadenylation was carried out using
the PolyA tailing kit from Epi-Bio (Cat# PAP5104H; Epi-
centre, Madison, WI, USA). Each 10 L reaction contained;
3 ug RNA, 1 mM ATP, and 0.5 pL (2 U) of E. coli poly (A)
polymerase in buffered solution (0.1 M Tris—HCI [pH 8.0],
0.25 M NaCl, and 10 mM MgCl,). Reactions were incu-
bated 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 pL samples) with 5 uL of 250 pM stem-loop
adapter primers (Supp. Table S1) and heating the mixture
for 5 min at 95 °C to denature RNA, incubating 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 uL) was then combined
with the following: 1 uL mouse Maloney leukemia virus
(M-MLV) reverse transcriptase (2 U) (Cat# 18080044; Ther-
moFisher Scientific), 1 uL deoxynucleotide triphosphate
(dNTP) mixture containing 25 mM of each nucleotide (Cat#
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R1121; ThermoFisher Scientific), 2 uL. 0.1 M dithiothrei-
tol (DTT), and 4 pL 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.

Relative microRNA quantification

All RT-gPCR assays were performed using a BioRad MyIQ2
Detection System (BioRad, Hercules, CA, USA), as previ-
ously described [37]. The miRNA-specific forward prim-
ers 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 [54] (Supp. Table S1). Prim-
ers 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-spe-
cific products were rejected.

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 Xenopus tropicalis reference genome available on the
UCSC table browser (JGI 7.0/xenTro7) using FINDTAR3
(v.3.11.12) [74]. 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 differ-
entially 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 X. tropicalis interaction database [75]. This was
subsequently modeled using CYTOSCAPE software [76]
and clustered using Markov clustering (MCL) default clus-
tering parameters on the STRING combined scores. Two
groups were queried separately: [1] the 23 miRNAs down-
regulated in frozen brains, and [2] the 33 miRNAs down-
regulated in thawed brains. 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 X. tropicalis using the
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PANTHER classification system (v.11.1). The enriched bio-
logical processes discussed herein are statistically significant
clusters analyzed with Bonferroni tests (p <0.05).

Data quantification and statistics

For relative protein level quantification, chemiluminescent
bands were quantified by densitometry using a ChemiGeni-
ous Biolmaging Sytem and GeneTools Software (Syngene,
MD, USA). To correct for minor variations in sample load-
ing, the band intensity in each lane was standardized against
a group of Coomassie blue-stained protein bands. Immuno-
blot data are expressed as mean + SEM, relative to control
values (n=3-4 from different animals). Data were statis-
tically analyzed using one-way ANOVA and a Dunnett’s
post hoc test and 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 [77].

For RT-qPCR analyses, the comparative AACq method
was used to calculate the relative miRNA expression levels.
Raw Cq values were transformed to the 279 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 control, frozen, and thawed conditions, as previ-
ously described [78]. Data are reported as mean expression
levels, relative to control values (x 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, and miRNAs were
considered significantly changing when p <0.05. Statisti-
cal analysis and histogram generation was performed using
RBIOPLOT [77].

Results

Protein expression of miRNA biogenesis
and processing machinery

Using immunoblotting, we analyzed protein abundance rela-
tive to control for key proteins involved in the microRNA
biogenesis pathway in wood frog brains from 24 h frozen and
8 h thawed frogs. Levels of DROSHA and DGCRS, the two
sole members of the microprocessor complex, significantly
decreased during 24 h freezing to 0.67 +0.04 and 0.67 +0.06
of control levels, respectively (Fig. 1). This decrease was sus-
tained through the 8-h thawing with DROSHA and DGCRS
levels at 0.63 +0.05 and 0.43 +0.01 of control, respectively
(Fig. 1). EXPORTIN-5 protein levels significantly decreased
in the brain during freezing and thawing to 0.75 +0.04 and
0.77 +0.04 of control, respectively (Fig. 1). DICER and
RAN protein levels remained constant over the freeze—thaw
cycle (Fig. 1). TRBP protein levels also remained constant
during freezing but significantly decreased to 0.58 +0.04 of
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Fig. 1 Analysis of miRNA biogenesis pathway protein levels in wood 2393 under control, 24 h frozen, and 8 h thawed conditions. Data

frog brain over a freeze—thaw cycle using immunoblotting. The histo-
gram shows protein levels, relative to control, of DROSHA, DGCRS,
XPOS5, RAN, DICER, TRBP, PACT, AGO1, AGO2, and p-AGO-

are mean + 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
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control during thawing (Fig. 1). Protein levels of the dSRNA
binding protein PACT decreased to 0.55 +0.03 of control
during freezing and returned to control levels during thawing
(Fig. 1). AGO1 protein levels were found to remain constant
over the freeze—thaw cycle (Fig. 1). Total protein levels of
the predominant AGO?2 significantly decreased during both
freezing and thawing to 0.75 +0.05 and 0.56 +0.01 of con-
trol, respectively (Fig. 1). Levels of p-AGO27%} remained
unchanged during freezing but significantly decreased to
0.60+0.03 of control during 8 h thawing.

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-gPCR, 41 miRNAs were differentially regulated over the
freeze—thaw cycle, relative to control levels (Fig. 2). During
freezing, expression of 24 miRNAs significantly changed
(Fig. 2). Nearly all of the miRNAs differentially expressed
during freezing were downregulated, with 23 miRNAs sig-
nificantly decreasing to 0.48—0.84 of control levels. The sub-
set of miRNAs significantly downregulated during freezing
comprised: 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. 2 and Supp. Table S2). Only rsy-miR-451-5p
expression levels significantly increased during freezing to
2.11+0.32 of control (Fig. 2 and Supp. Table S2).

During thawing, 34 miRNAs were differentially
expressed (Fig. 2). Similar to the pattern observed during
freezing, the majority of the differentially expressed miR-
NAs were found to significantly decrease during thawing,
with 33 miRNAs significantly decreasing to 0.42—-0.85 of
control (Fig. 2 and Supp. Table S2). The subset of miRNAs
downregulated during thawing were as follows: 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-
S5p, 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. 2
and Supp. Table S2). Despite a backdrop of unchanging and
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downregulated miRNAs, rsy-miR-192-5p was upregulated
during thawing to 2.19 +0.39 of control.

A subset of miRNAs were shown 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. 2 and
Supp. Table S2).

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. The function-
ally enriched clusters predicted that the key pathways tar-
geted by the miRNAs downregulated during the 24-h frozen
condition consisted of the following: (1) intracellular signal
transduction pathways, (2) RNA processing and mRNA
splicing, (3) synaptic signaling, (4) lipid phosphorylation,
(5) microtubule nucleation, (6) DNA replication, (7) genera-
tion of precursor metabolites and energy, (8) developmental
process, and (9) proton transport and ATP hydrolysis (Fig. 3,
Supp. Table S3, Supp. Figure S1). The key networks targeted
by the miRNAs that were downregulated after 8 h thawing
were comprised of (1) intracellular signal transduction, (2)
DNA replication, (3) proton transport, (4) RNA process-
ing and mRNA splicing, (5) protein folding and chaperones,
(6) synaptic signaling, (7) ATP hydrolysis, (8) microtubule
nucleation, (9) generation of precursor metabolites and
energy, (10) lipid phosphorylation, (11) oligosaccharide-
lipid intermediate biosynthesis, and (12) developmental
process (Fig. 4, Supp. Table S4, and Supp. Figure S2). The
majority of remaining clusters in both freezing and thawing
remained unclassified, likely due to the limited nature of
annotated X. tropicalis network interactions.

Discussion

The rapid and reversible nature of miRNA-mediated gene
silencing renders these small molecules as excellent can-
didates 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 criti-
cal for coordinating environmental stimuli and for mount-
ing molecular stress responses. While global metabolic
rate depression is one of the main characteristics of freeze
tolerance, neuroprotective processes, such as the promo-
tion of tissue survival, have been shown to be active and
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Fig.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 mean+SEM of 3-4
independent biological replicates. Statistical testing used a one-way
ANOVA with a Dunnett’s post hoc test, *p <0.05, **p < 0.01, and
*#%p <0.001. The legend provides a visual reference for the color

upregulated in frozen wood frog brains, emphasizing the
importance of maintaining brain functionality [30]. One
of the main questions we sought to investigate was—what

gradient used. Different shades of red represent significant down-
regulation of miRNA in the frozen and thawed states versus control;
increasing redness signifies greater relative downregulation during
stress. Black represents no significant changes. Increasing greenness
represents greater upregulation of miRNA during stress versus con-
trol. For the relative expression+SEM values of all 113 miRNA spe-
cies examined, refer to Supplementary Table S2

happens 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
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Fig.3 Representative func-
tional target enrichment and
network clusters of the subset
of miRNAs downregulated in
the brains of 24 h frozen wood
frogs. Downstream miRNA
target prediction was performed
at — 2 °C using FINDTARS3.
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. Refer to Sup-
plementary Table S3 for more
information on individual clus-
ters, proteins, and the targeting
of individual miRNA species.
Refer to Supplementary Figure
S1 for full 24 h frozen cluster
map
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observations and magnetic resonance imaging have shown
ice accumulation in brain ventricles, little other physiologi-
cal work has been done on freeze tolerant brains [5]. 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 brain. This
lead to the identification of a global pattern of downregu-
lation 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 net-
works and circumvent extensive transcriptional and transla-
tional repression.

Recent studies have demonstrated that the activity, func-
tion, and abundance of miRNA—protein complexes can alter
miRNA biogenesis via the regulation of environmental and
stress-responsive signaling pathways [14]. An examination
of the miRNA biogenesis and processing proteins revealed
an overall pattern of downregulation over the freeze—thaw
cycle (Fig. 1). As the efficiency of DROSHA-mediated pro-
cessing 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
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limitations imposed during freezing and thawing [42]. Fur-
thermore, reduced levels of EXPORTIN-5 have been shown
to lead not only to reductions in cytoplasmic miRNA lev-
els, but also to pre-miRNA nucleolytic degradation in the
nucleus (Fig. 1) [43]. However, this warrants further inves-
tigation as protein levels of the RAN GTP-binding protein,
that complexes with EXPORTIN-5 to transport pre-miRNAs
into the cytoplasm, remained constant over the freeze—thaw
cycle (Fig. 1) [20, 44]. 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 freez-
ing, respectively (Fig. 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 [18,
45]. However, it should be noted that TRBP and PACT are
non-essential facilitators of DICER-mediated pre-miRNA
processing [46].

After processing, the miRNA guide strand is then
loaded onto an Argonaute protein effector complex. While
levels of AGO1, that is known to interact with only ~30%
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Fig.4 Representative func-
tional target enrichment and
network clusters of the subset
of miRNAs downregulated in
the brains of 8 h thawed wood
frogs. Downstream miRNA
target prediction was performed
at 5 °C 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. Refer to Sup-
plementary Table S4 for more
information on individual clus-
ters, proteins, and the targeting
of individual miRNA species.
Refer to Supplementary Figure
S2 for full 8 h thawed cluster
map
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of miRNAs, did not change in wood frog brains, protein
levels of AGO?2, that has been shown to interact with 60%
of all miRNAs, were downregulated over the freeze—thaw
cycle [47] (Fig. 1). AGO2 is the sole Argonaute with slicer
activity and the loss of AGO2 has been demonstrated to
result in a reduction of mature miRNA expression and
activity [45]. However, levels of p-AG02Tyr393 were
downregulated during thawing which contradicted the
overall observed suppression of miRNA biogenesis since
this phosphorylation, commonly associated with hypoxic
conditions, has been shown to result in the inhibition of
miRNA processing and DICER binding (Fig. 1) [48].
Indeed, AGO?2 is a prime candidate for the regulation of
miRNA biogenesis and function and our findings suggest
that there is likely diminished mature mRNA translational
inhibition, destabilization, and/or target degradation.
Whereas our data suggest an overall reduction in miRNA
biogenesis and processing, especially during the nuclear
maturation steps, future studies should explore the regula-
tion of various non-canonical miRNA biogenesis mecha-
nisms such as the DROSHA and DGCRS8-independent
pathway, the DICER-independent pathway, and the ter-
minal uridylyl transferase dependent pathway that might

s\
\ / hpzin

RNA PROCESSING
mRNA SPLICING

be used to circumvent the reduced levels of the miRNA
biogenesis factors analyzed in the current study [18].
Initial studies on frozen wood frog miRNAs examined the
regulation of miR-16 and miR-21 in liver and skeletal mus-
cle and 53 miRNA species in cardiac and skeletal muscle
over the course of a freeze—thaw cycle [35, 36]. 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 spe-
cies analyzed in brain were shown to be significantly down-
regulated whereas rsy-miR-451-5p was the only miRNA that
was freeze-upregulated (Fig. 2). Previous work on miR-451
has shown that this miRNA acts 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 [49, 50]. Indeed,
during freezing, not just the brain, but all wood frog organs,
are flooded with large amounts of cryoprotectant glucose
that protect against mechanical ice damage and excessive
cellular dehydration [5]. 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
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freezing. In addition, miR-451 has also been shown to pro-
tect against anoxia/reoxygenation injury, a stress that frozen
wood frog brains are vulnerable to, through the inhibition of
14-3-3C and high mobility group box 1 expression, respec-
tively [51, 52].

While the majority of miRNA species measured exhibited
constant expression levels over the freeze—thaw cycle, 23
of the differentially expressed miRNAs were significantly
downregulated during freezing (Fig. 2). Predicted targets of
the freeze-downregulated miRNAs, generated from anno-
tated Xenopus sequences, were collectively analyzed and
found to potentially be involved in maintaining cellular
processes such as intracellular signal transduction, RNA
processing, and synaptic signaling, among others (Fig. 3).
The reduced levels of these differentially expressed miR-
NAs implies that the gene transcripts under their control are
more likely to be translated, which in turn implies that the
protein product that the gene encodes 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) sug-
gests 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) 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 mini-
mize impairment and promote synaptic vesicle priming and
signaling [53].

Interestingly, a similar activation of long-term potentia-
tion and axon guidance was reported in other miRNA studies
of brains utilizing hypometabolic survival strategies includ-
ing during mammalian hibernation and frog estivation [54,
55]. Interestingly, this pattern of downregulation and the
promotion of neuroprotective mechanisms have also been
reported in whole brains of another environmentally stressed
frog, the estivating African-clawed frog, where 12 of the
43 miRNAs measured exhibited significant downregula-
tion [55]. The downregulation of miRNAs in the brains of
environmentally stressed anurans may be an evolutionar-
ily conserved response. Indeed, while freezing is a unique
physiological response, it builds on and exaggerates many
pre-existing strategies that stem from the general ability of
anurans to endure wide variations in body hydration, includ-
ing severe dehydration under arid conditions [5, 56]. Since
cellular dehydration, due to water exit into extracellular
ice masses, is one of the main stresses on cells of freezing
frogs, it is not surprising that they enlist the ancient defense
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strategies for dehydration resistance that are shared among
all amphibians. The target miRNAs that changed during
freezing were largely involved in regulating brain neural
plasticity. Despite the fact that wood frogs display no meas-
urable brain activity during freezing, upon thawing they are
able to immediately resume normal functions with no appar-
ent neurological damage or deleterious behavioral changes.
Therefore, we propose the existence of miRNA-mediated
neuroprotective mechanisms to circumvent the degenera-
tion of neural synapses and protect against negative effects
of prolonged states of hypometabolic dormancy. Indeed,
our data suggest that rather than modulating metabolic rate
depression, the differentially expressed miRNAs in brains
of frozen wood frogs 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.
Thawing exhibited a similar but more pronounced
response to that of freezing, with the downregulation of
33 miRNAs and the upregulation of only rsy-miR-192-5p
(Fig. 2 and Supp. Table S2). Bioinformatic target enrich-
ment, performed using Xenopus sequences, implicated
the downregulated miRNAs in the predicted activation
of numerous brain-specific cytoprotective processes such
as chaperone-mediated protein folding, synaptic signal-
ing, and intracellular signal transduction (Fig. 4 and Supp.
Table S4). Protein folding networks are a crucial cell pres-
ervation strategy essential for ensuring protein homeostasis
via the proper assembly of new proteins, the prevention of
their aggregation, and the promotion of their efficient fold-
ing [57]. 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 [58—61]. Furthermore, the importance of chaperones
in mediating successful freeze—thaw has also been demon-
strated in yeast, where the deletion of chaperones resulted in
reduced cell viability to freeze—thaw events [62]. As such,
the predicted activation of chaperone-mediated protein fold-
ing in the brains of thawing wood frogs through the upregu-
lation of heat shock proteins Hsp10 and Hsp60 mitochon-
drial chaperones, and other proteins in the network (Fig. 4)
underscores the involvement of stress-induced chaperone
expression in protecting nervous system tissues. Interest-
ingly, 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 [63].
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
promote long-lasting brain recovery via its action as a modu-
lator of apoptosis that is capable of inducing the upregula-
tion of apoptosis-inhibiting and pro-survival proteins, XIAP
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and BCL2, respectively [64, 65]. 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 [66, 67] (Fig. 2). In addition, miR-
210, that was also downregulated during both freezing and
thawing, is also known 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 neurologi-
cal function recovery and reduced brain infarct size [68].
However, despite this pattern of downregulation observed
during thawing, rsy-miR-192-5p was identified as the sole
thaw-upregulated miRNA (Fig. 2). The enhanced expression
of miR-192 has been shown to be tightly associated with
Smad3, where Smad3 is able to mediate TGF-p1-induced
miR-192 overexpression by binding to, and activating the
miR-192 promoter [69]. 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 [30, 69]. A known target of
miR-192 that could be targeted in thawed brains is Sema-
phorin 3A; the suggested miR-192 mediated silencing of
Semaphorin 3A could be an ischemia protection mecha-
nism. Indeed, elevated Semaphorin 3A has 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 ischemic damage associ-
ated with thawing [70, 71].

Taken together, the miRNA biogenesis and rela-
tive expression findings suggest that a global reduction
in miRNA biogenesis proteins during both freezing and
thawing may be facilitating an overall downregulation of
differentially expressed miRNAs (Figs. 1, 2). It should be
noted that since the majority of miRNAs examined in this
study displayed no significant changes over the freeze—thaw
cycle, this suggests that the prominent downregulation of
differentially expressed miRNAs observed is not a result
of an indiscriminate or global downregulation of miRNA
biogenesis machinery and miRNA relative abundance lev-
els. Indeed, many of the downregulated miRNAs appear to
be involved in providing neuroprotection against hypoxic/
ischemic brain injury during both freezing and thawing. For
example, downregulation of the plasticity-related miR-24
over the freeze—thaw cycle has been linked with the induc-
tion and persistence of long-term potentiation through the
rapid release of target mRNA transcript inhibition [72].
Furthermore, numerous pathways such as those involved in
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 (Figs. 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 [25], further
dissection of the observed whole-brain miRNA fingerprint
may provide us with additional insights into the miRNA
involvement of these various factors. It should be noted that
miRNAs act in concert with various other cellular regulatory
mechanisms to facilitate global metabolic adaptations and
as such should be considered in the light of other regulators.
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, pos-
sibly to sustain brain function through prolonged periods
of environmental stress. The correlation between the down-
regulation of miRNA biogenesis protein levels and the dif-
ferentially expressed miRNAs over the freeze—thaw cycle
suggests that key brain functions are required for the overall
adaptation of the frogs to freezing. These results suggest
that the 41 differentially expressed miRNAs are not only
freeze—thaw responsive but have been bioinformatically
predicted to be involved in maintaining brain function by
possibly targeting pathways involved in neuronal mainte-
nance, survival, and anoxia/ischemia protective mechanisms.
Taken together, this study provides us with insights into the
molecular underpinnings of neuronal adaptations to envi-
ronmental stress and the mechanisms that facilitate natural
freeze tolerance in vertebrate central nervous systems.
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