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Abstract: The thirteen-lined ground squirrel Ictidomys tridecemlineatus is a rodent that lives throughout
the United States and Canada and uses metabolic rate depression to facilitate circannual hiberna-
tion which helps it survive the winter. Metabolic rate depression is the reorganization of cellular
physiology and molecular biology to facilitate a global downregulation of nonessential genes and
processes, which conserves endogenous fuel resources and prevents the buildup of waste byprod-
ucts. Facilitating metabolic rate depression requires a complex interplay of regulatory approaches,
including post-transcriptional modes such as microRNA. MicroRNA are short, single-stranded RNA
species that bind to mRNA transcripts and target them for degradation or translational suppression.
Using next-generation sequencing, we analyzed euthermic vs. hibernating cardiac tissue in I. tride-
cemlineatus to predict seven miRNAs (let-7e-5p, miR-122-5p, miR-2355-3p, miR-6715b-3p, miR-378i,
miR-9851-3p, and miR-454-3p) that may be differentially regulated during hibernation. Gene ontology
and KEGG pathway analysis suggested that these miRNAs cause a strong activation of ErbB2 signal-
ing which causes downstream effects, including the activation of MAPK and PI3K/Akt signaling and
concurrent decreases in p53 signaling and cell cycle-related processes. Taken together, these results
predict critical miRNAs that may change during hibernation in the hearts of I. tridecemlineatus and
identify key signaling pathways that warrant further study in this species.

Keywords: metabolic rate depression; hypometabolism; ground squirrel; hibernation; microRNA;
signaling; epigenetics; post-translational modification

1. Introduction

The thirteen-lined ground squirrel is a rodent that lives throughout the central United
States and Canada. It is an obligate hibernator that hibernates circannually at a set time
every year regardless of specific environmental conditions [1]. By contrast, facultative
hibernation is displayed by some species that undergo short torpor bouts in direct response
to environmental conditions [2]. With regard to I. tridecemlineatus, the animals prepare in late
summer/early autumn by consuming large amounts of food (hyperphagia) and building
up lipid stores to the point of obesity [3]. Hibernation bouts in I. tridecemlineatus consist of
multiple periods of deep torpor, ranging from days to weeks in duration, during which
core body temperature (Tb) drops to near-ambient (but not below 0 ◦C), and metabolic
energy expenditure can be reduced to as low as 1–5% of euthermic rates [1]. Squirrels cycle
through prolonged periods of torpor interspersed with brief interbout arousals when Tb
rises again to euthermic values for approximately one day before another bout of deep
torpor is induced [4]. Despite these periods of arousal, having a low Tb during torpor
allows squirrels to save up to 90% of the energy that would otherwise be needed to remain
euthermic during the winter [5]. In order to decrease their metabolic rate so strongly,
squirrels undergo multiple physiological, biological, and molecular alterations, including
downregulation of all nonessential processes. However, this can leave squirrels susceptible
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to detrimental environmental conditions, such as hypoxia or ischemia, due to a prolonged
reduction in heart rate and breathing (sometimes including long periods of breath-hold or
apnea) in organ systems [6].

Metabolic rate depression (MRD) is broadly classified as the global downregulation
of nonessential genes and processes to conserve endogenous fuel resources and prevent
the buildup of toxic waste byproducts. MRD is employed by many animal species, both
invertebrate and vertebrate, to contend with extreme environmental stresses including:
reduced oxygen (hypoxia); lack of oxygen (anoxia); subzero temperatures during winter
(freeze tolerance and/or freeze avoidance); and lack of water (dehydration/estivation) [7,8].
During MRD, the metabolic rate can be lowered to just 5–40% of the resting rate under nor-
mal environmental conditions, with the ability to reverse when favorable conditions return
with very little damage to cells and tissues [9]. Due to these aforementioned characteristics,
MRD is indisputably a cornerstone of hibernation—both in ‘cold hibernators’ such as I.
tridecemlineatus as well as ‘warm hibernators’ such as the brown bear Ursus arctos [1,10].
The heart and respiration rate are slowed, animals typically become immobile, and the kid-
ney filtration rate is reduced [11]. To facilitate this, ATP turnover is completely restructured
at the protein synthesis/degradation, urea synthesis/degradation, gluconeogenic, and
ATPase levels [12,13]. Energy-expensive pathways such as the cell cycle are suppressed, a
feature observed in multiple species undergoing MRD [14–16]. Fuel usage is often switched
from carbohydrates to fatty acids, while metabolism adjusts accordingly between aerobic
and anaerobic pathways [17,18]. The cessation of food intake, the global reorganization
of virtually every aspect of cellular metabolism, and the ability for this state to be rapidly
reversed without catastrophic damage to cells and tissues necessitates a well-coordinated
interplay of regulatory mechanisms at the molecular level to ensure its success.

MicroRNAs (miRNAs) are one such regulatory mechanism. These short, single-
stranded, noncoding RNA species bind to mRNA transcripts through an 8 nt ‘seed se-
quence’ and target them for degradation or translational suppression [19]. One mRNA
can be targeted by multiple miRNAs, and likewise, one miRNA can bind multiple mR-
NAs [19]. This adaptability allows for near-limitless regulatory potential—and indeed,
we observe differential regulation of miRNA in many animals that use MRD to survive
extreme environmental stress [20–23]. This includes hibernation, as many studies have
identified miRNAs as key players in maintaining skeletal muscle integrity, altering fuel
usage, facilitating MRD as a whole, and preventing other molecular forms of damage
that occur during hibernation [24–31]. In I. tridecemlineatus specifically, miRNAs fluctu-
ate on a tissue-dependent basis, playing roles in cytoskeletal and DNA binding, protein
signaling through GTPase and transferase activity, lipid oxidation, and antioxidant de-
fenses [26,32,33]. Therefore, it stands to reason that identifying miRNA in the currently
understudied tissues of I. tridecemlineatus would reveal further functional roles of these
RNA subtypes during hibernation.

This study aimed to examine miRNA’s influence on cardiac tissue in control vs. hi-
bernating I. tridecemlineatus. Cardiac tissue is critical for life and is therefore an explicable
target for research and further understanding. During hibernation, ground squirrel cardiac
muscle becomes hypertrophic to better pump cold, viscous blood, while skeletal muscle
resists atrophy under extended periods of disuse [34,35]. In the hypometabolic state, my-
ocytes strategically alter key pathways and reprioritize cellular demands depending on
the particular needs of the organism. We hypothesized changes to these effects: shifts in
energy-expensive processes, including the cell cycle and signaling pathways dependent
on pertinent survival functions; altered pathways related to energy metabolism, given
that MRD is hallmarked by transitions between carbohydrate and lipid fuel usage; and
cardiac-specific remodeling to facilitate tissue integrity. Therefore, isolating how miRNA
post-transcriptional regulation facilitates changing molecular processes in cardiac tissue
during hibernation will shed more light on understanding MRD and hibernation in this
species. Next-generation sequencing (NGS) was used to create a small RNA-seq dataset,
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from which mature miRNAs were screened out and run through bioinformatic suites to
identify individual miRNAs and the molecular processes they affect.

2. Materials and Methods
2.1. Animal Collection

Female thirteen-lined ground squirrels (Ictidomys tridecemlineatus) were wild-captured
in August in proximity to the University of Manitoba Carman Research Station (49◦30′ N,
98◦01′ W). The squirrels were trapped with nets and water buckets, treated with ivermectin
and Droncit for endoparasites (0.4 mg/kg, subcutaneous), and given a flea spray for
ectoparasites immediately after capture. The animals were captured with the approval
of the Manitoba Conservation and Water Stewardship under wildlife scientific permit
WB15027 and transported to the University of British Columbia, Vancouver, BC. Dr. Ryan
Sprenger’s laboratory conducted all further hibernation experiments.

Ground squirrels (weighing 150–300 g and aged 1–3 years old) were anesthetized
with 5% isofluorane and subcutaneously injected with one of two sensor chips: either
implantable RFID temperature chips (ITPP-300 extended calibration) read with a DAS-8017
reader, which came precalibrated by the company (resolution: 0.1 ◦C; accuracy: 0.2 ◦C), or
wireless real-time telemeters (CTA-F40 and TA-F40; Data Sciences International, St. Paul,
MN, USA). The telemeters were read continuously with an MX2 and PhysioTel connect
system. Both telemeters were calibrated using two-point calibration. To ensure comparable
measurement, six animals were co-implanted with both systems, and the two read within
0.2 ◦C of each other. (IPTT-200; Bio Medic Data Systems, Seaford, DE, USA). Animals were
housed individually in shoebox cages in a holding room with an ambient temperature of
21 ◦C under a 12/12 h light/dark cycle and fed IAMS small chunk dog chow (>25% protein
per care standards for this species; [36]) supplemented with apples and peanuts ad libitum.
during the euthermic period (April to October). No food or water was provided during the
hibernation season (October to April). All animals were kept in a temperature-controlled
chamber (20 ◦C ± 2 ◦C) on a photoperiod that matched the daily photoperiod in Vancouver
during the euthermic period. Experiments were conducted only during the middle of the
hibernation season (November to March).

Euthermic animals (control group) were sampled in August prior to transfer to the
hibernaculum. At the end of October, the remaining ground squirrels were transferred
to the hibernaculum in cages containing wood shavings and held at constant darkness at
5 ± 2 ◦C and 60% humidity. Body temperature (Tb), time, and respiration rate were moni-
tored via subcutaneous chips and used to determine the stage of hibernation.
Experiments were performed from December to March, and all animals (except summer
animals) had been through a series of torpor–arousal bouts prior to sampling. Hibernating
animals were sampled at late torpor, designated by remaining in the deep torpor phase of
the hibernation bout for 5 days and without beginning an interbout arousal (Tb = 5–8 ◦C).
Squirrels were removed from the hibernation chamber, anesthetized with 5% isofluorane,
and sacrificed by decapitation within 2 min. Tissue samples were rapidly dissected, flash-
frozen in liquid nitrogen, delivered to Carleton University on dry ice, and stored at −80 ◦C
until use. All procedures were conducted under a protocol approved by the University
of British Columbia Animal Care Committee (UBC A17-0018 and A19-0250) and were in
compliance with the policies of the Canadian Council on Animal Care.

2.2. RNA Extraction

Total RNA was extracted from cardiac tissue of euthermic and hibernating I. tridecem-
lineatus (n = 4 for both conditions). Aliquots of tissue weighing ~50 mg were crushed under
liquid nitrogen, homogenized in 1 mL of TRIzol reagent (Invitrogen, Carlsbad, CA, USA;
Cat. # 15596-018) before adding 200 µL of chloroform, and centrifuged at 4 ◦C at 10,000× g
for 15 min. The upper aqueous phase—containing total RNA—was pipetted to a sterile
microcentrifuge tube at room temperature containing 500 µL of 2-propanol and incubated
for 10 min to form an RNA precipitate. Samples were centrifuged at 10,000× g for 15 min
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at 4 ◦C to form an RNA pellet, washed 2× with 70% ethanol, and air-dried for 10–15 min.
RNA pellets were resuspended with 50 µL of RNAse-free water. The concentration/purity
of total RNA was determined using a BioTek Take3 microspot plate and a PowerWave
HT microplate spectrophotometer, and RNA integrity was further validated with an OD
260/280 ratio of ~2.0 and 1% agarose gel electrophoresis.

2.3. Small RNA Sequencing

Total RNA from the cardiac tissue of euthermic vs. hibernating I. tridecemlineatus was
sequenced by the BC Cancer Agency (Vancouver, BC, Canada). RNA quality was corroborated
using an Agilent Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA, USA), miRNA
libraries were constructed, and small RNA cDNA libraries were assembled according to proto-
cols in [37]. All cDNA libraries were validated with the Bioanalyzer before sequencing on an
Illumina HiSeq 2500 platform.

2.4. Read Processing

The subsequent processing steps are outlined in [38,39]. Small-RNA raw data files in
.fastq format were received from BC Cancer Agency and uploaded to the SRA database
(available at SRA Accession: PRJNA1010398). Cutadapt was used to filter out low-quality
reads and excise the 6-nucleotide adapters [40]. To validate both successful adapter re-
moval and proper distribution of small RNA lengths to ~25 nt, fastqc was run for each
sample [41]. In order to differentiate mature miRNA sequences from other non-miRNA
small RNAs, reads were first aligned to a negative reference file (compiled from Rfam [42]
and piRNABank databases [43]) and eliminated using bowtie [44]. The remaining reads not
screened out in this process were aligned using bowtie to a positive reference file composed
of mature miRNA sequences from miRBase, the miRNA database [45]. The parameters
were perfect seed sequence matches, and an overallsequence length of 20 nt to ensure
accurate mature miRNA matches. The reads that aligned to mature miRNA sequences
were sorted, and samtools was used to generate read counts for each miRNA [46]. MiRNAs
with fewer than four reads were discarded, and read counts were normalized using the
voom method [47] as detailed in [39].

2.5. Differential Expression Analysis and Clustering

The differential expression of miRNAs between euthermic and hibernating ground
squirrels was quantified using the R package limma [48]. Statistically significant differ-
entially expressed miRNAs were defined by (1) a false discovery rate (FDR)-corrected
p-value < 0.05 and (2) an absolute log2 fold change of ≥1.5. Significantly differentially
expressed miRNAs were hierarchically clustered via the Ward method by both miRNA and
sample [49].

2.6. Gene Set Analysis

The RBiomirGS R package [50] was used for gene set analysis to delineate significantly
enriched gene ontology (GO) terms [51] and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathways [52]. RBiomirGS quantifies miRNA:mRNA interactions by calculating
both a miRNA score (SmicroRNA) and a mRNA score (SmRNA) to enumerate the number
of potential interactions between different miRNAs and individual mRNA targets, all
compiled from multiple databases [53].

The SmRNA of the mRNAs was used to distinguish significantly enriched gene sets
(FDR-adjusted p-value ≥ 0.05) and corresponding model coefficients for each GO term
and KEGG pathway. Estimated model coefficients and standard error were calculated
via a logistic regression-based method and were then applied to determine statistical
significance [50]. A negative model coefficient signified that the GO term/KEGG pathway
was downregulated due to increased negative regulation by miRNA, and a positive model
coefficient indicated that the regulation of the process/pathway by miRNA was decreased
and could result in upregulation.
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2.7. Statistical Analysis and Visualization

Matplotlib and seaborn Python packages were used to generate heatmaps and biplots
for gene set analysis [54,55]. Microsoft Excel was used to generate differential expres-
sion and GO/KEGG volcano plots. Hierarchical clustering of significantly differentially
regulated miRNAs was produced by the gplots R package (version 3.1.3) [56].

3. Results
3.1. Small RNA Sequencing Summary

The mean raw reads from an n = 4 of euthermic vs. hibernating I. tridecemlineatus hearts,
respectively, were 16,196,407 ± 40% and 12,574,355 ± 54%. Trimming and quality filtering
via cutadapt yielded 14,364,366 ± 43% control reads and 10,300,495 ± 57% torpid reads.
Subsequent to negative filtering, 4,732,846 ± 30% reads in the control aligned with 78 mature
miRNA sequences, whereas 4,378,780 ± 47% reads aligned in the hibernating group.

3.2. Differential Expression of miRNA in Response to Hibernation

Of the 78 mature miRNAs that matched with the quality-filtered reads, 7 demonstrated
a statistically significant (FDR-enriched p-value < 0.05) change during hibernation compared
with euthermia (Figure 1). More specifically, five miRNAs (miR-2355-3p, miR-6715b-3p, miR-
378i, miR-9851-3p, and miR-454-3p) were downregulated and two miRNAs (let-7e-5p, miR-
122-5p) were upregulated (Figure 1). These results were visualized using a volcano plot,
with red markers corresponding to significantly downregulated miRNAs and blue markers
corresponding to significantly upregulated miRNAs (Figure 1, Supplementary Table S1).
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Figure 1. Volcano plot of differentially expressed miRNA in euthermic vs. hibernating I. tridecemlinea-
tus hearts. Fold-change thresholds were set to ±log2 1.5 and a false discovery rate (FDR)-adjusted
p-value < 0.05. Red markers indicate significantly downregulated miRNA and blue markers indicate
significantly upregulated miRNA. Grey circles are miRNAs that did not pass the fold-change and
p-value thresholds.

3.3. Gene Ontology Terms Enriched for Differentially Expressed miRNA

Gene set enrichment analysis was performed on the GO Biological Processes, GO
Cellular Compartment, and GO Molecular Function databases. With regard to GO Biolog-
ical Processes, 451 terms were statistically significantly enriched (FDR-adjusted p-value
< 0.05), with more downregulated than upregulated (Figure 2, Supplementary Table S2).
For GO Cellular Compartment, 102 terms were significantly enriched, again with a heavy
skew toward downregulation (Figure 3, Supplementary Table S3). Finally, 110 terms were
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enriched in GO Molecular Function, with an almost perfect split between downregulated
and upregulated terms (Figure 4, Supplementary Table S4).
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Metabolites 2023, 13, 1096 7 of 16Metabolites 2023, 13, x FOR PEER REVIEW 7 of 17 
 

 

 
Figure 4. Volcano plot of GO Molecular Function in euthermic vs. hibernating I. tridecemlineatus 
hearts. Fold-change thresholds are set to ±log2 1.5 and a false discovery rate (FDR)-adjusted p-value 
< 0.05. Red markers indicate significantly downregulated terms and blue markers indicate 
significantly upregulated terms. Grey circles are terms that did not pass the fold-change and p-value 
thresholds. 

3.4. KEGG Pathways with Reduced miRNA Regulation 
The Kyoto Encyclopedia of Genes and Gene Processes (KEGG) database was also 

screened to determine a potential miRNA influence on particular cellular pathways. A 
total of 35 KEGG pathways were differentially regulated during hibernation, with 9 
demonstrating upregulation and 26 showing downregulation (Figure 5, Supplementary 
Table S5). 

 
Figure 5. Volcano plot of KEGG Pathway Analysis in euthermic vs. hibernating I. tridecemlineatus 
hearts. Fold-change thresholds are set to ±log2 1.5 and a false discovery rate (FDR)-adjusted p-value 
< 0.05. Red markers indicate significantly downregulated pathwaysand blue markers indicate 
significantly upregulated pathways. Grey circles are pathways that did not pass the fold change and 
p-value thresholds. 

  

Figure 4. Volcano plot of GO Molecular Function in euthermic vs. hibernating I. tridecemlineatus hearts.
Fold-change thresholds are set to ±log2 1.5 and a false discovery rate (FDR)-adjusted p-value < 0.05.
Red markers indicate significantly downregulated terms and blue markers indicate significantly upregu-
lated terms. Grey circles are terms that did not pass the fold-change and p-value thresholds.

3.4. KEGG Pathways with Reduced miRNA Regulation

The Kyoto Encyclopedia of Genes and Gene Processes (KEGG) database was also screened
to determine a potential miRNA influence on particular cellular pathways. A total of 35 KEGG
pathways were differentially regulated during hibernation, with 9 demonstrating upregulation
and 26 showing downregulation (Figure 5, Supplementary Table S5).
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tus hearts. Fold-change thresholds are set to ±log2 1.5 and a false discovery rate (FDR)-adjusted
p-value < 0.05. Red markers indicate significantly downregulated pathwaysand blue markers indicate
significantly upregulated pathways. Grey circles are pathways that did not pass the fold change and
p-value thresholds.
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4. Discussion
4.1. Upregulation of ErbB2 Signaling and Implications in Downstream Signaling

In GO Biological Processes, the term GO ErbB2 Signaling was the most drastically changed
(upregulated) during hibernation, with a fold change of 9 and a p-value of 1.02× 10−9 (Figure 2,
Supplementary Table S2). ErbB2 is a member of a family of protein tyrosine kinase receptors
(which include ErbB1, ErbB2, ErbB3, and ErbB4) that are bound the by ligand neuregulin-1
(NRG-1) [57]. Broadly, coupling with NRG-1 forms the NRG-1/ErbB signaling axis, which is
indispensable for both cardiac and neuronal development and was proven to be embryonically
lethal in knockout mouse models [58].

ErbB2 (also referred to as HER2) is most widely known for its roles in breast cancer,
in which the ErbB2 receptor is overexpressed in 25% of tumors [59]. While ErbB2 cannot
bind NRG-1 directly, it forms heterodimers with ErbB3 and ErbB4 and is essential for ErbB
signaling in the mature heart [57]. During adulthood, the NRG-1/ErbB signaling axis
mainly regulates cell survival/growth during cellular stress (largely governed by NRG-1)
and sympathovagal cardiac control systems [60–63]. Mouse cardiomyocytes implicate
NRG-1 and ErbB2/4 in survival regulation, hypertrophy, proliferation, cell–cell contact
between cardiomyocytes, and anti-apoptosis in response to oxidative stress [61,63,64].
We observed that GO terms corroborated these downstream effects, including many involv-
ing cellular adhesion, such as GO Cell Junction Organization, GO Cell–Cell Junction, GO
Chemokine Receptor Binding, and GO Adherens Junction (Figures 2–5, Supplementary
Tables S2–S5). Multiple in vitro studies have supported this reasoning by showing that
interference with ErbB2 signaling promotes a proapoptotic cascade in cardiomyocytes and
inhibits pro-survival pathways.

Given the aforementioned functional roles of the NRG-1/ErbB signaling axis, it follows
that this signaling pathway is differentially regulated during hibernation. As Tb and heart
rate decrease during torpor, cardiac remodeling helps to pump cold and viscous blood to
critical organs and shunt it away from peripheral, splanchnic organs [1]. It is widely known
that ischemia–reperfusion-induced oxidative stress is a common side effect of hibernation
in many tissues [65–68]. Broadly speaking, oxidative stress occurs from the transformation
of O2 gas into negatively charged reactive oxygen species (ROS), including superoxide,
hydrogen peroxide, hydroxyl radical, singlet oxygen, ozone, lipid peroxides, nitric oxide,
and peroxynitrite [69]. These ROS are incredibly disruptive to cellular function (especially
DNA) due to their negative charge, and therefore, many enzymes exist for antioxidant
defense (catalase, superoxide dismutases, glutathione, peroxidases, and redoxins, to name a
few) [69]. In hibernating Spermophilus dauricus, levels of hydrogen peroxide and superoxide
dismutase 2 are elevated in the heart [67]. The authors hypothesized that the increase
in these reactive oxygen species (ROS) activated the Nrf2/Keap antioxidant pathway to
protect major organs from damage throughout hibernation [67]. In the I. tridecemlineatus
intestine, elevated oxidative stress from hibernation triggers the NFκB pathway to mitigate
potential damage [68]. However, in the heart, oxidative damage is markedly reduced during
hibernation compared with interbout arousal when mitochondrial metabolism resumes and
ROS are generated once more [70]. The upregulation of ErbB2 signaling via miRNA could
thus be enacted for an anti-apoptotic role in preparation for oxidative stress defense during
interbout arousal; however, many GO terms in GO Biological Processes showed a marked
decrease in oxidative stress defense. For example, GO Cellular Reaction to Oxidative Stress
and GO Cellular Response to Reactive Oxygen Species both had negative model coefficients
in GO Biological Processes, suggesting that the increase in ErbB signaling via miRNA is not
translated to oxidative stress defenses (Figure 2, Supplementary Table S2). Therefore, we
can look elsewhere for alternative downstream functions resulting from ErbB activation.

ErbB signaling is linked with other major signaling pathways, including MAPK and
PI3K/Akt, both of which change during MRD and extreme environmental stress survival.
Akt in particular also leads to an anti-apoptotic response, while ERK1/3 activation induces a
hypertrophic response. Preliminary research has already been conducted into MAPK signaling
during hibernation in the I. tridecemlineatus heart [71]. The authors uncovered fluctuations in
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phospho-kinases and anti-apoptotic factors across the torpor–arousal cycle, broadly directing
cellular function toward a decrease in pro-apoptotic signals during hibernation and an increase
in hypertrophy during interbout arousals [71]. Other research has reinforced an increase in
MAPK factors ERK, p38, and JNK in cardiomyocytes, specifically in apoptosis induced by
ischemia–reperfusion injury [72]. The upregulation of let-7e-5p is already implicated as a blood
biomarker for ischemic stroke [73], which mirrors our results and highlights the importance
of ischemia defenses during hibernation, further supporting ischemia-targeted processes
(Figure 1). Therefore, there is evidence to support ErbB2 signaling activation via downstream
increases in MAPK signaling to fulfill anti-apoptotic roles.

With regard to Akt signaling, we observed a statistically significant GO term, GO
Phosphatidylinositol 3 Kinase Activity, providing a further connection to the P13K/Akt
pathway (Figure 2). Akt is differentially regulated during hibernation in various tissues—a
study on Spermophilus richardsonii showed a decrease in both Akt enzyme activity and total
protein levels of phospho-active Akt in the liver and skeletal muscle [74]. In hibernating
marsupial Dromiciops gliroides, downregulated miRNAs, as measured by RT-qPCR, may
promote PI3K-Akt function in the liver [75]. These results were corroborated in the hiber-
nating grey mouse lemur Microcebus murinus, where the activation of insulin-dependent
signaling (possibly through Akt) was upregulated in the liver [76]. Finally, in the intestine
of I. tridecemlineatus, Akt increased 20-fold during hibernation [77]. While specific studies
on cardiac tissue of I. tridecemlineatus have not been performed, there is precedent to suggest
that Akt may be activated during hibernation—lending credence to upregulated ErbB2
signaling being specifically targeted toward Akt regulatory roles. It is important to note
that PI3K/Akt signaling may also lead to cell cycle progression, which will be addressed in
the following section.

4.2. Cell Cycle Processes Appear Heavily Downregulated by miRNA

Numerous statistically significant GO terms from GO Biological Processes, GO Cellular
Compartment, and GO Molecular Function that involve the cell cycle had a negative
model coefficient (GO Mitotic Cell Cycle and GO Cell Cycle Process), along with overall
KEGG Cell Cycle (Figures 2–5; p < 0.05). This points to a strong downregulation of
cell cycle processes enacted via miRNA—a not-unexpected result given the overarching
themes of MRD, particularly the downregulation of energy-expensive genes and processes.
Many animals that use MRD as a survival strategy display concurrent decreases in cell
cycle processes, including freeze-tolerant Rana sylvatica, anoxia-tolerant Orconectes virilis,
and anoxia-tolerant Trachemys scripta elegans [16,78,79]. MiRNA involvement in the post-
transcriptional suppression of cell cycle proteins was likewise documented in T. s. elegans,
given that miR-16-1 and miR-15a were implicated in suppressing levels of cyclin D1 during
anoxia [78]. In Apostichopus japonicus, an aestivating sea cucumber, miR-200-3p was verified
to bind to cyclin A and inhibit protein production in the intestine [80].

With regard to hibernation specifically, decreases in cell cycle processes have been
observed in other tissues of I. tridecemlineatus. Wu and Storey found decreases in total
protein levels of cyclins D1 and E, with varying levels of Cdk proteins across the different
phases of hibernation [15]. Overall, the interplay of cell cycle factors pointed toward
cell cycle arrest in the G1 phase and at the G1/S checkpoints before resuming euthermic
function upon arousal [15]. It is important to note that arrest before the S phase avoids the
energy-expensive process of DNA synthesis, keeping in line with MRD principles. Indeed,
this is supported by our observation of many GO terms with negative model coefficients
implicated in DNA synthesis, including GO Membrane Disassembly, GO Attachment of
Spindle Microtubules to Kinetochore, GO Cell Cycle Process, GO Chromosome Separation,
GO Sister Chromatid Segregation, and GO Regulation of Cyclin-Dependent Protein Kinases,
to name a few (Figure 2; Supplementary Table S2).

While further research needs to be conducted on specific cyclin and Cdk levels in the
hibernating squirrel heart, our results point toward a similar pattern of cellular quiescence
during hibernation in I. tridecemlineatus. This further suggests that altered PI3K/Akt
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signaling does not serve to activate cell cycle progression and instead plays other functional
roles (including anti-apoptosis, as mentioned earlier).

4.3. Downregulation of p53 Signaling

We observed that the KEGG P53 Signaling Pathway was significantly downregulated,
with a negative model coefficient and a p-value < 0.0003 (Figure 5; Supplementary Table S5).
Tumor-suppressing transcription factor p53 is widely implicated in DNA repair, apoptosis,
autophagy, and cellular survival. Its classification as an oncogene clearly links the roles
of cell growth, senescence, and apoptosis, given that these are hallmark cancer character-
istics. However, numerous studies have demonstrated p53 responses to hypoxia, DNA
damage, oxidative stress, and glycolytic pathways, all of which are differentially regulated
in response to extreme environmental stress and MRD. There have been many studies
identifying that p53 plays a functional role in mitigating these stresses in Rana sylvatica and
Trachemys scripta elegans, which experience anoxia in their natural environments [81].

While studies on p53 during hibernation in I. tridecemlineatus are limited, preliminary
research has shown the upregulation of p53 in skeletal muscle [82]. While levels of total
p53 were upregulated during hibernation, there were no observable changes in the mea-
sured post-translationally modified p53, which would suggest downstream pathways [82].
The transcript levels, nuclear localization, and DNA binding capacity of p53 did increase
during hibernation, making the apparent “lack” of downstream effects perplexing and war-
ranting future study [82]. However, given the concurrent lack of the DNA damage sensors
ataxia telangiectasia mutated (ATM) protein and ataxia telangiectasia and Rad3-related
(ATR) protein, the authors suggested that p53 was not being activated by increased DNA
damage during hibernation, as might be postulated [82].

Our predicted decrease in p53 signaling, therefore, is not out of place in the existing
literature. For example, levels of nuclear p53 have been measured at fourfold lower levels
during hibernation in the intestinal mucosa of I. tridecemlineatus [77]. Regulators of p53 likewise
vacillate throughout the torpor–arousal cycle (e.g., the Mdm family, RPL26, p53BP2) [83]. It is
possible that p53 acting as an oncogene, i.e., linked with cellular proliferation and growth, is
the deciding factor. MRD is strongly linked to transcriptional and translational suppression to
conserve cellular energy, and therefore, having signaling pathways promoting cellular growth
would run counter to the principle of survival. Also, the protective functions of p53 (hypoxia,
DNA damage, oxidative stress, and glycolysis) share considerable overlap with ErbB and
MAPK signaling, which are hypothesized to be differentially regulated during hibernation
(Figures 2 and 4; Supplementary Tables S2 and S4). It is possible that p53 is downregulated
due to its roles in cellular proliferation and growth, while other pathways are activated to
serve pro-survival functions in the absence of p53.

4.4. Global MRD and Other Modes of Regulation

Aside from the unique signaling changes discussed above, many differentially regu-
lated GO terms referred to changes in fuel usage, a hallmark characteristic of MRD. Such
terms included GO Lipid Homeostasis, GO Lipid Localization, and GO Lipid Translocation
in GO Biological Processes; GO Carbohydrate Binding, and GO Lipid Transporter Activ-
ity in GO Molecular Function, as well as KEGG Oxidative Phosphorylation and KEGG
Glycerolipid Metabolism in KEGG Pathway (Figures 2–5; Supplementary Tables S2–S5).
During hibernation, fuel usage switches from carbohydrate metabolism to lipid oxidation,
drawing on the increased stores of lipids from hyperphagia during the fall [1]. A reduc-
tion in oxidative phosphorylation, the main ATP-generating step of aerobic respiration,
is perfectly in line with other examples of MRD and is demonstrated in Figure 2 [4,7,11].
We also observed many mitochondrial-related GO terms with negative model coefficients
to corroborate this assertion, including GO Mitochondrion, GO Mitochondrial Matrix, and
GO ATPase Binding (Figures 3 and 4).

It is important to note that this study and all the hypotheses herein were predicated
on miRNA influence alone. In reality, this does not take into account the in vivo conditions
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of the entire cellular environment, which consists of many regulatory mechanisms other
than miRNA. Epigenetic modifications, including DNA and histone modifications, and
post-translational modifications, including methylation, acetylation, ubiquitination, and
SUMOylation, all work in tandem to elicit functional changes [84–86].

Another example of post-transcriptional regulation is alternative splicing, in which
various exons in mRNA transcripts are integrated or discarded into the final transcript
which is directed for translation [87]. Alternative splicing patterns can fluctuate in response
to physiological conditions, allowing an organism to react to environmental changes by
altering specific portions of its genome, even extending to changes in individual genes [87].
Many GO terms related to alternative splicing were predicted to be differentially regulated
in response to miRNA, including GO RNA Splicing, GO mRNA Modification, GO U2-Type
Spliceosomal Complex, GO mRNA Binding, and GO Spliceosome (Figures 2–5; Supplemen-
tary Tables S2–S5). The majority of these terms had negative model coefficients, indicating
that miRNA influence may downregulate the frequency of alternative splice variants in the
cell. However, GO mRNA Modification had a positive model coefficient, suggesting that
other mRNA modifications may serve a prioritized role for regulatory support (Figure 2;
Supplementary Table S2). There are over 100 types of RNA modifications that alter the
fate of mRNA transcripts, including m7G, ψ, 3′ poly(A) tail, and m6A modifications [88].
There is an indication that poly(A) modifications may be downregulated, given the corre-
sponding GO term GO Poly A RNA Binding in GO Molecular Function (Figure 4). However,
further research can be conducted to elucidate the crosstalk that may occur between miRNA
and alternative splicing, including other mRNA modifications.

With regard to post-translational modifications, we saw terms including GO Histone
Phosphorylation, GO Histone Methylation, GO Protein SUMOylation, and GO SUMO
Transferase Activity in GO Biological Processes and GO Molecular Function with negative
model coefficients and statistically significant p-values (Figures 2 and 4; Supplementary
Tables S2 and S4). SUMOylation, or small ubiquitin-like modifier, is a post-translational
modification that affixes a 100-residue peptide onto the epsilon amino group of specific
lysine residues. SUMOylation has existing ties to hibernation and especially ischemia
tolerance—in the brains of thirteen-lined ground squirrels, there is a massive increase in
SUMOylation to mitigate damaging effects on this sensitive organ [89,90]. It is interesting
that predicted miRNA would downregulate SUMO in cardiac tissue instead of upregu-
lating it like in brain tissue. However, perhaps other epigenetic, post-transcriptional, or
post-translational mechanisms counteract this effect and SUMOylation is at euthermic or
activated levels. Conversely, SUMOylation may be truly downregulated, and its protective
effects may be rescued by other cellular defenses. This is a possibility considering that there
were also GO terms with positive model coefficients related to DNA damage, including GO
Nucleotide Excision Repair DNA Damage Recognition and GO Site of Double Strand Break
(Figures 2 and 3; Supplementary Tables S2 and S3). There has been introductory research
into post-translational modifications during hibernation in I. tridecemlineatus [84,91–93],
although no studies have yet been conducted on cardiac tissue. Further study will allow us
to contextualize miRNA regulation in the broader whole of epigenetic, post-transcriptional,
and post-translational modifications during hibernation.

5. Conclusions

Overall, we predict that miRNA regulation results in a strong activation of ErbB2
signaling, and concurrent decreases in p53 signaling and cell cycle-related processes
(Figure 6). Signaling through ErbB receptors may further trigger PI3K/Akt and MAPK
signaling (through ERK) according to the statistically upregulated GO term related to these
downstream pathways. ErbB2 signaling also serves tissue-specific functions, including
cardiac remodeling, hypertrophy, and signaling in cardiomyocytes. Via PI3K/Akt, cell
cycle progression is negatively regulated due to the overarching themes of MRD and
suppression of energy-expensive processes that are not critical for pro-survival means.
Therefore, PI3K/Akt activation may lead to anti-apoptotic roles, antioxidant defense
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coupled with other functions of ErbB2 signaling, and/or fuel usage through glycoly-
sis/gluconeogenesis (again, highly possible due to changes in energy metabolism in other
MRD-utilizing species and changes in GO terms involving lipid metabolism).
MAPK signaling through ERK may lead to additional functions of DNA damage repair and
cellular adhesion, both of which also have GO terms to reinforce their potential involvement
(Figures 2–5). Furthermore, crosstalk with other forms of regulation including alternative
splicing, epigenetic modifications, and post-translational modifications warrants further
study given the plethora of GO and KEGG terms implicating miRNA involvement in these
functions (Figures 2–5).
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This study provides novel insight into miRNA regulation during hibernation in I. tride-
cemlineatus cardiac tissue, and it followed the expected themes set forth in our hypothesis.
Furthermore, we isolated a potentially critical subset of miRNAs that may be differentially
regulated during hibernation as well as four signaling pathways (ErbB, PI3K/Akt, MAPK,
and p53) ideal for deeper study. Further investigation will help uncover the critical roles of
miRNA during hibernation across all tissues in this animal, providing a comprehensive
and valuable model for hibernation research.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/metabo13101096/s1, Table S1: miRNAs differential ex-
pression; Table S2: miRNA GO biological processes; Table S3: miRNA GO cellular compartment;
Table S4: miRNA GO molecular function; Table S5: miRNA KEGG.

Author Contributions: Thirteen-lined ground squirrel hearts were provided by Richard Sprenger at
the University of British Columbia. W.A.I.-F. performed the tissue preparation and shipping to BC
Cancer Agency for sequencing. Data analysis and the writing of the manuscript was carried out by
W.A.I.-F. K.B.S. contributed reagents/materials/analysis tools. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was funded by a discovery grant from the Natural Science and Engineering
Research Council of Canada (NSERC) awarded to KBS (RGPIN-2020-04733) and an Ontario Graduate
Scholarship held by AIF. KBS also holds the Canada Research Chair in Molecular Physiology.

BioRender.com
https://www.mdpi.com/article/10.3390/metabo13101096/s1


Metabolites 2023, 13, 1096 13 of 16

Institutional Review Board Statement: Animals were captured with the approval of the Manitoba
Conservation and Water Stewardship under wildlife scientific permit WB15027. All procedures were
conducted under a protocol approved by the University of British Columbia Animal Care Committee
(UBC A17-0018 and A19-0250) and were in compliance with the policies of the Canadian Council on
Animal Care.

Informed Consent Statement: Not applicable.

Data Availability Statement: The genome files for I. tridecemlineatus have been uploaded to the SRA
database (SRA Accession: PRJNA1010398). All Supplementary Data have been uploaded with the
manuscript.

Acknowledgments: We thank Ryan Sprenger for providing the I. tridecemlineatus used, and conduct-
ing the hibernation experiments at his lab in the University of British Columbia.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Carey, H.V.; Andrews, M.T.; Martin, S.L. Mammalian Hibernation: Cellular and Molecular Responses to Depressed Metabolism

and Low Temperature. Physiol. Rev. 2003, 83, 1153–1181. [CrossRef] [PubMed]
2. Wang, L.C.H.; Lee, T.F. Torpor and Hibernation in Mammals: Metabolic, Physiological, and Biochemical Adaptations.

Compr. Physiol. 1996, 65, 507–532. [CrossRef]
3. Sonsalla, M.M.; Love, S.L.; Hoh, L.J.; Summers, L.N.; Follett, H.M.; Bojang, A.; Duddleston, K.N.; Kurtz, C.C. Development of

Metabolic Inflammation during Pre-Hibernation Fattening in 13-Lined Ground Squirrels (Ictidomys tridecemlineatus). J. Comp.
Physiol. B 2021, 191, 941–953. [CrossRef] [PubMed]

4. Storey, K.B.; Storey, J.M. Metabolic Rate Depression. The Biochemistry of Mammalian Hibernation. In Advances in Clinical
Chemistry; Makowski, G., Ed.; Academic Press: Burlington, MA, USA, 2010; pp. 77–78.

5. Wang, L.C.H.; Wolowyk, M.W. Torpor in Mammals and Birds. Can. J. Zool. 1988, 66, 133–137. [CrossRef]
6. Barros, R.C.H.; Zimmer, M.E.; Branco, L.G.S.; Milsom, W.K. Hypoxic Metabolic Response of the Golden-Mantled Ground Squirrel.

J. Appl. Physiol. 2001, 91, 603–612. [CrossRef]
7. Storey, K.B.; Storey, J.M. Metabolic Rate Depression and Biochemical Adaptation in Anaerobiosis, Hibernation and Estivation.

Q. Rev. Biol. 1990, 65, 145–174. [CrossRef]
8. Storey, K.B.; Storey, J.M. Freeze Tolerance in Animals. Physiol. Rev. 1988, 68, 27–84. [CrossRef]
9. Guppy, M.; Withers, P. Metabolic Depression in Animals: Physiological Perspectives and Biochemical Generalizations. Biol. Rev.

Camb. Philos. Soc. 1999, 74, 1–40. [CrossRef]
10. Storey, K.B. Mammalian Hibernation: Transcriptional and Translational Controls. In Hypoxia: Through the Lifecycle; Advances in

Experimental Medicine and Biology; Springer: Berlin/Heidelberg, Germany, 2003.
11. Storey, K.B.; Storey, J.M. Metabolic Rate Depression in Animals: Transcriptional and Translational Controls. Biol. Rev. Camb.

Philos. Soc. 2004, 79, 207–233. [CrossRef]
12. Buck, L.T.; Hochachka, P.W. Anoxic Suppression of Na(+)-K(+)-ATPase and Constant Membrane Potential in Hepatocytes:

Support for Channel Arrest. Am. J. Physiol. 1993, 265, R1020–R1025. [CrossRef]
13. Hochachka, P.W.; Buck, L.T.; Doll, C.J.; Land, S.C. Unifying Theory of Hypoxia Tolerance: Molecular/Metabolic Defense and

Rescue Mechanisms for Surviving Oxygen Lack. Proc. Natl. Acad. Sci. USA 1996, 93, 9493–9498. [CrossRef] [PubMed]
14. Biggar, K.; Storey, K. Perspectives in Cell Cycle Regulation: Lessons from an Anoxic Vertebrate. Curr. Genom. 2009, 10, 573–584.

[CrossRef] [PubMed]
15. Wu, C.W.; Storey, K.B. Pattern of Cellular Quiescence over the Hibernation Cycle in Liver of Thirteen-Lined Ground Squirrels.

Cell Cycle 2012, 11, 1714–1726. [CrossRef]
16. Storey, K.B. Hypometabolism and the Cell Cycle. Cell Cycle 2012, 11, 1665. [CrossRef]
17. Chazarin, B.; Storey, K.B.; Ziemianin, A.; Chanon, S.; Plumel, M.; Chery, I.; Durand, C.; Evans, A.L.; Arnemo, J.M.; Zedrosser, A.;

et al. Metabolic Reprogramming Involving Glycolysis in the Hibernating Brown Bear Skeletal Muscle. Front. Zool. 2019, 16, 12.
[CrossRef] [PubMed]

18. Churchill, T.A.; Cheetham, K.M.; Simpkin, S.; Green, C.J.; Wang, L.C.H.; Fuller, B.J. Liver Metabolism in Cold Hypoxia:
A Comparison of Energy Metabolism and Glycolysis in Cold-Sensitive and Cold-Resistant Mammals. J. Comp. Physiol. B 1994,
164, 396–404. [CrossRef] [PubMed]

19. Bartel, D.P. MicroRNAs: Genomics, Biogenesis, Mechanism, and Function. Cell 2004, 116, 281–297. [CrossRef] [PubMed]
20. Zhang, J.; Hadj-Moussa, H.; Storey, K.B. Marine Periwinkle Stress-Responsive MicroRNAs: A Potential Factor to Reflect Anoxia

and Freezing Survival Adaptations. Genomics 2020, 112, 4385–4398. [CrossRef]
21. English, S.G.; Hadj-Moussa, H.; Storey, K.B. MicroRNAs Regulate Survival in Oxygen-Deprived Environments. J. Exp. Biol. 2018,

221, jeb190579. [CrossRef]
22. Lyons, P.J.; Poitras, J.J.; Courteau, L.A.; Storey, K.B.; Morin, P.J. Identification of Differentially Regulated MicroRNAs in Cold-

Hardy Insects. Cryo-Letters 2013, 34, 83–89.

https://doi.org/10.1152/physrev.00008.2003
https://www.ncbi.nlm.nih.gov/pubmed/14506303
https://doi.org/10.1002/CPHY.CP040122
https://doi.org/10.1007/s00360-021-01384-8
https://www.ncbi.nlm.nih.gov/pubmed/34165591
https://doi.org/10.1139/z88-017
https://doi.org/10.1152/jappl.2001.91.2.603
https://doi.org/10.1086/416717
https://doi.org/10.1152/physrev.1988.68.1.27
https://doi.org/10.1017/S0006323198005258
https://doi.org/10.1017/S1464793103006195
https://doi.org/10.1152/ajpregu.1993.265.5.R1020
https://doi.org/10.1073/pnas.93.18.9493
https://www.ncbi.nlm.nih.gov/pubmed/8790358
https://doi.org/10.2174/138920209789503905
https://www.ncbi.nlm.nih.gov/pubmed/20514219
https://doi.org/10.4161/cc.19799
https://doi.org/10.4161/cc.19973
https://doi.org/10.1186/s12983-019-0312-2
https://www.ncbi.nlm.nih.gov/pubmed/31080489
https://doi.org/10.1007/BF00302556
https://www.ncbi.nlm.nih.gov/pubmed/7983250
https://doi.org/10.1016/S0092-8674(04)00045-5
https://www.ncbi.nlm.nih.gov/pubmed/14744438
https://doi.org/10.1016/j.ygeno.2020.07.036
https://doi.org/10.1242/jeb.190579


Metabolites 2023, 13, 1096 14 of 16

23. Biggar, K.K.; Storey, K.B. The Emerging Roles of MicroRNAs in the Molecular Responses of Metabolic Rate Depression. J. Mol.
Cell Biol. 2011, 3, 167–175. [CrossRef] [PubMed]

24. Luu, B.E.; Lefai, E.; Giroud, S.; Swenson, J.E.; Chazarin, B.; Gauquelin-Koch, G.; Arnemo, J.M.; Evans, A.L.; Bertile, F.; Storey, K.B.
MicroRNAs Facilitate Skeletal Muscle Maintenance and Metabolic Suppression in Hibernating Brown Bears. J. Cell Physiol. 2020,
235, 3984–3993. [CrossRef] [PubMed]

25. Hadj-Moussa, H.; Zhang, J.; Pifferi, F.; Perret, M.; Storey, K.B. Profiling Torpor-Responsive MicroRNAs in Muscles of the
Hibernating Primate Microcebus Murinus. Biochim. Biophys. Acta Gene Regul. Mech. 2020, 1863, 194473. [CrossRef] [PubMed]

26. Wu, C.W.; Biggar, K.K.; Storey, K.B. Expression Profiling and Structural Characterization of MicroRNAs in Adipose Tissues of
Hibernating Ground Squirrels. Genom. Proteom. Bioinform. 2014, 12, 284–291. [CrossRef]

27. Kornfeld, S.F.; Biggar, K.K.; Storey, K.B. Differential Expression of Mature MicroRNAs Involved in Muscle Maintenance of
Hibernating Little Brown Bats, Myotis Lucifugus: A Model of Muscle Atrophy Resistance. Genom. Proteom. Bioinform. 2012, 10,
295–301. [CrossRef]

28. Logan, S.M.; Storey, K.B. MicroRNA Expression Patterns in the Brown Fat of Hibernating 13-Lined Ground Squirrels.
Genomics 2021, 113, 769–781. [CrossRef]

29. Morin, P., Jr.; Dubuc, A.; Storey, K.B. Differential Expression of MicroRNA Species in Organs of Hibernating Ground Squirrels:
A Role in Translational Suppression during Torpor. Biochim. Biophys. Acta Gene Regul. Mech. 2008, 1779, 628–633. [CrossRef]

30. Wu, C.W.; Biggar, K.K.; Luu, B.E.; Szereszewski, K.E.; Storey, K.B. Analysis of MicroRNA Expression during the Torpor-Arousal
Cycle of a Mammalian Hibernator, the 13-Lined Ground Squirrel. Physiol. Genom. 2016, 48, 388–396. [CrossRef]

31. Ingelson-Filpula, W.A.; Storey, K.B. Muscles in Winter: The Epigenetics of Metabolic Arrest. Epigenomes 2021, 5, 28. [CrossRef]
32. Luu, B.E.; Biggar, K.K.; Wu, C.W.; Storey, K.B. Torpor-Responsive Expression of Novel MicroRNA Regulating Metabolism and Other

Cellular Pathways in the Thirteen-Lined Ground Squirrel, Ictidomys tridecemlineatus. FEBS Lett. 2016, 590, 3574–3582. [CrossRef]
33. Lang-Ouellette, D.; Morin, P.J. Differential Expression of MiRNAs with Metabolic Implications in Hibernating Thirteen-Lined

Ground Squirrels, Ictidomys tridecemlineatus. Mol. Cell Biochem. 2014, 394, 291–298. [CrossRef]
34. Rourke, B.C.; Cotton, C.J.; Harlow, H.J.; Caiozzo, V.J. Maintenance of Slow Type I Myosin Protein and MRNA Expression in

Overwintering Prairie Dogs (Cynomys leucurus and ludovicianus) and Black Bears (Ursus americanus). J. Comp. Physiol. B 2006, 176,
709–720. [CrossRef]

35. Shavlakadze, T.; Grounds, M. Of Bears, Frogs, Meat, Mice and Men: Complexity of Factors Affecting Skeletal Muscle Mass and
Fat. Bioessays 2006, 28, 994–1009. [CrossRef]

36. Merriman, D.K.; Lahvis, G.; Jooss, M.; Gesicki, J.A.; Schill, K. Current Practices in a Captive Breeding Colony of 13-Lined Ground
Squirrels (Ictidomys tridecemlineatus). Lab Anim. 2012, 41, 315–325. [CrossRef] [PubMed]

37. Hadj-Moussa, H.; Pamenter, M.E.; Storey, K.B. Hypoxic Naked Mole-Rat Brains Use MicroRNA to Coordinate Hypometabolic
Fuels and Neuroprotective Defenses. J. Cell Physiol. 2021, 236, 5080–5097. [CrossRef]

38. Ingelson-Filpula, W.A.; Cheng, H.; Eaton, L.; Pamenter, M.E.; Storey, K.B. Small RNA Sequencing in Hypoxic Naked Mole-Rat
Hearts Suggests MicroRNA Regulation of RNA- and Translation-Related Processes. FEBS Lett. 2022, 596, 2821–2833. [CrossRef]

39. Zhang, J.; Hadj-Moussa, H.; Storey, K.B. Current Progress of High-Throughput MicroRNA Differential Expression Analysis and Random
Forest Gene Selection for Model and Non-Model Systems: An R Implementation. J. Integr. Bioinform. 2016, 13, 35–46. [CrossRef]

40. Martin, M. Cutadapt Removes Adapter Sequences from High-Throughput Sequencing Reads. EMBnet J. 2011, 17, 10–12. [CrossRef]
41. Andrews, S. FASTQC: A Quality Control Tool for High Throughput Sequence Data; Babraham Institute: Cambridge, UK, 2015.
42. Kalvari, I.; Argasinska, J.; Quinones-Olvera, N.; Nawrocki, E.P.; Rivas, E.; Eddy, S.R.; Bateman, A.; Finn, R.D.; Petrov, A.I. Rfam

13.0: Shifting to a Genome-Centric Resource for Non-Coding RNA Families. Nucleic Acids Res. 2018, 46, D335–D342. [CrossRef]
43. Sai Lakshmi, S.; Agrawal, S. PiRNABank: A Web Resource on Classified and Clustered Piwi-Interacting RNAs. Nucleic Acids Res.

2008, 36 (Suppl. S1), D173–D177. [CrossRef] [PubMed]
44. Langmead, B.; Trapnell, C.; Pop, M.; Salzberg, S.L. Ultrafast and Memory-Efficient Alignment of Short DNA Sequences to the

Human Genome. Genome Biol. 2009, 10, R25. [CrossRef] [PubMed]
45. Kozomara, A.; Birgaoanu, M.; Griffiths-Jones, S. MiRBase: From MicroRNA Sequences to Function. Nucleic Acids Res. 2019, 47,

D155–D162. [CrossRef] [PubMed]
46. Li, H.; Handsaker, B.; Wysoker, A.; Fennell, T.; Ruan, J.; Homer, N.; Marth, G.; Abecasis, G.; Durbin, R. The Sequence Align-

ment/Map Format and SAMtools. Bioinformatics 2009, 25, 2078–2079. [CrossRef] [PubMed]
47. Law, C.W.; Chen, Y.; Shi, W.; Smyth, G.K. Voom: Precision Weights Unlock Linear Model Analysis Tools for RNA-Seq Read

Counts. Genome Biol. 2014, 15, R29. [CrossRef]
48. Ritchie, M.E.; Phipson, B.; Wu, D.; Hu, Y.; Law, C.W.; Shi, W.; Smyth, G.K. Limma Powers Differential Expression Analyses for

RNA-Sequencing and Microarray Studies. Nucleic Acids Res. 2015, 43, e47. [CrossRef]
49. Ward, J.H. Hierarchical Grouping to Optimize an Objective Function. J. Am. Stat. Assoc. 1963, 58, 236–244. [CrossRef]
50. Zhang, J.; Storey, K.B. RBiomirGS: An All-in-One MiRNA Gene Set Analysis Solution Featuring Target MRNA Mapping and

Expression Profile Integration. PeerJ 2018, 2018, e4262. [CrossRef]
51. Carbon, S.; Douglass, E.; Dunn, N.; Good, B.; Harris, N.L.; Lewis, S.E.; Mungall, C.J.; Basu, S.; Chisholm, R.L.; Dodson, R.J.; et al.

The Gene Ontology Resource: 20 Years and Still GOing Strong. Nucleic Acids Res. 2019, 47, D330–D338. [CrossRef]
52. Kanehisa, M.; Sato, Y.; Furumichi, M.; Morishima, K.; Tanabe, M. New Approach for Understanding Genome Variations in KEGG.

Nucleic Acids Res. 2019, 47, D590–D595. [CrossRef]

https://doi.org/10.1093/jmcb/mjq045
https://www.ncbi.nlm.nih.gov/pubmed/21177365
https://doi.org/10.1002/jcp.29294
https://www.ncbi.nlm.nih.gov/pubmed/31643088
https://doi.org/10.1016/j.bbagrm.2019.194473
https://www.ncbi.nlm.nih.gov/pubmed/31837470
https://doi.org/10.1016/j.gpb.2014.08.003
https://doi.org/10.1016/j.gpb.2012.09.001
https://doi.org/10.1016/j.ygeno.2021.01.017
https://doi.org/10.1016/j.bbagrm.2008.07.011
https://doi.org/10.1152/physiolgenomics.00005.2016
https://doi.org/10.3390/epigenomes5040028
https://doi.org/10.1002/1873-3468.12435
https://doi.org/10.1007/s11010-014-2105-4
https://doi.org/10.1007/s00360-006-0093-8
https://doi.org/10.1002/bies.20479
https://doi.org/10.1038/laban.150
https://www.ncbi.nlm.nih.gov/pubmed/23079915
https://doi.org/10.1002/jcp.30216
https://doi.org/10.1002/1873-3468.14499
https://doi.org/10.1515/jib-2016-306
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.1093/nar/gkx1038
https://doi.org/10.1093/nar/gkm696
https://www.ncbi.nlm.nih.gov/pubmed/17881367
https://doi.org/10.1186/gb-2009-10-3-r25
https://www.ncbi.nlm.nih.gov/pubmed/19261174
https://doi.org/10.1093/nar/gky1141
https://www.ncbi.nlm.nih.gov/pubmed/30423142
https://doi.org/10.1093/bioinformatics/btp352
https://www.ncbi.nlm.nih.gov/pubmed/19505943
https://doi.org/10.1186/gb-2014-15-2-r29
https://doi.org/10.1093/nar/gkv007
https://doi.org/10.1080/01621459.1963.10500845
https://doi.org/10.7717/peerj.4262
https://doi.org/10.1093/nar/gky1055
https://doi.org/10.1093/nar/gky962


Metabolites 2023, 13, 1096 15 of 16

53. Garcia-Garcia, F.; Panadero, J.; Dopazo, J.; Montaner, D. Integrated Gene Set Analysis for MicroRNA Studies. Bioinformatics 2016,
32, 2809–2816. [CrossRef]

54. Hunter, J.D. Matplotlib: A 2D Graphics Environment. Comput. Sci. Eng. 2007, 9, 90–95. [CrossRef]
55. Waskom, M.; Botvinnik, O.; Hobson, P.; Warmenhoven, J.; Cole, J.B.; Halchenko, Y.; Vanderplas, J.; Hoyer, S.; Villalba, S.; Quintero, E.;

et al. Seaborn: Statistical Data Visualization. 2014. Available online: https://seaborn.pydata.org/ (accessed on 5 October 2023).
56. Warnes, G.R.; Bolker, B.; Bonebakker, L.; Gentleman, R.; Liaw, W.H.A.; Lumley, T.; Maechler, M.; Magnusson, A.; Moeller, S.;

Schwartz, M.; et al. Gplots: Various R Programming Tools for Plotting Data. R Package Version 3.0.1.1. 2019. Available online:
http://CRAN.R-project.org/package=gplots (accessed on 16 May 2023).

57. Graus-Porta, D.; Beerli, R.R.; Daly, J.M.; Hynes, N.E. ErbB-2, the Preferred Heterodimerization Partner of All ErbB Receptors, Is a
Mediator of Lateral Signaling. EMBO J. 1997, 16, 1647–1655. [CrossRef] [PubMed]

58. Meyer, D.; Birchmeier, C. Multiple Essential Functions of Neuregulin in Development. Nature 1995, 378, 386–390. [CrossRef]
59. D’Uva, G.; Aharonov, A.; Lauriola, M.; Kain, D.; Yahalom-Ronen, Y.; Carvalho, S.; Weisinger, K.; Bassat, E.; Rajchman, D.; Yifa, O.;

et al. ERBB2 Triggers Mammalian Heart Regeneration by Promoting Cardiomyocyte Dedifferentiation and Proliferation. Nat. Cell
Biol. 2015, 17, 627–638. [CrossRef] [PubMed]

60. Okoshi, K.; Nakayama, M.; Yan, X.; Okoshi, M.P.; Schuldt, A.J.T.; Marchionni, M.A.; Lorell, B.H. Neuregulins Regulate Cardiac
Parasympathetic Activity: Muscarinic Modulation of Beta-Adrenergic Activity in Myocytes from Mice with Neuregulin-1 Gene
Deletion. Circulation 2004, 110, 713–717. [CrossRef]

61. Kuramochi, Y.; Cote, G.M.; Guo, X.; Lebrasseur, N.K.; Cui, L.; Liao, R.; Sawyer, D.B. Cardiac Endothelial Cells Regulate Reactive
Oxygen Species-Induced Cardiomyocyte Apoptosis through Neuregulin-1beta/ErbB4 Signaling. J. Biol. Chem. 2004, 279,
51141–51147. [CrossRef]

62. Baliga, R.R.; Pimental, D.R.; Zhao, Y.Y.; Simmons, W.W.; Marchionni, M.A.; Sawyer, D.B.; Kelly, R.A. NRG-1-Induced Cardiomyocyte
Hypertrophy. Role of PI-3-Kinase, P70(S6K), and MEK-MAPK-RSK. Am. J. Physiol. 1999, 277, H2026–H2037. [CrossRef]

63. Zhao, Y.Y.; Sawyer, D.R.; Baliga, R.R.; Opel, D.J.; Han, X.; Marchionni, M.A.; Kelly, R.A. Neuregulins Promote Survival and
Growth of Cardiac Myocytes. Persistence of ErbB2 and ErbB4 Expression in Neonatal and Adult Ventricular Myocytes. J. Biol.
Chem. 1998, 273, 10261–10269. [CrossRef]

64. Lemmens, K.; Segers, V.F.M.; Demolder, M.; De Keulenaer, G.W. Role of Neuregulin-1/ErbB2 Signaling in Endothelium-
Cardiomyocyte Cross-Talk. J. Biol. Chem. 2006, 281, 19469–19477. [CrossRef]

65. Klichkhanov, N.K.; Nikitina, E.R.; Shihamirova, Z.M.; Astaeva, M.D.; Chalabov, S.I.; Krivchenko, A.I. Erythrocytes of Little Ground
Squirrels Undergo Reversible Oxidative Stress During Arousal from Hibernation. Front. Physiol. 2021, 12, 730657. [CrossRef]

66. Orr, A.L.; Lohse, L.A.; Drew, K.L.; Hermes-Lima, M. Physiological Oxidative Stress after Arousal from Hibernation in Arctic
Ground Squirrel. Comp. Biochem. Physiol. A Mol. Integr. Physiol. 2009, 153, 213–221. [CrossRef] [PubMed]

67. Wei, Y.; Zhang, J.; Xu, S.; Peng, X.; Yan, X.; Li, X.; Wang, H.; Chang, H.; Gao, Y. Controllable Oxidative Stress and Tissue Specificity in Major
Tissues during the Torpor-Arousal Cycle in Hibernating Daurian Ground Squirrels. Open Biol. 2018, 8, 180068. [CrossRef] [PubMed]

68. Carey, H.V.; Frank, C.L.; Seifert, J.P. Hibernation Induces Oxidative Stress and Activation of NK-KappaB in Ground Squirrel
Intestine. J. Comp. Physiol. B 2000, 170, 551–559. [CrossRef] [PubMed]

69. Hermes-Lima, M.; Zenteno-Savín, T. Animal Response to Drastic Changes in Oxygen Availability and Physiological Oxidative
Stress. Comp. Biochem. Physiol. C Toxicol. Pharmacol. 2002, 133, 537–556. [CrossRef]

70. Duffy, B.M.; Staples, J.F. Arousal from Torpor Increases Oxidative Damage in the Hibernating Thirteen-Lined Ground Squirrel
(Ictidomys tridecemlineatus). Physiol. Biochem. Zool. 2022, 95, 229–238. [CrossRef]

71. Childers, C.L.; Tessier, S.N.; Storey, K.B. The Heart of a Hibernator: EGFR and MAPK Signaling in Cardiac Muscle during the
Hibernation of Thirteen-Lined Ground Squirrels, Ictidomys tridecemlineatus. PeerJ 2019, 7, e7587. [CrossRef]

72. Yue, T.L.; Wang, C.; Gu, J.L.; Ma, X.L.; Kumar, S.; Lee, J.C.; Feuerstein, G.Z.; Thomas, H.; Maleeff, B.; Ohlstein, E.H. Inhibition of
Extracellular Signal-Regulated Kinase Enhances Ischemia/Reoxygenation-Induced Apoptosis in Cultured Cardiac Myocytes and
Exaggerates Reperfusion Injury in Isolated Perfused Heart. Circ. Res. 2000, 86, 692–699. [CrossRef]

73. Huang, S.; Lv, Z.; Guo, Y.; Li, L.; Zhang, Y.; Zhou, L.; Yang, B.; Wu, S.; Zhang, Y.; Xie, C.; et al. Identification of Blood Let-7e-5p as
a Biomarker for Ischemic Stroke. PLoS ONE 2016, 11, e0163951. [CrossRef]

74. Abnous, K.; Dieni, C.A.; Storey, K.B. Regulation of Akt during Hibernation in Richardson’s Ground Squirrels. Biochim. Biophys.
Acta BBA Gen. Subj. 2008, 1780, 185–193. [CrossRef]

75. Hadj-Moussa, H.; Moggridge, J.A.; Luu, B.E.; Quintero-Galvis, J.F.; Gaitán-Espitia, J.D.; Nespolo, R.F.; Storey, K.B. The Hibernating
South American Marsupial, Dromiciops gliroides, Displays Torpor-Sensitive MicroRNA Expression Patterns. Sci. Rep. 2016, 6,
24627. [CrossRef]

76. Tessier, S.N.; Zhang, J.; Biggar, K.K.; Wu, C.W.; Pifferi, F.; Perret, M.; Storey, K.B. Regulation of the PI3K/AKT Pathway and Fuel
Utilization During Primate Torpor in the Gray Mouse Lemur, Microcebus murinus. Genom. Proteom. Bioinform. 2015, 13, 91–102. [CrossRef]

77. Fleck, C.C.; Carey, H.V. Modulation of Apoptotic Pathways in Intestinal Mucosa during Hibernation. Am. J. Physiol. Regul. Integr.
Comp. Physiol. 2005, 289, R586–R595. [CrossRef] [PubMed]

78. Biggar, K.K.; Storey, K.B. Evidence for Cell Cycle Suppression and MicroRNA Regulation of Cyclin D1 during Anoxia Exposure
in Turtles. Cell Cycle 2012, 11, 1705–1713. [CrossRef]

79. Zhang, J.; Storey, K.B. Cell Cycle Regulation in the Freeze-Tolerant Wood Frog, Rana sylvatica. Cell Cycle 2012, 11, 1727–1742.
[CrossRef] [PubMed]

https://doi.org/10.1093/bioinformatics/btw334
https://doi.org/10.1109/MCSE.2007.55
https://seaborn.pydata.org/
http://CRAN.R-project.org/package=gplots
https://doi.org/10.1093/emboj/16.7.1647
https://www.ncbi.nlm.nih.gov/pubmed/9130710
https://doi.org/10.1038/378386a0
https://doi.org/10.1038/ncb3149
https://www.ncbi.nlm.nih.gov/pubmed/25848746
https://doi.org/10.1161/01.CIR.0000138109.32748.80
https://doi.org/10.1074/jbc.M408662200
https://doi.org/10.1152/AJPHEART.1999.277.5.H2026
https://doi.org/10.1074/jbc.273.17.10261
https://doi.org/10.1074/jbc.M600399200
https://doi.org/10.3389/fphys.2021.730657
https://doi.org/10.1016/j.cbpa.2009.02.016
https://www.ncbi.nlm.nih.gov/pubmed/19233307
https://doi.org/10.1098/rsob.180068
https://www.ncbi.nlm.nih.gov/pubmed/30305429
https://doi.org/10.1007/s003600000135
https://www.ncbi.nlm.nih.gov/pubmed/11128446
https://doi.org/10.1016/S1532-0456(02)00080-7
https://doi.org/10.1086/719931
https://doi.org/10.7717/peerj.7587
https://doi.org/10.1161/01.RES.86.6.692
https://doi.org/10.1371/journal.pone.0163951
https://doi.org/10.1016/j.bbagen.2007.10.009
https://doi.org/10.1038/srep24627
https://doi.org/10.1016/j.gpb.2015.03.006
https://doi.org/10.1152/ajpregu.00100.2005
https://www.ncbi.nlm.nih.gov/pubmed/15831769
https://doi.org/10.4161/cc.19790
https://doi.org/10.4161/cc.19880
https://www.ncbi.nlm.nih.gov/pubmed/22510573


Metabolites 2023, 13, 1096 16 of 16

80. Wang, S.; Chen, M.; Yin, Y.; Storey, K.B. MiR-200-3p Is Potentially Involved in Cell Cycle Arrest by Regulating Cyclin A during
Aestivation in Apostichopus japonicus. Cells 2019, 8, 843. [CrossRef]

81. Zhang, J.; Biggar, K.K.; Storey, K.B. Regulation of P53 by Reversible Post-Transcriptional and Post-Translational Mechanisms in
Liver and Skeletal Muscle of an Anoxia Tolerant Turtle, Trachemys Scripta Elegans. Gene 2013, 513, 147–155. [CrossRef]

82. Hefler, J.; Wu, C.W.; Storey, K.B. Transcriptional Activation of P53 during Cold Induced Torpor in the 13-Lined Ground Squirrel
Ictidomys tridecemlineatus. Biochem. Res. Int. 2015, 2015, 731595. [CrossRef]

83. Pan, P.; Treat, M.D.; Van Breukelen, F. A Systems-Level Approach to Understanding Transcriptional Regulation by P53 during
Mammalian Hibernation. J. Exp. Biol. 2014, 217, 2489–2498. [CrossRef]

84. Tessier, S.N.; Luu, B.E.; Smith, J.C.; Storey, K.B. The Role of Global Histone Post-Translational Modifications during Mammalian
Hibernation. Cryobiology 2017, 75, 28–36. [CrossRef]

85. Chuang, J.C.; Jones, P.A. Epigenetics and MicroRNAs. Pediatr. Res. 2007, 61, 24–29. [CrossRef]
86. Storey, K.B. Regulation of Hypometabolism: Insights into Epigenetic Controls. J. Exp. Biol. 2015, 218, 150–159. [CrossRef] [PubMed]
87. Kelemen, O.; Convertini, P.; Zhang, Z.; Wen, Y.; Shen, M.; Falaleeva, M.; Stamm, S. Function of Alternative Splicing. Gene 2013,

514, 1–30. [CrossRef] [PubMed]
88. Roundtree, I.A.; Evans, M.E.; Pan, T.; He, C. Dynamic RNA Modifications in Gene Expression Regulation. Cell 2017, 169,

1187–1200. [CrossRef] [PubMed]
89. Lee, Y.J.; Hallenbeck, J.M. SUMO and Ischemic Tolerance. Neuromol. Med. 2013, 15, 771–781. [CrossRef]
90. Lee, Y.j.; Johnson, K.R.; Hallenbeck, J.M. Global Protein Conjugation by Ubiquitin-like-Modifiers during Ischemic Stress Is

Regulated by MicroRNAs and Confers Robust Tolerance to Ischemia. PLoS ONE 2012, 7, e47787. [CrossRef]
91. Rouble, A.N.; Hawkins, L.J.; Storey, K.B. Roles for Lysine Acetyltransferases during Mammalian Hibernation. J. Therm. Biol. 2018,

74, 71–76. [CrossRef]
92. Watts, A.J.; Storey, K.B. Hibernation Impacts Lysine Methylation Dynamics in the 13-Lined Ground Squirrel, Ictidomys tridecemlin-

eatus. J. Exp. Zool. A Ecol. Integr. Physiol. 2019, 331, 234–244. [CrossRef]
93. Biggar, Y.; Storey, K.B. Global DNA Modifications Suppress Transcription in Brown Adipose Tissue during Hibernation.

Cryobiology 2014, 69, 333–338. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/cells8080843
https://doi.org/10.1016/j.gene.2012.10.049
https://doi.org/10.1155/2015/731595
https://doi.org/10.1242/jeb.103614
https://doi.org/10.1016/j.cryobiol.2017.02.008
https://doi.org/10.1203/pdr.0b013e3180457684
https://doi.org/10.1242/jeb.106369
https://www.ncbi.nlm.nih.gov/pubmed/25568462
https://doi.org/10.1016/j.gene.2012.07.083
https://www.ncbi.nlm.nih.gov/pubmed/22909801
https://doi.org/10.1016/j.cell.2017.05.045
https://www.ncbi.nlm.nih.gov/pubmed/28622506
https://doi.org/10.1007/s12017-013-8239-9
https://doi.org/10.1371/journal.pone.0047787
https://doi.org/10.1016/j.jtherbio.2018.03.013
https://doi.org/10.1002/jez.2259
https://doi.org/10.1016/j.cryobiol.2014.08.008

	Introduction 
	Materials and Methods 
	Animal Collection 
	RNA Extraction 
	Small RNA Sequencing 
	Read Processing 
	Differential Expression Analysis and Clustering 
	Gene Set Analysis 
	Statistical Analysis and Visualization 

	Results 
	Small RNA Sequencing Summary 
	Differential Expression of miRNA in Response to Hibernation 
	Gene Ontology Terms Enriched for Differentially Expressed miRNA 
	KEGG Pathways with Reduced miRNA Regulation 

	Discussion 
	Upregulation of ErbB2 Signaling and Implications in Downstream Signaling 
	Cell Cycle Processes Appear Heavily Downregulated by miRNA 
	Downregulation of p53 Signaling 
	Global MRD and Other Modes of Regulation 

	Conclusions 
	References

