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Abstract

Understanding hibernation in brown bears (Ursus arctos) can provide insight into some human diseases. During hibernation, brown bears
experience periods of insulin resistance, physical inactivity, extreme bradycardia, obesity, and the absence of urine production. These
states closely mimic aspects of human diseases such as type 2 diabetes, muscle atrophy, as well as renal and heart failure. The reversibility
of these states from hibernation to active season enables the identification of mediators with possible therapeutic value for humans.
Recent studies have identified genes and pathways that are differentially expressed between active and hibernation seasons in bears.
However, little is known about the role of differential expression of gene isoforms on hibernation physiology. To identify both distinct and
novel mRNA isoforms, full-length RNA-sequencing (Iso-Seq) was performed on adipose, skeletal muscle, and liver from three individual
bears sampled during both active and hibernation seasons. The existing reference genome annotation was improved by combining it with
the Iso-Seq data. Short-read RNA-sequencing data from six individuals were mapped to the new reference annotation to quantify differen-
tial isoform usage (DIU) between tissues and seasons. We identified differentially expressed isoforms in all three tissues, to varying degrees.
Adipose had a high level of DIU with isoform switching, regardless of whether the genes were differentially expressed. Our analyses
revealed that DIU, even in the absence of differential gene expression, is an important mechanism for modulating genes during hiberna-
tion. These findings demonstrate the value of isoform expression studies and will serve as the basis for deeper exploration into hibemation
biology.
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sequencing

ventricular dilation by decreasing atrial contractility and increas-
ing atrial and ventricular stiffness (Nelson and Robbins 2010;
Barrows et al. 2011). Hibernating bears are also well known for
maintaining muscle strength, morphology, and composition dur-
ing hibernation in the near complete absence of weight-bearing
activity (Harlow et al. 2001; Hershey et al. 2008). Bears also exhibit
insulin resistance during hibernation but are insulin sensitive
during the active season (Rigano et al. 2017). Although humans do
not hibernate, the unique metabolic adaptations that evolved in

Introduction

Hibernation in bears has long been championed as a promising
system for understanding the extremes of mammalian physiol-
ogy and for identifying novel therapeutic targets (Martin 2008;
Stenvinkel et al. 2013). Annual hibernation in brown bears (Ursus
arctos) involves massive physiological shifts to conserve energy
during the food-scarce winter (Hellgren 1998), and every organ
system in bears demonstrates a suite of adaptations driven by
the needs of hibernation. Hibernating bears exhibit certain phe-

notypes present in human disease, but these phenotypes do not
themselves negatively impact the bears’ overall health (Fedorov
et al. 2009; Berg von Linde et al. 2015; Welinder et al. 2016; Rigano
et al. 2017). For example, heart rate slows to 10 to 15 beats per
minute (Nelson and Robbins 2010), yet bears do not develop typi-
cal dysfunction that would be characteristic of severe bradycar-
dia in humans. Bears prevent congestive heart failure or

hibernators could provide clues to develop new treatments for
human metabolic diseases, such as obesity and type 2 diabetes
(Martin 2008). Recent studies have shown that these hibernation-
induced physiological shifts are associated with massive changes
in the regulation and expression of thousands of genes across
hibernation-relevant processes (Fedorov et al. 2011, 2014; Jansen
et al. 2019). Notably, many of these genes are involved in complex
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metabolic and cellular signaling pathways (e.g., insulin signaling
and metabolism) that play critical roles in a variety of biological
processes across vertebrates, including humans (Cheatham and
Kahn 1995; Jansen et al. 2019).

Over 10,000 genes are differentially regulated in adipose, liver,
and muscle tissues between active and hibernating states, which
provides a set of candidate genes involved in the regulation of
cellular and physiological processes that underlie the metabolic
suppression observed in hibernation (Jansen et al. 2019). These
genes represent key genes and genomic regions for testing hy-
potheses related to the evolution and regulation of hibernation.
To date, studies in bears have focused on global gene expression
levels only, even though mRNA isoforms vary between tissues,
cell types, and developmental stages (Wang et al. 2008; Zhang
et al. 2016) and play a role in cellular processes. The mRNA proc-
essing shifts that result in different isoforms and thus proteome
output may differ between active and hibernating seasons.

For this study, we aimed to determine whether different tran-
script isoforms are differentially expressed between active and
hibernation states. Isoform differences have been explored only
in a few select cases in bears. For example, in brown bears and
Himalayan black bears (Ursus thibetanus ussuricus), the amount of
titin does not differ between active and hibernation seasons but
the relative abundance of two prominent isoforms changes be-
tween seasons and has been proposed to explain increased ven-
tricular stiffness during hibernation (Nelson et al. 2008; Salmov
et al. 2015). Yet little is known about how different isoforms con-
tribute to the hibernation phenotype on a large scale. Because of
its capability in sequencing full-length RNA transcripts, SMRT se-
quencing is ideal for identifying isoforms that are differentially
expressed between seasons. We compare full-length isoforms be-
tween hibernating and active bears in three metabolically active
tissues—skeletal muscle, liver, and adipose. We also generate
and use an improved full-length isoform reference together with
existing short-read RNA-seq data from the same tissues and ac-
tivity states to quantify gene expression profiles more accurately
with isoform-level resolution.

Methods
Sample collection

For the PacBio Iso-Seq protocol, samples were collected from
three bears (one female, two males) at the Washington State
University Bear Research, Education, and Conservation Center in
January 2019 and May 2019, during the winter hibernation and
summer active periods, respectively. Muscle, liver, and adipose
tissue samples were collected for a total of 18 samples. Samples
for the Illumina Ribo-Zero RNA-seq data were collected in May
2015 and January 2016 and are described in detail in Jansen et al.
(2019). Animal care details are described in Rigano et al. (2017).
Bears were first anesthetized using the protocol described in
Ware et al. (2012). Subcutaneous adipose samples were collected
using a 6mm punch biopsy (Miltex, York, PA) as described in
Rigano et al. (2017), while skeletal muscle (gastrocnemius) and
liver tissue samples were collected with a 14G tru-cut biopsy nee-
dle (Progressive Medical International, Vista, CA, USA). All sam-
ples were collected between 0800 and 1200h. Samples were
immediately flash frozen in liquid nitrogen and transferred to a —
80°C freezer, where they were stored until shipment to the
University of Delaware Sequencing & Genotyping Center for RNA
extraction. Procedures for all experiments were approved by the
Institutional Animal Care and Use Committee at Washington
State University (Protocol #04922).

PacBio Iso-Seq library preparation and
sequencing

Total RNAs were extracted from tissue samples and isolated us-
ing the RNeasy Universal kit (Qiagen, Valencia, CA, USA) as per
the manufacturer’s standard protocol. Following total RNA isola-
tion, the samples were concentrated using RNA Clean &
Concentrator Kit (Zymo Research, Irvine CA, USA). The purity of
RNA samples was measured using the DeNovix DS-11+ spectro-
photometer (DeNovix Inc., Wilmington, DE, USA). RNA concen-
tration was measured using Qubit High Sensitivity RNA Assay Kit
and Qubit 3.0 Fluorometer (Thermo Fisher Scientific Inc,
Waltham, MA, USA). The integrity of total RNA was assessed on
the Agilent Fragment Analyzer 5200 system (Agilent
Technologies, Santa Clara, CA, USA) using the High Sensitivity
RNA Kit. The RNA Quality Number (RQN) criteria for the RNA
samples was RQN >7.0.

From 100 to 300 ng of total RNA was input for cDNA synthesis
and amplification using NEBNext Single Cell/Low Input cDNA
Synthesis & Amplification Module (New England Biolabs Inc.,
Ipswich, MA, USA) as per the manufacturer’s standard protocol.
This is a poly-A selection library preparation method. A total of
10-15 PCR cycles were used to generate sufficient quantities of
cDNA for PacBio Iso-Seq library preparations. Concentration and
size profile of cDNA samples was assessed on the Agilent
Fragment Analyzer 5200 system (Agilent Technologies, Santa
Clara, CA, USA) using the High Sensitivity Large Fragment Kit.

Amplified cDNA samples were size selected using ProNex
Size-Selective Purification System (Promega Corporation,
Madison, WI, USA) as per the PacBio recommendation for stan-
dard length cDNA transcripts. Size selected cDNA was used to
construct SMRTbell Iso-Seq libraries using Express Template Prep
2.0 (Pacific Biosciences, Menlo Park, CA, USA) as per the manufac-
turer’s Iso-Seq Express Template Preparation protocol. The con-
centration of the Iso-Seq libraries was measured using the Qubit
3.0 Fluorometer (Thermo Fisher Scientific Inc., Waltham, MA,
USA). The fragment size profile of the Iso-Seq libraries was
assessed on the (Agilent Technologies, Santa Clara, CA, USA).
Each Iso-Seq library was run on a single Sequel system SMRT Cell
using sequencing chemistry 3.0 with 4h pre-extension and 20h
movie time. One SMRT Cell per tissue and state was used to
provide deep coverage of the entire grizzly transcriptome. Raw
reads were processed into circular consensus sequence (CCS)
reads as per the manufacturer’s standard pipeline (SMRT Link
version 7.0).

PacBio Iso-Seq bioinformatic analysis

All 18 SMRT Cells of Iso-Seq data from different samples were
pooled and run through the Iso-Seq Analysis in SMRTLink v8.1
which generated full-length, high-quality (HQ) isoform sequences.
The HQ isoforms were mapped to the genome assembly
(GCA_003584765.1) (Taylor et al. 2018) using minimap?, then fil-
tered and collapsed into nonredundant isoforms using Cupcake
following the analysis described at (https://github.com/Magdoll/
cDNA_Cupcake/wiki/Cupcake:-supporting-scripts-for-Iso-Seq-af
ter-clustering-step). The nonredundant isoforms were then classi-
fied against the GCA_003584765.1 reference transcriptome using
SQANTI3 (https://github.com/Conesalab/SQANTI3). After running
SQANTI3 classification and filtering, we obtained a final set of
PacBio isoforms that we used subsequently as the reference tran-
scriptome for short read quantification. As part of the Cupcake
processing pipeline, we obtained full-length read counts associated
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with each isoform, which were then normalized into full-length
counts per million (cpm) for cross-sample comparison.

Short-read RNA-seq quantification

Short-read Illumina data from Jansen et al. (2019) for the same
individuals and tissues, sampled in a different year, were mapped
to the final set of PacBio isoforms using the Kallisto quantifica-
tion algorithm, with the rf-stranded flag (Bray et al. 2016). Read
counts were compared to the Iso-Seq data using Pearson correla-
tion on the log, counts per million.

Merging annotations and mapping

The PacBio-only annotation set was merged with the reference-
only annotations using gffcompare (Pertea and Pertea 2020).
Short read Illumina data from Jansen et al. (2019) was mapped to
each transcriptome and the reference genome [GenBank assem-
bly accession: GCA_003584765.1 (Taylor et al. 2018)] using HISAT?2
(version 2.2.1) with the —1f flag and otherwise default parameters
(Kim et al. 2019).

Functional annotation and differential isoform
expression analysis

Abundance count estimates for each individual were combined
into a single input matrix for tappAS (version 1.0.7) (de la Fuente
et al. 2020). The annotation file generated in SQANTI3 and the
short-read count matrices for each tissue were input into tappAS
(de la Fuente et al. 2020). Each tissue was analyzed separately to
compare differential isoform expression in hibernation compared
to active season. We excluded short-read data from sample 1AA
because it was previously shown to contain a hair follicle (Jansen
et al. 2019). Transcripts with cpm less than 1.0 or coefficient of
variation cutoff of 100% were excluded from the analyses. In the
differential isoform usage (DIU) analysis, minor isoforms with a
proportional of expression difference less than 0.1 were excluded
from the analysis and DIU was considered at an FDR < 0.05. Gene
ontology (GO) enrichment of different gene sets was calculated
using PANTHER (Mi et al. 2021) with the following parameters:
Analysis Type: PANTHER Overrepresentation Test (Released
20210224), Annotation Version and Release Date: GO Ontology
database DOI: 10.5281/zenodo.5228828 Released 2021-08-18,
Reference List: Homo sapiens (all genes in database), Annotation
Data Set: GO biological process, Test Type: Fisher's Exact,
Correction: Calculate False Discovery Rate.

Results

High correlation between long- and short-read
data at gene level

We analyzed RNA-sequencing data from bears in active or hiber-
nation season on three distinct tissue types (muscle, adipose,
liver). Three of the bears were sequenced using the PacBio Iso-
Seq protocol for full length RNA transcripts, and all six bears
were sequenced using the short-read Illumina RNA-seq approach
(Figure 1). The RNA-seq data was previously analyzed in Jansen
et al. (2019). We first combined all the long-read Iso-Seq data
across samples and replicates and obtained a total of 6.1 million
full-length HiFi reads (Supplementary Table S1). After running
the HiFi reads through analysis, mapping to the reference ge-
nome, and filtering for library artifacts, we obtained 76,071
unique, full-length isoforms ranging from 150 basepairs (bp) to
16.5 kilobases (kb) (mean: 3.2kb). We then evaluated the gene-
level correlation of long- vs short-read data. For this correlation,
we used only transcripts that were present in both Iso-Seq and

RNA-seq datasets. When comparing data from the same individ-
uals (albeit sampled in different years), gene-level correlations
were high within sequencing platforms (mean Pearson correla-
tion RNA-seq: 0.684, Iso-Seq: 0.546 and between platforms: 0.397)
(Figure 2A). Correlations were high among tissues (mean Pearson
correlations RNA-seq adipose = 0.934, liver = 0.954, muscle =
0.952; Iso-Seq adipose = 0.715, liver = 0.659, muscle = 0.712; be-
tween platforms adipose = 0.551, liver = 0.535, muscle = 0.576;
Figure 2A). The lower concordance at the isoform-level within the
Iso-Seq samples as compared to the within RNA-seq samples, is
likely explained by the lower sequencing coverage of the long-
read dataset (Figure 2B). Nevertheless, we see consistent gene-
level correlation for the matching samples across data types,
while samples from the same tissues or animals have higher cor-
relation than different tissues, as expected.

An improved reference transcriptome and
full-length isoform annotation using Iso-Seq

The existing reference transcriptome contained 30,263 genes
encompassing 58,335 transcripts (Taylor et al. 2018). The Iso-Seq
transcriptome was classified against the reference transcriptome
and found to contain 12,018 known and 907 novel genes
(Supplementary Table S2). Compared with the reference annota-
tion, 27.8% of the Iso-Seq isoforms were categorized as full-splice
matches (FSMs; perfect matches to a reference transcript), while
over half of the isoforms were novel isoforms (NIC, novel in cata-
log or NNC, novel not in catalog). More than 30% of the genes had
complex splicing events (greater than six isoforms). Novel iso-
forms had a higher proportion of having a predicted nonsense
mediated decay (NMD) effect (see the left panel of Figure 3, A-D).

We merged the existing reference transcriptome with the new
Iso-Seq transcriptome data, resulting in a total of 31,829 genes
encompassing 107,649 transcripts. The merged data set had a re-
duced number of incomplete splice matches (ISM) and novel iso-
forms (NIC and NNC) while greatly increasing the number of
known transcripts (Supplementary Table S3), suggesting a more
comprehensive representation of the transcriptome. When ana-
lyzing transcripts expressed in each tissue, by mapping RNA-seq
data from six bears, we found that each tissue (muscle, liver, and
adipose) had different distributions of transcript structural
changes, with adipose and liver having similar distributions and
muscle having a much larger number of FSM and fewer NIC tran-
scripts (Figure 3). Importantly, the improved reference transcrip-
tome, with the full-length transcripts originating from samples of
interest, provides a starting point for the discovery of DIU that
would otherwise be missed. One example of such a finding is the
isoform expression of the CA2 gene (Figure 3E), described in more
detail in later sections.

To evaluate the degree to which the Iso-Seq dataset captures
the expressed transcripts in the tissues of interest, we mapped
the ribosomal RNA-depleted (Ribo-Zero) short-read RNA-seq data
of the same tissues (adipose, liver, and muscle) and seasons (ac-
tive and hibernation) to either a PacBio-only transcriptome, the
reference-only transcriptome, a PacBio-reference merged tran-
scriptome, or the reference genome (Figure 4). Given the lower se-
quencing depth of the PacBio data, we were not surprised to see a
higher mappability of the short reads to the reference transcrip-
tome than to the PacBio-only transcriptome. However, the
merged PacBio-reference transcriptome showed the highest
mappability of all transcriptomes. Of note, in the adipose and
liver tissues, a higher proportion of intronic reads in the
ribosomal-depleted RNA-seq data resulted in a much higher
mappability using the reference genome. With the demonstrated
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Figure 2 Gene- and isoform-level correlation between Iso-Seq and RNA-seq count data (log cpm). Correlation measured with Pearson correlation.

Samples are coded using three letters representing [animal], [tissue], and [seas
(L), and muscle (M). The seasons were hibernation (H) or active (A).

improvement of the transcriptome by adding the Iso-Seq data,
the merged (PacBio and reference) transcriptome was used for
further analyses.

Tissue-specific DIU from active to hibernation
season

We assessed whether the relative abundance of different iso-
forms for each gene varied between the seasons (DIU). We also
determined whether the major (highest expressed) isoform
switched between seasons. When analyzing for DIU and major
isoform switching between the seasons (hibernation vs active),
there were substantial differences among the tissues (Table 1,
Supplementary Figure S2). Adipose had the highest incidence of
DIU with regards to both number and % of all analyzed genes,

on]. The three bears were numbered. The tissues were adipose (A), liver

with and without major isoform switching (27.5% of genes;
Table 1). In contrast, major isoform switching between states
without DIU was fairly consistent across tissues.

Isoform Switching between active and
hibernation seasons despite no gene-level
expression change

In this study and in prior work, gene expression changes were
detected in all three tissues between active and hibernating sea-
sons. With the new isoform-level quantifications, we examined
whether the genes classified as having both DIU and Major
Isoform Switching between the two seasons (Table 1) were
enriched in specific cellular functions. Of the three tissues, adi-
pose displayed the highest number of DIU + Major Isoform


academic.oup.com/g3journal/article-lookup/doi/10.1093/g3journal/jkab422#supplementary-data

E. Tsengetal. | 5

ik i W
A - w = Jaree
[ E N O E
O -
- B O b e
oo f o ot
N Y S
B Geniointron m—
et
G
— Pt
Classifications by Transeript Lengih Classifications by Transcript Length
Structural Calegory Structural Category
FSM FSM
15M M
NC L]
e
e = =
Ganomic. 20000
Fusion Fuson
2 ntergeric 2 ragenc
£
3 3
10000 I 10000
o= I.-_ _______ B
01 2 3 4568 7 8 9 101112 14 15 16 0123456789
Transeript Length (in kb) Transcript Length (in kb)
c Number of Isoforms per Gene
Number of Isoforms. per Gene
50.0%
40.0%
giﬂﬂ%
#
20.0%
10.0%
e 1 2-3 4~ >6
Isolorms Per Gene
D Incidence of NMD by structural category Incidence of NMD by structural category
40
% 40 a82%
30 30
26% 274%
Em §2ﬂ
s b
* 2
10 LI
- = . =
| I s . .
FSM 1M NIC NNG FSM ISM NIC NNC
NW_020686127.1:41, 71413440734 338
Wke
aree aron ame J— oy an anen J— amw
! H | | ! | i , t i | ) ; | ! |
Reference g L] 1 (] e . -
i f— - . —a - -
PEEBIU —— - . - - -
— [ 1 [ ] -
Merged . H H H - .

Figure 3 I[soform Classification (A) SQANTI3 isoform classification explanation, FSM, full-splice match; ISM, incomplete-splice match; NIC, novel in
catalog; NNC, novel not in catalog. Genic Genomic = overlaps introns and exons. For (B) through (E) Left: PacBio-only. Right: PacBio+Reference Merged
dataset. (B) Length distribution of transcripts, shaded by classification. (C) Isoforms per gene. (D) Percentage of predicted NMD by classification. (E)
Example of the improved transcriptome by combining existing reference (top, gray) with the PacBio Iso-Seq transcriptome (middle, pink) into a merged

(bottom, purple) transcriptome (see also Supplementary Figure S3).

switches between seasons, with the encoded genes displaying
enrichment for biosynthetic and metabolic processes
(Supplementary Table S4). We then restricted the list of DIU and
Major Isoform switching genes to those that displayed less than
20% change in overall gene-level expression in response to the

season to focus on genes that did not have substantial changes
in gene expression levels between seasons. Testing this list of
genes for enrichments in biological process found the top term
as negative regulation of protein metabolic process
(G0O:0051248) (Supplementary Table S5). This indicates that one
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Table 1 Number and percentage of genes showing DIU and/or major isoform switching between hibernation and active seasons in each

tissue

Adipose

Liver Muscle

DIU—major isoform switching
DIU—no major isoform switching
Not DIU—major isoform switching
Not DIU—no major isoform switching

779 (8.7%) (
1679 (18.8%) 379 (5.0%)
1196 (13.4%) (
5268 (59.0%)
Total genes analyzed 8922

201 (2.7%) 85 (1.6%)
198 (3.7%)
1228 (16.3%) 826 (15.4%)
5706 (75.9%) 4255 (79.3%)

7514 5364

component of hibernation adaptations, the need to consume re-
serve fat stores, is partly re-programmed by a shift in mRNA iso-
form ratios rather than the overall expression level of the gene.
One gene that shows a dramatic, seasonal isoform switch in
adipose tissue is Integrin Subunit Beta 3 (ITGB3BP), imparting a
nearly binary switch in five of the six sampled bears (Figure 5).
While at the gene-level there is very little change in overall
mean expression of ITGB3BP (7.3%), a major isoform switch
occurs between active and hibernation (Figure 5, A and B). The
two isoforms differ by a cassette exon near the 3’ end of the
open reading frame, resulting in a new C-terminal peptide se-
quence for the protein. Prior characterization of the ITGB3BP
protein in mammals demonstrated that it acts as transcrip-
tional co-regulator amongst several nuclear hormone receptor
circuits affecting both the retinoic acid (RXR) and thyroid hor-
mone (TR) pathways (Li et al. 1999) Since nuclear hormones
play a key role in metabolic control and are implicated in ho-
meostasis during hibernation (Nelson et al. 2009), we further
investigated the putative consequences of the isoform switch.
The bear isoform PB.6860.1, which is predominant in bear adi-
pose tissue during hibernation, includes a cassette exon near

the 3’ end of the open reading frame and encodes a protein iso-
form of the same 177 amino acid length as the predominant
human isoform with 76% identity (Figure 5D). Skipping of the
cassette exon (PB.6860.2) is more common during the active
season, and this splicing pattern is also observed in humans,
according to Genotype-Tissue Expression (GTeX) project data
(Aguet et al. 2017). This event results in a truncated C-termi-
nus, which we predict would alter the downstream co-
regulator activity of ITGB3BP based on studies of its domain
structure (Li et al. 2001). Studies of the human protein showed
that the C-terminal LXXIL motif, conserved in the bear and
encoded by the exon-included isoform (PB.6860.1), acts as a
receptor-interaction domain (RID) (Li et al. 2001). This motif
along with the human N-terminal LXXLL motif, also conserved
in the bear, act in a cooperative fashion during interaction
with the nuclear hormone receptor dimer. As the isoform
without the exon (PB.6860.2) lacks the C-terminal LXXIL motif
and terminates instead with a dipeptide GI, this alternative
splicing event may impart broad downstream consequences
for hormone receptor signaling in adipose tissue while bears
arein an active state.
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Figure 5 Differential isoform expression of ITGB3BP mRNA in adipose tissue. (A) Expression changes at the gene and coding sequence (CDS) level. (B)
Short read expression of the two ITGB3BP isoforms across all bears and tissues. (C) Isoform structure of two ITGB3BP isoforms, dashed box indicates the
region of the isoforms that differs. (D) Protein alignment (MUSCLE) for the human isoform and the bear isoform observed in the active season. Putative
functional motifs based on the human protein co-activator function are shown in bold text. The slash represents the beginning of C-terminal peptide
sequence altered by the splicing event observed in hibernating bears. The skipped exon results in a shorter C-terminus shown below the full-length

alignments.

In liver, an example of a gene with significant DIU and isoform
switching was Carbonic Anhydrase 2 (CA2). Carbonic anhydrase
is essential for bone resorption and acid-base balance and has
been shown to be down-regulated in bones of hibernating black
bears (Shah et al. 2004; Goropashnaya et al. 2021). Given the wide-
spread tissue expression of CA2, it is reasonable to suspect it

plays an important role in many tissues besides bone in main-
taining calcium homeostasis. Thus, isoform switching and DIU
could provide novel means of regulation of this important gene
product. The CA2 gene expressed two isoforms (Supplementary
Figure S3). The shorter isoform, which lacks a coding exon and
initiates transcription downstream compared to the other
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isoform, was upregulated in the hibernation season for all six
bears, while the longer isoform showed decreased expression
during hibernation. Interestingly, the shorter isoform, which is
annotated in the human genome, was not annotated in the bear
reference transcriptome and was only found in the PacBio Iso-
Seq data (Figure 3).

In muscle, an example of a gene with significant DIU and iso-
form switching, was cryptochrome 2 (CRY2). There are four
expressed isoforms of CRY?2, two of which are novel and showed
very little changes from active season to hibernation and the
other two isoforms, which show major isoform switching
(Supplementary Figure S4). The two isoforms that show major
isoform switching differed by only 14bp at the last donor site;
both isoforms were annotated in the reference, and both were
predicted to encode for the same protein. The longer isoform
showed decreased isoform usage while the shorter isoform
showed increased isoform usage during hibernation.
Cryptochrome 2 belongs to a family of proteins integral to the op-
eration of the circadian clock by acting as a transcriptional re-
pressor (Griffin et al. 1999). Interestingly, a damaging mutation
has been found in the polar bear genome suggesting that this cir-
cadian gene may be particularly prone to modification (Welch
et al. 2014). Given the expression of circadian rhythms in hiber-
nating brown bears (Jansen et al. 2016), DIU may represent a novel
mechanism of regulation under these conditions. Studies exam-
ining DIU of Cry2 in rodent hibernators that do not undergo circa-
dian rhythms in hibernation could clarify this putative role.

In addition to identifying genes with DIU and major isoform
switching, we also identified genes with evidence for DIU with-
out major isoform switching (Table 1). For example, four tran-
script isoforms of the homeobox transcription factor PRRX1
(Supplementary Figure S5), corresponding to human PRRXIa
(PB.14470.3); PRRX1b (PB.14470.1), and an unnamed human iso-
form (PB.14470.4). The fourth transcript, PB.14470.2, is a non-
coding isoform. Transcription factor PRRX1 is highly expressed
in adipose and muscle. In adipose, the PB.14470.1 isoform con-
tinues to predominate in both active and hibernation seasons
compared to the other isoforms, but also shows significantly
higher expression during hibernation. This isoform (PB.14470.1)
also contains a 3280bp 5’ UTR that is lacking in PB.14470.3,
while the latter contains a fifth exon. This same transcription
factor in muscle shows no change in isoform expression be-
tween the seasons (Supplementary Figure S5).

A gene that shows DIU and is positively regulated in adipose
by PRRX1 in humans is COL6A3. COL6A3 expression is posi-
tively related to PRRX1 in hibernation, but not in active season
adipose (Supplementary Figure S6); overall the relationship be-
tween these two genes is opposite to that in humans. Two cod-
ing isoforms (out of six) of COL6A3 predominate and both
isoforms are reduced in hibernation compared to active season
(Supplementary Figure S6).

Discussion

Our study provides an unprecedented view into hibernation biol-
ogy through the lens of RNA processing by producing a dataset
that improved the annotation of the brown bear genome and
reinforced the important role adipose tissue plays in hibernation.
This approach allowed us to characterize isoforms that are
changing between active and hibernation states, even when the
gene itself shows no significant change in expression levels.
While studies of differentially expressed genes have provided
much of our current understanding in hibernation biology (Srere

et al. 1992; Shimozuru et al. 2016; Chayama et al. 2018; Faherty
et al. 2018; Gautier et al. 2018; Jansen et al. 2019; Srivastava et al.
2019), determining genes where functionally distinct isoforms
change between seasons is the next essential biological mecha-
nism to uncover.

As we have shown in this study, metabolically active tissues
vary dramatically in their isoform usage. Adipose tissue has been
recognized as a source of critical physiological mechanisms dur-
ing hibernation (Rigano et al. 2017; Jansen et al. 2019); the inherent
complexity and importance of adipose biology is further under-
scored in this study. The large percentage of genes with DIU com-
pared to liver and muscle, and the large number of differentially
expressed genes support the dynamic role of adipose in hiberna-
tion where both transcription and RNA processing play concerted
roles. The difference in the percentage of reads mapping to the
transcriptome as compared to the genome in adipose and liver
suggests that the ribosomal-depleted RNA-seq data had more
intronic and intergenic reads in those tissues. It is also important
to note that due to the fibrous nature of muscle, slightly different
extraction kits were used for the muscle as compared to adipose
and liver tissue RNA extraction for the short-read data (Jansen
et al. 2019). While extraction method may influence the percent-
age of intronic and intergenic reads, there may also be differences
in splicing efficiency between tissues and states. Regardless, adi-
pose showed differences between active and hibernation, sug-
gesting that intron retention may be an especially important
mechanism for gene regulation and function in adipose during
hibernation. It is also possible that global rates and efficiency of
RNA processing by the spliceosome may also vary between the
tissues and states.

In addition to hibernation biology, our results also highlight
several transcriptional events that may have important implica-
tions for humans. For example, the very strong positive relation-
ship between COL6A3 and PRXX1 expression in human adipose
tissue (Dankel et al. 2020) is completely absent in bears, providing
a possible explanation for why bears exhibit little to no inflam-
matory signatures even during periods of extreme adiposity and
when consuming a high saturated fat diet (Rivet et al. 2017). Even
the expected (positive) relationship between COL6A3 and TGFf is
absent in bears. However, elevated PRRX1 is associated with
PPARG (Peroxisome Proliferator Activated Receptor Gamma)
reductions in hibernating bear adipose tissue as has been ob-
served previously (Claussnitzer et al. 2014). Thus, certain aspects
of adipose function appear dissociable in bears which could lead
to a more precise understanding of the contribution of adipose
tissue to human disease states. Furthermore, since various single
nucleotide polymorphisms within the homeobox domain super-
family associate with type 2 diabetes in humans, manipulation of
PRRX1 isoforms in hibernating bear adipocytes (insulin resistant)
in vitro could be used to test these relationships more precisely
without the confounding interaction with COL6A3.

While PacBio Iso-Seq has been used widely for plant and ani-
mal genome annotation (Wang et al. 2020; Ramberg et al. 2021),
and recently shown to shed light in cell-type specific isoform
expressions in brain regions (Gupta et al. 2018), this study in-
cluded multiple biological replicates per tissue and condition
that incorporated both RNA-seq and Iso-Seq data for identifying
DIU. The high mappability of the matching RNA-seq data to the
[so-Seq transcriptome shows promise for other less well-
annotated organisms, where Iso-Seq may serve as a sole refer-
ence transcriptome upon which RNA-seq may be used for analy-
ses. We saw a high correlation at the gene level between data
types from the same tissue despite the fact that the Iso-Seq data
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were lower coverage. There was also a moderate correlation at
the isoform level within data type, but less so between data types,
likely because of the low sequencing depth of the long-read data.

Moving forward, we aim to create an improved reference tran-
scriptome at higher coverage, as well as improve the existing refer-
ence genome, to create a comprehensive reference that may better
serve for studying differential isoform expressions in hibernation.
Comparative studies across bears will also provide a much-needed
framework for comparing hibernating and nonhibernating species.
Indeed, long-read sequencing was used to improve the polar bear
(Ursus maritimus) reference genome annotation set (Byme et al.
2019), which provides a valuable additional resource for compara-
tive studies. Although the brown bear (U. arctos) genome (Taylor
et al. 2018) is not a chromosome-level assembly, we were able to
improve the annotations and these data can be used in future
improvements of the genome assembly.

In summary, our study demonstrates the utility of PacBio Iso-
Seq for determining isoform differences between hibernating and
active brown bears. Importantly, we found that adipose is the
most dynamic tissue during hibernation with the highest number
of genes with DIU and isoform switching as compared to liver
and muscle. These findings and datasets provide a rich new re-
source for studying hibernation biology and understanding meta-
bolic function. Additionally, this resource provides a basis for
incorporating isoform changes in studying hibernation and trans-
lating findings to solving human diseases.

Data availability

The datasets generated for the current study are available in the
NCBI SRA repository under BioProject PRINA727613. The datasets
reanalyzed in this study are available in the NCBI SRA repository
under BioProject PRINA413091. The code for this project is avail-
able at: https://github.com/jokelley/brownbear-isoseq-act-hib
Supplementary material is available at G3 online.
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