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ARTICLE INFO ABSTRACT

Keywords: The garden dormouse (Eliomys quercinus) is a fat-storing mammal that undergoes annual periods of hibernation
Body temperature to mitigate the effects of food scarcity, low ambient temperatures, and reduced photoperiod that characterize
Torpor

winter. Like other hibernating species, this animal suppresses its metabolic rate by downregulating nonessential
genes and processes in order to prolong available energy stores and limit waste accumulation throughout the
season. MicroRNAs (miRNAs) are short, single-stranded, noncoding RNAs that bind to mRNA and mediate post-
transcriptional suppression, making miRNA ideal for modulating widespread changes in gene expression,
including global downregulation typified by metabolic rate depression. Using next-generation sequencing, we
analyzed an RNA-seq dataset to determine which miRNAs are differentially regulated during hibernation in the
dormouse liver. We found that the expression of 19 miRNAs was altered during hibernation; however, only one
major miRNA (miR-34a-5p) remained significantly downregulated after correcting for false discovery rate. Gene
Ontology, KEGG Pathway Analysis, and DIANA-miRPath predicted that energy metabolism, nuclear-related
functions such as histone binding, chromatin- and chromosomal binding, and the cell cycle are processes that
may be differentially regulated during hibernation due to miRNA regulation. Taken together, our data suggest
that miRNA influence appears to be strongly directed toward suppressing energy-intensive processes in the
nucleus hence contributing to extend the animal’s endogenous fuel reserves for the duration of hibernation.

Epigenetic regulation
Metabolic rate depression
Post-transcriptional regulation

1. Introduction with brief periods of euthermia, called interbout arousal, in which the

animal raises its Ty, back to ~37 °C via non-shivering and shivering

The garden dormouse (Eliomys quercinus) is a rodent endemic to
Western Europe that uses circannual hibernation to avoid the delete-
rious environmental conditions characteristic of winter, including sub-
zero temperature, reduced food availability, and short photoperiod.
Hibernation is broadly classified as a series of torpor bouts — torpor itself
being distinguished by a vast reduction in metabolic rate by ~95 % of
euthermic levels and a concomitant decrease in mobility, cardiac and
respirometry rates, and body temperature (Tp), which drops to near-
ambient temperatures (T,) [1,2,3]. Each torpor bout is interspersed
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thermogenesis, metabolic rate increases to pre-hibernation levels, and
the animal carries out any necessary pro-survival functions and corrects
metabolic imbalances before entering another torpor bout [1,4]. On the
biochemical level, hibernation encompasses a suite of molecular adap-
tations which allows the animal to make drastic changes to its pheno-
type including the drop in metabolic, heart, and respirometry rates as
well as the decrease in T}, [5].

To prepare for hibernation, E. quercinus enters a hyperphagic state by
consuming large amounts of food in the fall to build up fat reserves,
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allowing it to survive solely on its endogenous fuel stores for the dura-
tion of hibernation. This classifies E. quercinus as a fat-storing hiberna-
tor, contrary to food-storing hibernators which include Syrian hamsters
[2]. In E. quercinus, hibernation lasts approximately 5-6 months and can
be subdivided into ~20 torpor bouts of 8 days each, interposed with
interbout arousals lasting about 6 h [2,6]. Similar to other mammals that
undergo torpor and/or hibernation as a winter survival strategy,
E. quercinus employs metabolic rate depression (MRD) - the global
downregulation of nonessential genes and processes and reprioritization
of metabolic pathways — to mitigate these changes [5]. MRD is
well-characterized in a variety of animal models ranging from mammals
to invertebrates, which enter a hypometabolic state to survive their
respective extreme environmental stresses [7]. Coordinating such
large-scale suppression of cellular processes without leading to cata-
strophic downstream effects, and while avoiding physiological detri-
ments upon hibernation exit, requires a myriad of biochemical factors
operating at the DNA, RNA, and protein levels. The field of epigenetics
and how it affects hibernation is vastly expanding [8,9], microRNAs
(miRNA) and mRNA modifications are being investigated [10,11], and
changes in protein expression or post-translational modifications to the
proteins themselves are becoming elucidated [12].

MiRNAs are single-stranded, noncoding RNAs of 21-25 nt that con-
trol gene expression at the post-transcriptional level, through binding to
mRNA transcripts for translational suppression [13]. Moreover, their
synthesis is rapid, reversible, and energetically inexpensive. They are
therefore ideal for implementing and maintaining hibernation and its
high phenotypic plasticity. Binding of miRNAs to mRNAs occurs via an
8 nt seed sequence at the 5’ end of the miRNA - perfect complementarity
to the mRNA leads to degradation, while imperfect complementarity
redirects the transcript to storage and thus suppresses translation [13].
MiRNAs have already been implicated during hibernation in a variety of
species and tissues, making them ideal candidates to investigate in
E. quercinus [10,11,14,15,16].

Next-generation sequencing is a potent tool, which allows screening
for all small RNA species in a particular tissue/set of conditions, which
can be further processed to detect miRNAs that may be differentially
regulated during hibernation [17,18]. Downstream effects of these
miRNAs can be predicted using bioinformatic tools and analyses [19].
Therefore, this study uses next-generation sequencing to study the
E. quercinus liver “miRNAome”, comparing summer-active and torpid
dormice. The liver is the most metabolically active organ, facilitating the
balance of lipids and sterols in the plasma and gut and being largely
responsible for metabolic homeostasis; we thus anticipated a high like-
lihood of miRNA involvement in these processes [20,21]. The miRNAs
that are differentially regulated during hibernation were detected, and
Gene Ontology and Kyoto Encyclopedia of Genes and Genomes pathway
mapping was used to predict the downstream effects of
differentially-regulated miRNAs. DIANA-miRPath was used to predict
individual gene targets in these downstream processes. Overall, this
research will increase our understanding of hibernation in another
fat-storing hibernator, allowing us to gain valuable insights into how
mammalian species implement hibernation as a whole, whether through
conserved or species-specific strategies.

2. Materials and methods
2.1. Animal collection and treatment

The adult garden dormice used in this study were bred and raised at
the Research Institute of Wildlife Ecology (FIWI), Vienna, Austria (lati-
tude 48°15'N, longitude 16°22'E). Animals were held in outdoor enclo-
sures under natural photoperiod and T,. Prior to hibernation, dormice
were housed separately in polycarbonate cages (60 x 40 x 40 cm) and
had access to water and food ad libitum (Altromin 7024, Altromin GmbH
& Co. KG, Lage, Germany). Additional nutrition was provided two times
per week (sunflower seeds and dry insects). Once dormice attained a
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plateau for body mass and food intake was largely reduced, the animals
were determined ready to enter prolonged torpor or hibernation [22,6].
The experiments involved eight garden dormice (three males, five fe-
males) with a mean body mass of 135.8 + 16.8 g [CI 115.6-161.4 g]
prior to hibernation.

2.2. Animal protocol overview

Hibernation was induced by housing the animals at 4 °C without
food and water, to mimic conditions of winter hibernation as previously
described [23]. During the three months of the experiment, core T}, via
temperature transmitters was measured continuously in torpid dormice
(read section below for more details about Ti, measurements). Animals,
with a mean body mass of 108.5 + 12.7 g [CI 92.1-130.9 g], were
sacrificed at mid-winter (December to January) when torpor bout
lengths are maximal, either in torpor or during interbout euthermia, by
immediate decapitation (if torpid; Tp: 4.70 + 0.34 °C measured via
implanted transmitters) or by CO,-euthanasia followed by decapitation
as previously described in Ref. [23] (if euthermic, Ty: 37.22 + 0.12 °C
measured via implanted transmitters). A representative schematic of the
animal experiment workflow can be found in Supplementary Fig. 1.
Tissues were quickly sampled and immediately flash frozen in liquid
nitrogen (—196 °C) and stored at —80 °C for 4-12 months until shipped
to Carleton University on dry ice for subsequent analyses.

2.3. Surgical implantation of transmitters and body temperature
measurements

Prior to hibernation, animals were implanted with small temperature
transmitters and core Ty, was monitored via a telemetry system. TA-F10
transmitters (1.1 cc, 1.6g, accuracy: 0.15 °C; Data Sciences Interna-
tional, St Paul, US) were calibrated prior to implantation between 0 and
40 °C in a temperature-controlled water bath. Surgery proceeded as
previously described [24]. In short, transmitters were surgically
implanted under anesthesia induced by subcutaneous injection of 50 mg
kg_1 ketamine (Ketamidor® 10 %, Richter Pharma, Wels, Austria) and 5
mg kg~ ! xylazine (Rompun® 2 %, Bayer, Leverkusen, Germany), and
maintained using 1.5 % isoflurane via facemask. A subcutaneous
administration of 5 mg kg ™! ketoprofen (Romefen® 10 %, Merial S.A.S.,
Toulouse, France) was provided as post-operative analgesic. Following
surgery, animals recovered for ten days before temperature recordings
were started. An RPC-1 receiver board (Data Sciences International) was
positioned under each individual cage to collect transmitter data. A 10s
Tp, measurement was recorded every 5 min, and data was analyzed using
the Dataquest software (LabPro Data Sciences).

2.4. RNA extraction

RNA was extracted from liver tissue of euthermic and torpid
E. quercinus (n = 4 for both conditions). Flash-frozen tissue weighing
~50 mg was crushed under liquid nitrogen and homogenized in 1 mL of
TRIzol reagent (Invitrogen; Cat. # 15596-018). 200 pL of chloroform
was added, and samples were centrifuged at 10,000xg for 15 min at
4 °C. The upper RNA-containing aqueous phase was transferred to a
sterile microcentrifuge tube with 500 pL of 2-propanol. Tubes were
incubated for 10 min at room temperature to precipitate out RNA, and
centrifuged at 10,000 xg for 15 min at 4 °C to form an RNA pellet. Pellets
were washed 2 x with 70 % ethanol and air-dried for 10-15 min, before
resuspending with 50 pL of RNAse-free water. Concentration/purity of
total RNA was determined with an OD 260/280 ratio of ~2.0 using a
BioTek Take3 microspot plate and a PowerWave HT microplate spec-
trophotometer. RNA integrity was confirmed with agarose gel (1 %)
electrophoresis.
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2.5. Small RNA sequencing

RNA samples from the liver of euthermic vs. torpid E. quercinus were
sequenced by BC Cancer Agency (Vancouver, BC, Canada). RNA quality
was confirmed using an Agilent Bioanalyzer 2100 system (Agilent
Technologies, Santa Clara, CA, USA) prior to miRNA library construc-
tion. Small RNA ¢DNA libraries were assembled as detailed in Ref. [25],
validated with the Bioanalyzer, and sequenced with an Illumina HiSeq
2500 platform.

2.6. Read processing

Small-RNA raw data files from BC Cancer Agency were uploaded to
the SRA database and are available at SRA Accession: PRINA955229.
Raw read data was processed as described in Ref. [26]. Cutadapt was
used to filter out low-quality reads and remove the 6-nucleotide
adapters [27]. FastQC was used to validate both successful adapter
removal and proper distribution of small RNA lengths to ~25 nt [28]. To
isolate only mature miRNA sequences from other non-miRNA small
RNAs (tRNA, rRNA, piRNA, snRNA, and snoRNA), reads were aligned to
a negative reference file (compiled from Rfam [29] and piRNABank
databases [30]) and eliminated using bowtie [31]. Remaining reads
were screened for mature miRNAs using bowtie, drawing from mature
miRNA sequences from miRBase, the miRNA database [32], as a positive
reference file with the parameters of perfect seed sequence matches and
a seed sequence length of 20 nt. The reads that aligned to mature miRNA
sequences were sorted, and read counts were determined for each
miRNA using samtools [33] and Unix command line tools. MiRNAs with
less than four reads were eliminated, and read counts were normalized
as detailed in Ref. [26] using the voom method [34].

2.7. Differential expression analysis and clustering

Differential expression of miRNAs between euthermic and torpid
animals was determined the limma R package [35], which uses linear
model fitting with empirical Bayesian testing. Differentially expressed
miRNAs were considered significant with 1) false discovery rate
(FDR)-corrected p-value <0.05, and 2) absolute log, fold-change >1.5.
False discovery rate is used for large-scale omics studies which test many
hypotheses and wish to minimize the frequency of false positives among
all the rejected hypotheses [36]. This statistical correction makes use of
the t-distribution for the T-statistic rather than a normal approximation
[36,37].

2.8. Gene set analysis

The RBiomirGS R package [19] was used to conduct gene set analysis
to determine both significantly enriched gene ontology (GO) terms [38]
and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways [39].
This package uses multiple databases to enumerate miRNA:mRNA in-
teractions, and calculates both a miRNA score (Spicrorna) and a mRNA
score (Smrna) to quantify the number of potential interactions between
different miRNAs and the particular mRNA targets [40].

RBiomirGS uses the calculated Sprya of mRNAs to identify signifi-
cantly enriched gene sets (FDR-adjusted p-value >0.05) and corre-
sponding model coefficients for each GO term and KEGG pathway. A
negative model coefficient signifies the GO term/KEGG pathway is
downregulated due to increased negative regulation by miRNA, and vice
versa a positive model coefficient indicates that regulation by miRNA is
decreased and may promote the pathway during hibernation as
compared to euthermia. Estimated model coefficients and standard error
are calculated by a logistic regression-based method, which are then
applied to determine statistical significance [19].
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2.9. DIANA-miRPath prediction of miRNA targets

To characterize miRNA target prediction, mature miRNA sequences
from Homo sapiens were searched for potential gene pairings in hallmark
gene sets using DIANA-miRPath (v.4.0). DIANA-miRPath was used with
the following parameters: direct targeting from TarBase v8.0 [41];
miRNA annotation from miRbase-v22.1; genes union merging method;
and classic analysis testing method. DIANA-miRPath generated a list of
hallmark gene sets containing miRNA-targeted genes which were func-
tionally enriched and analyzed using an FDR-corrected p-value <0.05.
Given that only one miRNA was statistically significant with FDR
correction, pathway enrichment analysis for miRNA-targeted clusters
was expanded to include the 19 miRNAs with noncorrected p-values
<0.05. This analysis was performed using the Molecular Signatures
Database (MSigDB) available for H. sapiens [42]. Results were down-
loaded in.csv format and visualized using R (version 4.4.1) and RStudio
with packages ggplot2 [43], RColorBrewer [44], tidyr [45], and dplyr
[46].

2.10. Statistical analysis and visualization

Volcano plots, heatmaps, and biplots for differential expression and
gene set analysis were produced using either matplotlib and seaborn
python packages, or Microsoft Excel [47,48]. Hierarchical clustering of
significantly differentially regulated miRNAs was produced by the
gplots R package [49].

3. Results
3.1. 148 mature miRNAs were detected in liver

The mean number of raw reads from a n = 4 of euthermic vs. torpid
liver, respectively, was 22,280,371 + 1,542,776 and 24,325,682 +
881,993. After negative filtering, 8,392,637 + 471,888 reads in the
euthermic group and 9,604,694 + 877,402 reads in the torpid group
aligned to 148 mature miRNA sequences. Raw genome files are available
at SRA Accession: PRINA955229.

3.2. One FDR-corrected miRNA (miR-34a-5p) but 19 non-FDR-adjusted
miRNAs were differentially-expressed during torpor

Of the 148 miRNAs that matched with a mature sequence from
miRBase, only one miRNA (hsa-miR-34a-5p) was statistically significant
after adjusting for false discovery rate (FDR), and displayed a 1.72-fold
downregulation during torpor compared to euthermia (Supplementary
Table 1; Fig. 1). When examining mature miRNAs without FDR correc-
tion and a p-value of <0.05, 19 miRNAs would have been differentially
regulated. Of these, 7 have negative model coefficients (demonstrating
downregulation of the respective miRNA), and 13 have positive model
coefficients, indicating potential upregulation (Supplementary Table 1).
Given the necessary rigor of FDR correction in multi-omic studies, the
FDR-corrected results are visualized using a volcano plot with red
markers corresponding to the significantly downregulated miRNA
(Fig. 1; Supplementary Table 1).

3.3. Enriched gene ontology terms included chromatin and RNA processes
influenced by miR-34a-5p

GO terms from the three GO domains (Biological Processes, Cellular
Compartment, and Molecular Function) were all used to predict miRNA
influence. All GO results are visualized using volcano plots with red
markers corresponding to the terms with negative model coefficients,
and blue markers for positive model coefficients. Full data for each GO
analysis can be found in Supplementary Tables 2-4.

GO Biological Processes had 103 statistically significant FDR-
adjusted terms. Of these, 72 displayed positive model coefficients,
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Fig. 1. Differentially-expressed miRNA in euthermic vs. torpid E. quercinus liver. Data displayed in a volcano plot with fold-change thresholds set to + log,1.5
and a false discovery rate (FDR)-adjusted p-value <0.05. Red markers indicate significantly downregulated miRNA. Grey circles are miRNA that did not pass the fold-
change and p-value thresholds. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

signifying upregulation of the respective term via miRNA in the liver of
torpid dormice (Fig. 2; Supplementary Table 2). Likewise, the 31
remaining terms had negative model coefficients, suggesting down-
regulation of these processes during hibernation. The top five GO Bio-
logical Process terms are GO Chromatin Silencing at rDNA, GO Protein
Heterotetramerization, GO Chromatin Silencing, GO Chromatin As-
sembly or Disassembly, and GO Negative Regulation of Gene Expression.

GO Cellular Compartment had 17 statistically significant terms when
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adjusted for FDR (Fig. 3; Supplementary Table 3). Of these, 3 had
negative model coefficients (GO Nuclear Membrane Part, GO Lytic
Vacuole, and GO Pre-Autophagosomal Structure), while 15 displayed
positive model coefficients.

Twelve GO Molecular Function terms were differentially regulated in
the torpid liver, with 2 negative model coefficients (GO Translation
Elongation Factor Activity and GO Calmodulin Dependent Protein Ki-
nase Activity) and 10 positive model coefficients, many of them related
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Fig. 2. GO Biological Processes affected by differential miRNA expression in euthermic vs. torpid E. quercinus liver. All terms are enriched with an FDR-
adjusted p-value <0.05. Red and blue markers indicate statistically-significant terms with negative and positive model coefficients, respectively. A negative coef-
ficient indicates upregulation of miRNA targeting the genes encompassed in that term (thus potentially downregulating the genes), and vice versa for positive
coefficient. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 3. GO Cellular Compartment enriched by differentially expressed miRNA in euthermic vs. torpid E. quercinus liver. Red and blue markers indicate
statistically-significant terms with negative and positive model coefficients, respectively. A negative coefficient indicates upregulation of miRNA targeting the genes
encompassed in that term (thus potentially downregulating the genes), and vice versa for positive coefficient. All terms are enriched with an FDR-adjusted p-value
<0.05. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

to chromatin and RNA processes (p < 0.05; Fig. 4; Supplementary
Table 4). For example, the top five GO Molecular Function terms when
sorted by smallest FDR-adjusted p-value are GO Histone Binding, GO
Protein Heterodimerization Activity, GO Protein Dimerization Activity,
Go Nucleosome Binding, and GO Nucleosome DNA Binding (p < 0.05;
Fig. 4).

3.4. KEGG pathways with differential miRNA regulation included insulin
signaling and cell cycle

KEGG pathway analysis identified 6 pathways with predicted dif-
ferential regulation during hibernation (p < 0.05; Fig. 5; Supplementary

20
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Fig. 5). GO Insulin Signaling Pathway had a negative model coefficient
and an FDR-adjusted p-value of 0.015. Meanwhile, GO DNA Replication
and GO Cell Cycle had positive model coefficients and p = 0.0056. KEGG
results are visualized using a volcano plot with red markers corre-
sponding to significantly downregulated miRNAs and blue markers
corresponding to significantly upregulated miRNAs (Fig. 5, Supple-
mentary Table 5).

3.5. DIANA-miRPath predictions of miRNA gene targets

Using miRNA-gene target predictions from TarBase, the following
hallmark gene sets with their respective miRNA-targeted genes were
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Fig. 4. GO Molecular Function enriched by differential miRNA expression in euthermic vs. torpid E. quercinus liver. Red and blue circles indicate
statistically-significant terms with negative and positive model coefficients, respectively. A negative coefficient indicates upregulation of miRNA targeting the genes
encompassed in that term (thus potentially downregulating the genes), and vice versa for positive coefficient. All terms are enriched with an FDR-adjusted p-value
<0.05. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 5. KEGG Pathway Analysis of differentially expressed miRNA in euthermic vs. torpid E. quercinus liver. Red and blue markers indicate statistically-
significant terms with negative and positive model coefficients, respectively. A negative coefficient indicates upregulation of miRNA targeting the genes encom-
passed in that term (thus potentially downregulating the genes), and vice versa for positive coefficient. All terms are enriched with an FDR-adjusted p-value <0.05.
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

identified. The statistically-significant hallmark gene sets included: (1)
G2M checkpoint; (2) UV response; (3) mTORCL1 signaling; (4) E2F tar-
gets; (5) MYC targets; (6) mitotic spindle; (7) protein secretion; (8) TGFf
signaling; (9) unfolded protein response; (10) androgen response; (11)
TNFo signaling via NFkB; (12) hypoxia; (13) p53 pathway; (14)
epithelial-mesenchymal transition; (15) early estrogen response; (16)
apoptosis; (17) adipogenesis; and (18) glycolysis. These results are
visualized in Fig. 6A and reported in Supplementary Table 6. The spe-
cific miRNA-targeted genes from individual hallmark gene sets were
extracted (totalling 1428 unique genes) and visualized against (1) the
number of hallmark gene sets the gene was present in, and (2) the
number of unique miRNAs which targeted the gene (Fig. 6B; Supple-
mentary Table 7).
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4. Discussion

This study used next-generation sequencing to analyze an RNA-seq
dataset from euthermic vs. torpid E. quercinus liver. Bioinformatic
analysis predicted that one miRNA was downregulated during hiber-
nation (when FDR-adjusted), with the possibility for 19 other ones
without this adjustment. Gene Ontology is a method of network map-
ping for gene expression, which groups gene targets into their 1) bio-
logical processes, 2) cellular compartment they act within, and 3)
molecular functions [38]. GO Biological Processes, GO Cellular
Compartment, GO Molecular Function, and KEGG pathway analysis
were used to predict cellular roles influenced by miRNAs during hiber-
nation, and specific gene targets were predicted with DIANA-miRPath.
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Fig. 6. DIANA-miRPath hallmark gene sets (A) and genes union predictions (B) for differentially expressed miRNA in euthermic vs. torpid E. quercinus
liver. MSigDB and TarBase v8.0 were used for target predictions. Color in (A) refers to the percentage of genes in the total gene set targeted by at least one
differentially-expressed miRNA. Genes in (B) are arranged by the and overall count of unique miRNA-gene targets across all gene sets, and the number of unique
hallmark gene sets they are present in. Color refers to the number of unique differentially-expressed miRNAs which target that gene. All terms are enriched with an
FDR-adjusted p-value <0.05. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)



W.A. Ingelson-Filpula et al.
4.1. Processes in line with metabolic rate depression

In a broad sense, many of the molecular changes that occur during
hibernation contribute to maintaining MRD - the suppression of
nonessential and energy-intensive genes and processes in order to
optimize the use of the animal’s endogenous fuel reserves for the
duration of hibernation. Indeed, we see evidence of this in the
differentially-regulated GO terms, especially GO Biological Processes.
There is a downregulation (i.e., terms with negative model coefficients)
of GO Regulation of Hepatocyte Proliferation and GO Regulation of
Triglyceride Biosynthetic Process, suggesting that energy-intensive
proliferation is suppressed during hibernation (p < 0.05; Fig. 2). Like-
wise, Negative Regulation of Gene Expression, Negative Regulation of
Carbohydrate Metabolic Process, Gene Silencing, and Gene Silencing by
RNA all displayed positive model coefficients (p < 0.05; Fig. 2). More
succinctly, there is an increase in negative regulation of gene expression
during hibernation, which falls perfectly in line with overarching
themes of MRD.

There may be differential regulation of Notch signaling during hi-
bernation, as evidenced by the statistically significant GO term Positive
Regulation of Notch Signaling Pathway which is upregulated in GO
Biological Processes (p < 0.05; Fig. 2). DIANA-miRPath predicted 6
miRNAs (let-7i-5p; miR-15b-5p; miR-181b-5p; miR-25-3p; miR-29b-1-
5p; and miR-34a-5p) which target NOTCH2 (Fig. 6B; Supplementary
Table 7). Notch signaling is an evolutionary conserved pathway in most
multicellular animals, and its functions can span both transcriptional
activation and transcriptional repression based on its co-activators [50].
Potential outcomes of Notch signaling include entering the MAPK
cascade via Ras, with further downstream pathways of p53, cell cycle,
apoptosis, Wnt, and gene expression [51,52,50], all of which are
modulated during hibernation [53,54,55,56,57]. Indeed, these path-
ways were also represented by DIANA-miRPath, with p53 signaling,
apoptosis, and cell cycle-related gene sets (GoM checkpoint and mitotic
spindle) having more than 60 % of their genes as predicted targets for
the torpor-induced differentially expressed miRNAs (p < 0.05; Fig. 6A;
Supplementary Tables 6 and 7). While precise levels of cofactors and
Notch itself would need to be measured in order to determine the
functional downstream effects of Notch signaling, it is interesting that
transcriptional repression via Notch can be enacted through histone
modification enzymes [58]. Specifically, histone H3K4 is dynamically
methylated at transcription factor RBP-J, which is critical for Notch
activation [58]. The GO Biological Processes term Histone H3K4 Tri-
methylation is statistically significant with a positive model coefficient,
along with a myriad of other histone-related GO terms which will be
addressed later in this discussion (p < 0.05; Fig. 2). However, it is
possible that Notch signaling serving transcriptional repression-related
purposes could be contributing to MRD in torpid E. quercinus liver.

Downstream effects of Notch signaling remain active throughout
organismal development, and encompass apoptosis, cellular prolifera-
tion/differentiation, and pro-survival functions [51]. Dysregulated
Notch signaling in liver can induce liver fibrosis through mobilization of
hepatic stellate cells, whereas other factors of the Notch pathway miti-
gate liver inflammation, regeneration, and fibrogenic repair [59].
Therefore, differential regulation of Notch signaling during hibernation
may have an additional role in modulating liver damage responses,
whether through anti-apoptotic or pro-survival means.

4.2. Hibernation induces changes in energy metabolism

When adjusting for false discovery rate (FDR), only one but major
miRNA was predicted to be differentially-regulated — miR-34a-5p
(Fig. 1; Supplementary Table 1). This miRNA is linked with energy
metabolism; for example, overexpression of miR-34a-5p promotes
glucose production in hepatocytes through inhibiting SIRT1 [60]. He-
patic gluconeogenesis is tightly controlled with glucagon- and insulin
signaling pathways, and varies between hibernating species. In Ictidomys
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tridecemlineatus, hepatic gluconeogenesis during hibernation is lowered;
whereas in arctic ground squirrels and golden-mantled ground squirrels,
hepatic gluconeogenesis appears to upregulate during hibernation [61,
62,63]. In our study, GO Insulin Signaling Pathway was downregulated
during hibernation in KEGG pathway analysis (p < 0.05; Fig. 5). This
suggests that a decrease in miR-34a-5p as seen in Fig. 1 would lead to
downstream effects of decreased glucose production during hibernation.
This is supported by positive regulation of the GO Biological Process
term Negative Regulation of Carbohydrate Metabolic Process. Mean-
while, GO Cellular Response to Glucose Starvation, GO Regulation of
Fatty Acid Oxidation, and GO Regulation of Fatty Acid Metabolism were
all statistically significant with negative model coefficients (p < 0.05;
Fig. 2). Additionally, miR-34a-5p was predicted to target 24 genes in the
adipogenesis hallmark gene set and 26 genes in the glycolysis hallmark
gene set as per DIANA-miRPath, with the sum total of all miRNA-gene
pairings encompassing ~50 % of the genes in both gene sets (Fig. 6;
Supplementary Tables 6 and 7). The fatty acid terms having negative
model coefficients might point to decreased regulation of these path-
ways, resulting in “unfettered” fatty acid metabolism which serves a
critical role during hibernation, as opposed traditional regulation of
these pathways during euthermia.

The liver also facilitates sterol-lipid equilibrium, since excess
cholesterol is stored rather than excreted during hibernation [21]. Other
fat-storing hibernators including I tridecemlineatus have marked
changes in insulin-related pathways which allow them to become a sort
of natural model for reversible insulin resistance [64]. MiRNAs which
target key players of metabolic and signaling cascades have been
documented in I. tridecemlineatus liver, heart, and skeletal muscle [65].
Furthermore, in brown fat of hibernating I. tridecemlineatus, miRNA
analysis revealed glycolysis/gluconeogenic pathways as being down-
regulated during hibernation, reinforcing the switch to fatty acid
oxidation as the primary means of fuel consumption [14].

Nonetheless, these responses do not quite correlate with existing
knowledge of altered fuel usage during hibernation. E. quercinus is a fat-
storing hibernator which relies on fatty acid oxidation and gluconeo-
genesis for the duration of hibernation [2]. While fatty acid metabolism
appears to have decreased regulation given the concurrent decrease in
miR-34a-5p, the additional downregulation of carbohydrate metabolic
pathways when gluconeogenesis activation is a robustly-observed phe-
nomenon in fat-storing hibernators is perplexing. While studies on
specifically E. quercinus metabolism during hibernation have not been
deeply researched, plasma profiles as well as transcriptomic and prote-
omic studies in I. tridecemlineatus during hibernation strongly support 1)
decrease of triglycerides and increase of ketone bodies, 2) fatty acid
oxidation; and 3) activation of gluconeogenesis to maintain glycemia
[66,67,68,69,70]. Liver transcriptomics in other hibernators corrobo-
rate these themes; for example, in the hibernating Syrian hamster Mes-
ocricetus auratus, there were GO terms encompassing response to lipid,
cellular response to hormone/insulin stimulus, and KEGG pathway
analysis suggesting insulin resistance as well [71]. Differential regula-
tion of metabolic-related genes including glucose-6-phosphate, glycogen
phosphorylase, and pyruvate dehydrogenase served to inhibit glycolysis
and oxidative phosphorylation, supporting the shift to fatty acid
oxidation [71]. A similar pattern was denoted in D. gliroides liver, with
the greatest changes in gene expression during torpor related to
carbohydrate-lipid fuel switching, with four genes involved in promot-
ing fat catabolism among the top five differentially expressed genes
(upregulation of PDP2 and CYB5R3, downregulation of NR1H4 and
ND4) [72]. D. gliorides liver also displayed a strong upregulation in
TXNIP, which along with its antioxidant capacities is also involved in
inhibiting unnecessary glucose influx into cells while also promoting
fatty acid oxidation [73]. In hibernating I tridecemlineatus liver,
differentially-expressed genes during torpor were enriched for glucose
and triglyceride metabolic processes, lysosome and polygenic dyslipi-
demia, urea cycle, nicotinamide metabolic processes, vitamin B6 bind-
ing, and heat shock proteins (HSPs) [74]. There appears to be an
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overarching priority of increased fatty acid oxidation and modulation of
carbohydrate-lipid metabolism genes, which may be reflected in our
results by “unfettered” regulation of fatty acid metabolism. While it is
possible that epigenetic, post-transcriptional, and/or post-translational
modifications alter the final endpoint of metabolic pathways, further
research will need to be done on miRNA influence on specific aspects of
dormouse metabolism during hibernation, e.g., ketone bodies and
gluconeogenesis.

4.3. Chromatin and RNA related processes

GO Cellular Compartment displayed a strong upregulation in many
chromatin- and RNA related processes, including Nuclear Chromatin,
Nuclear Chromosome, Hetero- and Euchromatin, Nuclear Chromosome
Telomeric Region. Interestingly, quite a few GO terms point towards
DNA replication and its associated constituents being upregulated via
miRNA during hibernation. For example, KEGG had both Cell Cycle and
DNA Replication with positive model coefficients, while GO Cellular
Compartment has an upregulation of MCM Complex, DNA Packaging
Complex, and Protein-DNA Complex (p < 0.05, Fig. 3). Finally, GO
Biological Processes highlights terms including DNA Replication,
Chromosome Organization, DNA Packaging, Chromatin Assembly or
Disassembly, DNA Replication-Dependent Nucleosome Organization,
and Centromere Complex Assembly (p < 0.05; Fig. 2). This is contrary to
the established literature regarding the cell cycle during hibernation —
protein levels of cell cycle machinery are overwhelmingly down-
regulated during hibernation in multiple species and tissues via multiple
regulatory factors/processes [75,57]. The cell cycle is an
energetically-expensive process, therefore the governing theme of MRD
and a hypometabolic state indicates that the cell cycle is suppressed
during hibernation [75]. The implication that the cell cycle is upregu-
lated during hibernation is perplexing. However, there are alternate
hypotheses we can propose for this phenomenon.

DIANA-miRPath included GoM checkpoint and mitotic spindle as
two cell cycle-related hallmark gene sets predicted to be dispropor-
tionally regulated by our differentially-regulated miRNA subset
(affecting >75 % and >60 % of the genes in the pathways, respectively)
(Fig. 6A; Supplementary Table 6). However, the genes in these two
pathways are not exclusive, and may have a variety of functional roles
elsewhere. For example, NOTCH2 was heavily represented in Gy;M
checkpoint despite its various other downstream roles, and cell-cycle
specific proteins including CDKN1A were represented in multiple hall-
mark gene sets (6, in the example of CDKN1A) (Fig. 6; Supplementary
Tables 6 and 7). The level of crosstalk and functional downstreams of
genes targeted by these miRNAs could result in an “artificial” inflation of
cell cycle-related terms, even if the individual genes are implicated in
other processes.

Additionally, hibernation is not a continuous state of torpor — it is
broken up into physiologically distinct stages (entrance, early torpor as
first half of a torpor bout, late torpor being the latter half of a torpor
bout, and interbout arousal) for the duration of the season [1]. During
torpor, Ty rests at near-ambient temperatures, but during interbout
arousal, Ty, rises back to 37 °C via non-shivering followed by shivering
thermogenesis so the animal can carry out any critical processes for the
approximately 1-day length of the arousal [1]. For example, long-term
fasting results in the small intestine losing mass and directing meta-
bolism towards ketone body generation and fatty acid oxidation [76].
Interbout arousal periods may promote the cell cycle to stabilize intes-
tinal mass and prevent extensive degradation of intestinal epithelium.
The liver is additionally the most metabolically active organ, further
reinforcing a potential need for cellular proliferation (which may
involve Notch, as discussed previously) during these short windows of
available cellular activity [2,20]. Another important note is that the
animals in this study were sampled during late torpor; however, there is
no known mechanism to determine how far away the animals were from
an interbout arousal period. It is possible that the upregulation in cell
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cycle related processes corresponds to the anticipation of an impending
interbout arousal period, for any necessary instance of cell division.

An alternative hypothesis is to examine MRD and hibernation more
holistically than this study allows. We only examined miRNAs and their
respective post-transcriptional regulatory capabilities, and all the GO
and KEGG terms are predicated solely on miRNA and their effect during
hibernation. However, this is not the entire picture during hibernation
as a whole. MRD is coordinated by a vast interplay of regulatory factors,
including epigenetic, post-transcriptional, and post-translational modi-
fications [77,5]. It is therefore possible that while purely the isolated
miRNA component might upregulate members of cell cycle machinery,
other regulators in the cellular environment as a whole might counteract
these effects. In the torpid liver of I tridecemlineatus, Rb and SUV39H1
proteins were upregulated, indicating a strong regulatory “stop” of the
G1/S phase transition and corroborating results which show down-
regulation of cyclin and CDK complexes during hibernation [78,57].
Post-translational modifications of Rb which would convert it from an
active to inactive form were notably absent during hibernation, high-
lighting the potent ability of post-translational roles in cell cycle sup-
pression [78]. The cell cycle is also subject to a variety of epigenetic
modifications which can cause acceleration or arrest of its various stages
[79,80]. Although no dedicated studies have been conducted on epige-
netic regulation and its effect on the cell cycle during hibernation, it is
reasonable to assume that there are epigenetic controls for this process
similar to what has been demonstrated in other tissues and other animal
models of MRD [9,81,82]. Therefore, it is possible that the miRNA ef-
fects predicted in this study are counteracted by other existing epige-
netic, post-transcriptional, and/or post-translational modifications.
Indeed, this is already suggested by an upregulation in statistically sig-
nificant GO terms involving mRNA polyadenylation and histone modi-
fication (p < 0.05; Fig. 2). Given that one miRNA can affect multiple
mRNAs, and vice versa one mRNA can be targeted by a variety of
miRNAs, this is in line with the fact that miRNAs influence in the torpid
dormouse liver is directed toward other GO and KEGG terms, including
those involved in energy metabolism or histone modifications that will
now be discussed.

4.4. Histone binding and downstream effects

Histones are small positively-charged proteins that make up the
nucleosome, the functional unit of chromatin. Histones are subject to
many post-translational modifications including acetylation, methyl-
ation, and SUMOlyation of various amino acids that can lead to “tight-
ness” or ‘“relaxation” of chromatin, leading to varying levels of
accessibility for the transcriptional machinery [83,84]. Chromatin
remodeling is a characteristic effect of histone modification, involving
dynamic interconversion between transcriptionally permissive euchro-
matin and repressive heterochromatin [85].

Many statistically significant GO terms from all three bioinformatics
analyses involved histone modifications (p < 0.05; Figs. 2-4). These
include Histone Exchange, Histone Ubiquitination, and Histone H3K4
Trimethylation from GO Biological Processes, Heterochromatin and
Euchromatin from GO Cellular Compartment, and Histone Binding from
GO Molecular Function (p < 0.05; Figs. 2-4). Trimethylation of H3K4,
more commonly represented in the literature as H3K4me3, is incredibly
conserved across species as being associated with gene activation
through enhanced promoters, even if the essentiality of this histone
mark to transcription start is still under debate [86,87]. While it would
be odd to suggest that transcriptional activation via H3K4me3 is
increased during hibernation, as this appears to counter the philosophy
of MRD, H3K4 methylation is linked to transcriptional suppression via
Notch signaling, which was examined earlier in this discussion. It is
possible that H3K4 methylation is directly linked to the RBP-J repressor
complex and therefore activates Notch to assist in suppressing gene
expression [58]. Further investigation is needed to elucidate the precise
histone modifications being enacted during hibernation, and their
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resulting functional roles.

Histone modifications and their role during hibernation have been
the subject of only preliminary studies. For example, in
I. tridecemlineatus white adipose tissue, there is a strong reduction of
“permissive” histone marks while the more metabolically active brown
adipose tissue showed an increase in permissive histone marks, perhaps
indicating differing requirements for gene transcription during hiber-
nation [88,89]. Meanwhile, in both liver and muscle tissues of
L tridecemlineatus, an increase in permissive H3K4mel was observed
during torpor entry and during interbout arousals, indicating the exis-
tence of protective mechanisms in both tissues [90]. Further examina-
tion of histone modifications in euthermic vs. torpid skeletal muscle of
L tridecemlineatus revealed lysine 19 and 24 acetylation in histone H3,
and lysine 6, 47, 110, and 117 acetylation in histone H2B [12]. Tran-
scriptomic data in M. auratus suggested decreased RNA transcription in
liver during torpor [71], accompanied by a potentially-related upregu-
lation of SETDB1, SCL25A18, and ACADVL transcripts in D. gliroides
liver [72]. SETDB1 is a histone methyltransferase often linked with
transcriptional repression [83,84,12], which corroborates the GO terms
in E. quercinus involving histone H3K4 trimethylation, histone exchange,
chromatin silencing, and histone binding along with the corresponding
terms for decreased RNA transcription (Figs. 2 and 3). Overall, histone
modifications are species- and tissue-specific, further reinforcing the
need for additional studies to quantify the precise histone modifications
during hibernation in E. quercinus liver.

5. Conclusions

Overall, miRNA influence during hibernation seems to center around
three main “themes”: a switch in energy metabolism towards fatty acid
oxidation; histone and chromatin modifications; and DNA replication/
cell cycle. Many terms support the overarching theme of MRD during
hibernation, with an interesting possibility of transcriptional suppres-
sion via Notch and its interaction with H3K4 methylation. Further
research must be conducted to elucidate the exact roles of histone
modifications during hibernation, and to validate the potential of Notch
signaling and its functional outcomes. Finally, experimental validation
would be prudent to isolate the exact number of miRNAs which are
differentially-regulated during hibernation and whether FDR-
adjustment may be interfering with the true number of miRNAs which
change during hibernation in E. quercinus, especially given only 4 bio-
logical replicates per season were analyzed. This study offers broad
areas of investigation to pursue hibernation-responsive biological
changes in liver tissue, and provides the first study using next-generation
sequencing to predict miRNA involvement in E. quercinus during
hibernation.
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