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Shotgun Proteomics Analysis of Hibernating
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Mammalian hibernation involves complex mechanisms of
metabolic reprogramming and tissue protection. Previous
gene expression studies of hibernation have mainly focused
on changes at the mRNA level. Large scale proteomics
studies on hibernation have lagged behind largely because
of the lack of an adequate protein database specific for
hibernating species. We constructed a ground squirrel pro-
tein database for protein identification and used a label-free
shotgun proteomics approach to analyze protein expres-
sion throughout the torpor-arousal cycle during hibernation
in arctic ground squirrels (Urocitellus parryii). We identified
more than 3,000 unique proteins from livers of arctic ground
squirrels. Among them, 517 proteins showed significant
differential expression comparing animals sampled after at
least 8 days of continuous torpor (late torpid), within 5 h of
a spontaneous arousal episode (early aroused), and 1-2
months after hibernation had ended (non-hibernating). Con-
sistent with changes at the mRNA level shown in a previous
study on the same tissue samples, proteins involved in
glycolysis and fatty acid synthesis were significantly under-
expressed at the protein level in both late torpid and early
aroused animals compared with non-hibernating animals,
whereas proteins involved in fatty acid catabolism were sig-
nificantly overexpressed. On the other hand, when we com-
pared late torpid and early aroused animals, there were dis-
crepancies between mRNA and protein levels for a large
number of genes. Proteins involved in protein translation and
degradation, mRNA processing, and oxidative phosphoryla-
tion were significantly overexpressed in early aroused ani-
mals compared with late torpid animals, whereas no signifi-
cant changes at the mRNA levels between these stages had
been observed. Our results suggest that there is substantial
post-transcriptional regulation of proteins during torpor-
arousal cycles of hibernation. Molecular & Cellular Pro-
teomics 9:313-326, 2010.

Hibernation is a survival strategy of regulated metabolic
suppression adopted by a wide range of mammalian species
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to survive environmental conditions of low or unpredictable
food availability (1, 2). Through complex cellular and molecu-
lar reorganization, hibernators have evolved the ability to sus-
tain and spontaneously reverse profoundly low levels of body
temperature and rates of oxygen consumption. For example,
during torpor the arctic ground squirrel, Urocitellus partryii,
adopts a core body temperature of —2.9 °C and a minimum
metabolic demand that is 2% of its normal, basal metabolic
rate (3, 4). However, during the hibernation season, arctic
ground squirrels, like all other small mammalian hibernators,
alternate between prolonged torpor (to 24 days) and periodic
arousal episodes when they spontaneously rewarm to euther-
mic body temperatures (36-37 °C) for 10—15 h before returning
to torpor. The genetic and molecular mechanisms of regulation
and tolerance of hibernation and the functional significance of
arousal episodes remain central questions in hibernation re-
search. In addition, understanding the molecular mechanisms
of hibernation has the potential of leading to the development of
novel preventive and therapeutic approaches to the treatment
of human maladies such as trauma, cardiovascular disease,
stroke, and ischemia/reperfusion injury.

Nearly two decades of gene expression studies on hiber-
nating mammals have suggested that the hibernation pheno-
type results from the differential expression of existing genes
rather than the evolution of novel genes (1, 5, 6). Recently,
several laboratories have utilized large scale genomics ap-
proaches to investigate differential gene expression during
hibernation in different ground squirrel species (7, 8). In initial
studies of the arctic ground squirrel (AGS)," we compared
mRNA levels in brown adipose tissue using mouse microar-

' The abbreviations used are: AGS, arctic ground squirrel; EA, early
arousal; LT, late torpor; PR, postreproduction; SAF, spectral abun-
dance factor; NSAF, normalized spectral abundance factor; PLGEM,
power law global error model; StN, signal to noise; FDR, false dis-
covery rate; GO, gene ontology; EST, expressed sequence tag; nr,
non-redundant; LTQ, linear trap quadrupole; DAVID, Database for
Annotation, Visualization, and Integrated Discovery; Ent, entrance into
torpor; SA, summer active; NC, nitrocellulose; ALB, albumin; OTC,
ornithine carbamoyltransferase; HMGCS, hydroxymethylglutaryl-CoA
synthase; ANOVA, analysis of variance; COPG, coatomer protein com-
plex, subunit y; ACAD, acyl-CoA dehydrogenase; FABP, fatty acid-
binding protein; ACAC, acetyl-CoA carboxylase; BCKDH, branched
chain ketoacid dehydrogenase; RGN, regucalcin; A2M, a,-macroglob-
ulin; miRNA, microRNA; GCK, glucokinase; ABAT, 4-aminobutyrate
aminotransferase; HRG, histidine-rich glycoprotein.
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rays and identified 625 genes that were differentially ex-
pressed between torpid and summer active animals (9). We
subsequently designed lllumina BeadArrays that measured
expression of about 1,400 genes in five AGS tissues using
probes based on pooled mRNA sequences of three ground
squirrel species, comparing four hibernation stages during
spontaneous torpor-arousal cycles with non-hibernating
AGS. Using the BeadArrays as well as real time PCR assays,
we identified significant differences in hibernating animals
compared with non-hibernating animals in mRNA levels of
genes involved in metabolism and tissue protection and
genes related to circadian rhythm and cell growth during the
torpor-arousal cycle (10).

Transcripts of mRNA are protected while translation is in-
hibited during torpor in ground squirrels (11, 12). Therefore,
protein variety and abundance can be very different from
corresponding gene expression at the mRNA level, and dif-
ferential protein expression may more directly reflect regula-
tory changes related to hibernation. Martin et al. (13) observed
a slow loss of protein integrity during prolonged torpor in
golden-mantled ground squirrels (Callospermophilus lateralis)
and proposed that replenishment of proteins may be a cause
for arousal episodes. These results call for investigating hi-
bernation at the proteomic in addition to transcriptomic levels.
However, because of the difficulty of developing high
throughput proteomics technologies for non-model organ-
isms, large scale hibernation proteomics has lagged behind
hibernation transcriptomics (14). Initial hibernation proteomics
studies were based on two-dimensional gel electrophoresis.
Using two-dimensional gels followed by MS/MS, Epperson
et al. (15) compared protein expression in the livers of golden-
mantled ground squirrels entering torpor and summer active
animals and identified 68 differentially expressed proteins.
Using a similar approach, Martin et al. (16) then identified 27
different proteins showing significant differential expression in
the intestines of thirteen-lined ground squirrels (Ictidomys
tridecemlineatus) sampled during interbout arousal compared
with summer active animals. However, two-dimensional gel-
based proteomics approaches have intrinsic problems such
as limited coverage, low sensitivities, and unidentifiable spots
(17, 18). Another obstacle in hibernation proteomics is the
lack of a protein database for any hibernating species. To-
ward overcoming this problem, Russeth et al. (14) combined
multiple software packages to search for proteins in meta-
zoan protein databases to analyze the electrospray ionization
and matrix-assisted laser desorption ionization MS results of
seven spots that showed differential expression between ac-
tive and hibernating animals on two-dimensional gels of skel-
etal muscle and heart of thirteen-lined ground squirrels.

More quantitative MS-based methods have been devel-
oped, including stable isotope labeling such as isotope-
coded affinity tag, stable isotope labeling by amino acids in
cell culture, and isobaric tags for relative and absolute quan-
titation. Unfortunately, these methods are expensive and

time-consuming. Recently, an alternative label-free shotgun
proteomics strategy based on spectral counting has become
available (19). In this method, relative protein abundance is
estimated from the number of spectral matches for a given
protein species across samples. The low abundance proteins
that may be randomly picked up in the experiment can be
filtered out. Appropriate statistical methods have been devel-
oped to analyze such label-free spectral data (20, 21). Al-
though considered less accurate than the isotope labeling
methods, this approach has an advantage of higher proteome
coverage, higher dynamic range, and a simpler experimental
protocol and is therefore more convenient for global protein
expression studies (22).

Here we apply a label-free shotgun proteomics approach
for the first time on a hibernating species. We collected MS
spectra using LC-MS/MS, and results were searched against
a ground squirrel protein database that we constructed by
combining Ensembl annotation of the newly available thir-
teen-lined ground squirrel genome along with pooled ex-
pressed sequence tag (EST) sequences from three closely
related ground squirrel species. We then compared protein
expression results with our previously published mRNA re-
sults using the same tissue samples (10). We also designed
additional real time PCR assays for mRNA of newly identi-
fied proteins in the high throughput proteomics study. Se-
lected differentially expressed proteins identified in our ap-
proach were further validated by Western blot analyses. Our
analysis results indicate the potentially significant role of
post-transcriptional regulation in torpor-arousal cycles dur-
ing hibernation.

EXPERIMENTAL PROCEDURES

Construction of Ground Squirrel Protein Database—The thirteen-
lined ground squirrel genome and annotations for 17,920 protein-
coding and non-coding genes containing splice site information as
well as 14,830 protein sequences of protein-coding genes were
downloaded from Ensembl release 49 (speTril, June 2006). EST
sequences of golden-mantled ground squirrel (8,803 sequences) and
thirteen-lined ground squirrel (5,256 sequences) were obtained from
NCBI. Arctic ground squirrel EST sequences (13,505 sequences)
were obtained from the EST sequencing project at University of
Alaska Fairbanks. These ground squirrel EST sequences were aligned
to the thirteen-lined ground squirrel genome using the blastn program
(23) to identify the genomic contigs to which the ESTs belong, using
a minimum alignment score of 160 as the criterion. To identify the
precise splice sites, the EST sequences were realigned to the corre-
sponding genomic contigs using the sim4 program (24). To identify
the human and mouse homologous genes in the thirteen-lined ground
squirrel genome that could have been missed in Ensembl gene an-
notations, we further aligned the human and mouse RefSeqg mRNA
sequences (25) to the thirteen-line ground squirrel genome by the
same procedure. In the sim4 alignments, we required that the
mapped portion of the EST or RefSeq alignment is at least 50% of
the full sequence and that match identities were higher than 95% for
ground squirrel EST sequences and 85% for human and mouse
RefSeq sequences. We clustered the EST alignments, RefSegs align-
ments, and Ensembl gene annotations on the same contig into “gene
clusters” based on the splice site information and the mutual over-
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laps; i.e. they were clustered if they shared at least one common
splice site or they overlapped for at least 50% of the length of the
shorter sequence. The ESTs that could not be reliably aligned to the
genome were clustered into “unaligned clusters” by the blastclust
program. To remove the redundancy of gene clusters due to genome
duplication or incomplete assembly, gene clusters were further clus-
tered to “unique gene clusters” if a gene cluster shared at least 80%
of its members with another gene cluster.

If the unique gene cluster contained Ensembl gene annotations, the
protein sequences from Ensembl annotations were used directly.
There were gaps in some Ensembl protein sequences because of
incomplete genome sequences. In this case, we aligned the ground
squirrel ESTs onto the protein sequences with the blastx program and
used the protein translation of EST sequences to fill in the gaps in
Ensembl protein sequences. In this way, a total of 1,246 Ensembl
protein sequences were “patched.” If the unique gene cluster did not
have any Ensembl annotation but had human RefSeq alignment, the
genomic regions aligned to the human RefSeq were translated into
protein sequence according to the open reading frames in human. If
the unique gene cluster had neither Ensembl annotation nor human
RefSeq alignment but had mouse RefSeq alignment, the genomic
regions aligned to the mouse RefSeq were translated into protein
sequence. If the unique gene cluster had none of the above, the
genomic regions aligned to the ESTs in that cluster to the maximum
spanning length were obtained and aligned to the nr database by the
blastx program. The protein sequences were obtained by translating
the aligned genomic regions using the open reading frame of the
aligned nr proteins. For the unaligned clusters, we also aligned the
EST sequences to the nr database and selected the longest trans-
lated protein sequence in that cluster. All protein sequences were
merged to form the ground squirrel protein database. They were
further aligned to human RefSeq protein sequences by the blastp
program to obtain their corresponding human gene symbols where a
minimum alignment score of 100 was used as criteria. The scheme of
the ground squirrel protein database construction is shown in sup-
plemental Fig. S1. The protein amino acid sequences of the ground
squirrel protein database and their annotations are provided as sup-
plemental Tables S1 and S2.

Animals— Animals and tissues used in this proteomics study were
the same as those analyzed in our previous microarray study (10). We
included two more postreproductive animals in the Western blot
validation. Briefly, U. parryii were trapped in July near the Toolik Field
Station in northern Alaska (68.6° north 149.4° west; elevation, 809 m)
and transported to the University of Alaska Fairbanks. Animals were
housed at 20 + 2 °C with a 16:8-h light:dark photoperiod and pro-
vided with Mazuri rodent chow and water ad libitum. Hibernating
animals were implanted with temperature-sensitive radiotransmitters
in their abdominal cavities and maintained at a 4:20-h photoperiod.
Body temperature (T,,) was monitored for the precise stage of torpor
and arousal by an automated telemetry system that measures and
records T, every 10 min (4). Animals late in a torpor bout (late torpor
(LT); n = 4) were collected after 80-90% of the duration of the
previous torpor bout (8-12 days). Animals sampled early after spon-
taneously arousing from torpor (early arousal (EA); n = 4) were col-
lected 1-2 h after core T, had increased above 30 °C during rewarm-
ing. Postreproductive summer euthermic animals sampled in May
and June 1-2 months after ending hibernation (postreproduction (PR);
n = 4) were used as non-hibernating controls. These animals had
completed reproductive regression as assessed by external inspec-
tion of gonads and genitalia and had entered molt. Torpid animals
were euthanized by decapitation without anesthesia. Aroused and
postreproductive animals were deeply anesthetized with isoflurane
and decapitated. Liver tissue was rapidly dissected, frozen in liquid
N,, and stored at —80 °C. Frozen tissues were transported to Shang-

hai, China on dry ice where proteomics and real time PCR analyses
were conducted.

Protein Digestion—Liver samples (1 mg) were homogenized in a
Dounce glass grinder using 1 ml of lysis buffer consisting of 9.5 m
urea, 4% CHAPS (w/v), 65 mm Tris, 10 mm DTT, and a protease
inhibitor mixture (100:1; Merck). The crude tissue extracts were cen-
trifuged for 45 min at 15,000 X g to remove the undissolved pellets.
The tissue lysates (1 mg) were reduced for 2 h at room temperature by
addition of 1 m DTT to a final concentration of 10 mm DTT and then
alkylated for 45 min by addition of 1 m iodoacetamide to a final
concentration of 50 mm. After reduction and alkylation, the lysates
were precipitated using 5 volumes of ice-cold TCA/acetone. The
pellets were then washed three times with ice-cold pure acetone and
resuspended in 200 ul of 100 mm NH,HCO,. For in-solution digestion,
20 pg of modified trypsin (sequencing grade, Promega) were added,
and the mixtures were digested at 37 °C for 1,000 rpm overnight in a
Thermomixer compact™ (Eppendorf). Trypsin activity was quenched
by acidification using TFA to a final concentration of 1%. The mixed
digests were further ultrafiltered by Microcon™ (10 kDa; Millipore) to
remove the large molecules.

Strong Cation Exchange Chromatography—The strong cation ex-
change fractionation protocol mainly followed a previous report (26)
with slight modification. Briefly, the mixed digests were loaded onto a
2.1-mm X 10-cm strong cation exchange column (Column Technol-
ogy, Inc.) equilibrated with 0.1% formic acid, 20% acetonitrile, and 5
mm ammonium formate (NH,HCO,) using an HPLC 1090 system. The
peptides were separated by a linear gradient of NH,HCO, from 5 to
100 mm with a flow rate of 0.5 ml/min. A total of six fractions including
flow-through were collected, and each fraction was dried with Con-
centrator™ (Eppendorf). The pellets were resuspended by adding
100 wpl of 0.1% formic acid before the LC-MS run.

Mass Spectrometric Analysis—The fractionated digests were ana-
lyzed by C,g reversed-phase microscale liquid chromatography-tan-
dem mass spectrometry. In this study, Ettan™ MDLC instrument
controlled by UNICORN™ software (GE Healthcare), a system for
automated multidimensional chromatography, was used for desalting
and separation of peptides prior to LTQ analyses. The mass spec-
trometer was operated in the data-dependent mode to automatically
switch between MS and MS/MS acquisition. A Finnigan LTQ linear ion
trap mass spectrometer equipped with a microspray interface was
used as the detector for the peptides separated on the reversed-
phase chromatography column. Each scan cycle consisted of one
full-scan mass spectrum (m/z 400-1800) followed by 10 MS/MS
events of the most intense ions with the following dynamic exclusion
settings: repeat count, 2; repeat duration, 30 s; and exclusion dura-
tion, 90 s (27). The samples were loaded onto the trap column first
with 10 ul/min flow rate, and then the desalted samples were eluted
at a flow rate of 1300 nl/min in the MDLC instrument by applying a
linear gradient of 0-50% buffer (0.1% formic acid, 84% ACN) for 180
min. The Finnigan LTQ linear ion trap mass spectrometer was used for
the MS/MS experiment with an ion transfer capillary of 160 °C and
iSpray voltage of 3 kV. Normalized collision energy was 35.0%.

Assigning Peptide Sequences Using SEQUEST—Peak lists were
generated using Bioworks 3.1 (Thermo) with default parameters. All
acquired MS/MS spectra from 12 AGS samples were searched
against 19,297 proteins in the ground squirrel protein database using
SEQUEST (version 3.1). Searches were performed using the “trypsin
enzyme” parameter of the software. Methionine oxidation was only
specified as a variable modification, and cysteine carboxamidom-
ethylation was specified as the fixed modification. The peptide data-
base search was carried out with the following parameters: peptide
mass tolerance, 3.0 Da; mass tolerance for fragment ions, 0 Da;
maximum number of internal cleavage sites, 2; and number of allowed
errors in matching autodetected peaks, match peak tolerance, 1.
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SEQUEST results were filtered using the following parameter: Xcorr >
1.55 and ACn > 0.15 for the peptides in 1+ charged state, Xcorr >
1.85 and ACn > 0.16 for the peptides in 2+ charged state, and
Xcorr > 2.6 and ACn > 0.22 for the peptides in 3+ charged state (28).
These thresholds were determined to maximize the number of pep-
tides identified while satisfying a false discovery rate (FDR) of =0.05.
The FDR was calculated based on the following formula: FDR =
Nreu/Niar (29). Nye, is the number of peptide hits matched to the “re-
verse” protein, and n,,, is the number of peptide hits matched to the
“target” protein. Peptides exactly matched to more than one protein
in our database were included in all proteins onto which they mapped.
All output results were combined using an in-house software named
buildsummary.

Protein Data Analysis—The SEQUEST program identified 3,594
AGS proteins that had at least two unique peptide hits to ground
squirrel proteins in our database (supplemental Table S3). 3,537 of
these AGS proteins have homologous human gene symbols. The
remaining 57 AGS proteins were manually annotated by aligning with
nr database by blastp program. When we removed redundant pro-
teins corresponding to the same gene symbols, we kept the one with
the highest number of spectral counts. After removing this redun-
dancy, we obtained 3,104 unique proteins with at least two unique
peptide counts. For reliable protein quantification, we selected 1,209
unique proteins satisfying peptide counts =2 for every animal sample
in at least one physiological state (EA, LT, and PR). The total numbers
of spectral hits of peptides within each protein in the ground squirrel
protein database were used to quantify the protein expression level in
each sample. Spectral counts in each sample were divided by protein
length to obtain the spectral abundance factor (SAF). Normalized
spectral abundance factors (NSAFs) were obtained by further dividing
SAF values by the sum of SAF values in each sample according to
Pavelka et al. (30). The dynamic range of our NSAF values was
computed by the base 10 logarithm of the ratio between the 99.95th
percentile and the 0.05th percentile after removing the zero values
according to Pavelka et al. (30). NSAF values were analyzed by the
power law global error model (PLGEM)-signal to noise (StN) method
(Bioconductor package) (31) to compute the statistical significance of
protein expression differences in pairwise comparisons among EA,
LT, and PR stages. An FDR-adjusted p value <0.05 was used as the
criterion for statistical significance. A heat map of the 25 most signif-
icant proteins (FDR-adjusted p value <0.001) was generated by heat-
map?2 in the gplots package (Bioconductor package) (31). The red-
green colors represented scaled NSAF values. The hierarchical
clustering of genes was based on the distances defined as one
subtracts Pearson correlation coefficients (Fig. 2). Log,-transformed
protein changes were calculated as log,-based ratios of mean NSAF
values in EA, LT, and PR stages. Spectral count data were also
analyzed using the Qspec program obtained from Choi et al. (20). A
Bayes factor >10 and a [fold change| >1.5 were used as the criteria
for statistical significance in pairwise comparisons. The combined
PLGEM and Qspec results are listed in supplemental Table S4. Func-
tional analyses using the Database for Annotation, Visualization, and
Integrated Discovery (DAVID) (32) program were conducted using the
default background gene set.

To compare our results with those of Epperson et al. (15), we ex-
tracted fold changes of significant proteins shown comparing animals
during entrance into torpor (Ent) versus non-hibernating animals sam-
pled in summer (SA) from Tables | and Il in their study. Homologous
human gene symbols were obtained from the accession number of
identified proteins listed in the tables. Fold changes of proteins with the
same gene symbols were averaged. MDH1 protein was removed be-
cause it appeared in both over- and underexpressed protein lists. Fold
changes of both Epperson et al. (15) Ent versus SA and our LT versus PR
comparisons were log,-transformed and plotted in Fig. 4.

mRNA Data Analysis—We used normalized gene expression values
from our previously published lllumina BeadArray experiment (10). For
real time PCR analysis, total RNA was prepared from frozen tissues
by homogenizing in liquid N, and TRIzol reagent (Invitrogen) with
mortar and pestle. Total RNA quantities were measured by a Nano-
drop spectrometer. RNA quality was assessed by an Agilent Bioana-
lyzer. 500 ng of total RNA from each sample was reverse transcribed
using random hexamer and reverse transcriptase (Invitrogen) in a
20-pl reaction. 5 ul of RT product (1:10 diluted) and SYBR Green |
Master Mix (Roche Applied Science) in a 20-ul reaction were used in
real time PCR on a LightCycler 480 (Roche Applied Science). The
18S rRNA was used as reference in real time PCR. The primer
sequences of genes tested in real time PCR are listed in supplemental
Table S5. The specificity of PCR was checked by melting curve
analysis. The critical threshold (C;) value is the PCR cycle number
where the PCR growth curve crosses a defined threshold in the linear
range of the reaction. Gene expression values can be calculated from
C; by the formula: 2%% ~ 7, |n every real time PCR assay, 18S rRNA
was used as the control for significant bias of starting materials
across samples. The Cy values are listed in supplemental Table S6.
We again used the PLGEM-StN method to analyze the lllumina Bea-
dArray and real time PCR gene expression data. An FDR-adjusted p
value <0.05 was used as the criterion for statistical significance.
Log,-transformed mRNA changes were calculated as log,-based
ratios of mean expression values in EA, LT, and PR stages for lllumina
BeadArray and real time PCR data.

Western Blot Validation—Liver samples of arctic ground squirrels
were washed with ice-cold PBS three times to remove blood and then
homogenized in lysis buffer (8 m urea, 4% CHAPS, 65 mm DTT, 40 mm
Tris with protease inhibitor mixture, 200 mg of wet tissue/ml) with a
motor-driven homogenizer (Glas-Col) until no sample pieces were
visible. The homogenate was sonicated for a total of 3 min followed
by centrifugation at 25,000 X g for 1 h at 4 °C. Proteins in the
supernatant were separated by SDS-PAGE and transferred to nitro-
cellulose (NC) membranes. Each NC membrane was incubated with
blotting buffer (5% milk, 150 mm NaCl, 20 mm Tris*HCI (pH 8.0), 0.05%
(v/v) Tween 20) with gentle shaking at room temperature for 1 h. The
NC membrane was then incubated with primary antibody in fresh
blotting buffer at the concentration specified by the manufacturer with
gentle shaking at 4 °C for 12 h. Primary antibodies were: goat anti-
COPG (C-19) polyclonal antibody (sc-14167, Santa Cruz Biotechnol-
ogy), mouse anti-PRP8 monoclonal antibody (clone E-5) (sc-55533,
Santa Cruz Biotechnology), goat anti-antithrombin Il (C-18) poly-
clonal antibody (sc-32453, Santa Cruz Biotechnology), goat anti-
albumin (ALB) (P-20) polyclonal antibody (sc-46293, Santa Cruz Bio-
technology), rabbit anti-human ornithine carbamoyltransferase (OTC)
precursor polyclonal antibody (LS-C31865, Lifespan Biosciences),
goat anti-mitochondrial hydroxymethylglutaryl-CoA synthase
(HMGCS) (C-20) polyclonal antibody (sc-32426, Santa Cruz Biotech-
nology), goat anti-human liver fructose-1,6-bisphosphatase (C-17)
polyclonal antibody (sc-32432, Santa Cruz Biotechnology), mouse
anti-NDUFS3 (17D95) monoclonal antibody (sc-58393, Santa Cruz
Biotechnology), and mouse anti-human factor H (L20/3) monoclonal
antibody (sc-47686, Santa Cruz Biotechnology). After incubation with
the horseradish peroxidase-conjugated secondary antibody in fresh
blotting buffer at 1:10,000 for 1 h, the NC membranes were detected
using the Pierce chemiluminescence kit. To ensure the signals were in
the linear range of the x-ray film, immunoblots were exposed for
variable lengths of time. Images were captured with the luminescent
image analyzer LAS-4000 (FUJIFILM). All bands were quantified using
Multi Gauge Software (FUJIFILM). Protein expression was measured
in arbitrary densitometric units. Significant differences in protein ex-
pression among different stages of hibernation were determined by
ANOVA and compared with LC-MS/MS data.
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RESULTS

Ground Squirrel Protein Database—Three ground squirrel
species well studied in hibernation research, the thirteen-lined
ground squirrel, golden-mantled ground squirrel, and arctic
ground squirrel, are closely related and share high mRNA
sequence identities at the nucleotide level (9). We obtained
14,830 unique ground squirrel proteins from genome annota-
tions of the thirteen-lined ground squirrel genome in the En-
sembl database. To extract any proteins missed in the En-
sembl genome annotation, we mapped all human and mouse
RefSeq mRNA sequences onto the thirteen-lined ground
squirrel genome, and after removing overlaps with Ensembil-
annotated ground squirrel proteins, we obtained 624 addi-
tional ground squirrel proteins. We then mapped all available
EST sequences of the three ground squirrel species onto the
thirteen-lined ground squirrel genome and obtained 473 ad-
ditional ground squirrel proteins. Taking into account the in-
completeness of the thirteen-lined ground squirrel genome,
we further clustered the ESTs that had failed to be mapped
onto this genome and obtained 3,370 more ground squirrel
proteins. We thus created a ground squirrel protein database
of in total 19,297 ground squirrel proteins with their se-
quences and annotations available in supplemental Tables S1
and S2. The detailed scheme of the ground squirrel protein
database construction is described under “Experimental Pro-
cedures” and shown in supplemental Fig. S1.

Arctic Ground Squirrel Liver Proteome—To survey hiberna-
tion-related protein expression profiles in AGS, we conducted
a large scale hibernation proteomics study using label-free
LC-MS/MS. We studied liver tissues from 12 AGS sampled in
three physiological stages: LT after 8—12 days of continuous
torpor during winter, EA in euthermic animals early after spon-
taneous arousal from torpor during winter, and PR in euther-
mic, posthibernation, and postreproductive animals sampled
in May and June, which are used as non-hibernating controls.
These three stages were chosen because they showed the
most significant differences in across group comparisons in
our previous gene expression study (10). Four animals were
sampled from each stage as Pavelka et al. (30) suggested that
four or five replicates represent a reasonable compromise
between cost and accuracy of label-free experiments. To be
able to make direct comparisons, we sampled from the same
tissues analyzed in the previous experiment. Six fraction-
ations prior to MS/MS analysis were collected to increase the
coverage and dynamic range of our data. We chose liver for this
initial study because of its important role in energy metabolism
and the large amplitude of change in metabolic rate that hiber-
nators display. The spectra generated from LC-MS/MS were
searched against our ground squirrel protein database using the
SEQUEST program (28) with an FDR <0.05. The complete
results are listed in supplemental Table S3.

We detected 3,104 unique AGS proteins with at least two
unique peptide counts in the ground squirrel protein data-

base. We annotated these proteins by the gene symbols of
their homologous human proteins. Enriched gene ontology
(GO) categories of ground squirrel liver proteins as indicated
by the DAVID program are shown in Fig. 1, A-C (FDR < 10™%)
(82, 33). We compared our result with the mouse liver pro-
tein expression data obtained by a similar label-free LC-
MS/MS method (19). In the mouse liver data set, we were
able to annotate 1,591 mouse proteins with homologous
human gene symbols, and 1,010 of these overlapped with
AGS liver proteins in our study. There is a general consis-
tency of biological functions of the liver proteomes of mouse
and ground squirrel.

Differential Protein Expression during Hibernation—To reli-
ably quantify levels of protein expression across 12 AGS liver
samples, we selected 1,209 proteins with spectral counts
larger than or equal to 2 in every animal sample in at least one
physiological group (EA, LT, or PR). Under these conditions,
zero values only consisted of 4.94% of the total data. To
correct the bias due to large proteins leading to more spectral
matches, spectral counts in each sample were divided by
protein length to obtain an SAF. NSAFs were obtained after
further dividing SAF values by the sum of SAF values in each
sample. Our NSAF values spanned a 3.61 order of magnitude,
according to the dynamic range defined by Pavelka et al. (30).
NSAF values have been shown to carry statistical properties
similar to those of microarray data and can be modeled by
PLGEM. Instead of the traditional StN method, we applied the
PLGEM-StN method on NSAF values to assess the statistical
significance of protein expression differences among EA, LT,
and PR stages. PLGEM-StN analysis identified 517 proteins
that showed significant differences (FDR-adjusted p value
<0.05) in at least one pairwise comparison: 188 proteins
between LT and PR, 279 proteins between EA and PR, and
325 proteins between EA and LT. Statistics for the 25 most
significant proteins (FDR-adjusted p value <0.001) in at least
one pairwise comparison are shown in Table |, and their NSAF
values are displayed as a heat map in Fig. 2.

We also analyzed our results with an alternative statistical
method, Qspec, which was recently developed to analyze
spectral count data in label-free proteomics (20). It is based
on a Poisson model with generalized linear mixed effects
where the parameters are estimated by a hierarchical
Bayesian approach. We used the original spectral counts and
protein lengths as direct inputs for Qspec and identified 216
proteins showing significant differences in at least one pair-
wise comparison: 117 proteins between LT and PR, 98 pro-
teins between EA and PR, and 82 proteins between EAand LT
showing significant differences by default parameters. The
PLGEM-StN and Qspec results are shown side by side in
supplemental Table S4. 107 (91%, LT versus PR), 98 (100%,
EA versus PR), and 81 (99%, EA versus LT) Qspec-identified
significant proteins were also identified as significant by
PLGEM-StN. We chose the PLGEM-StN result for our subse-
quent analyses.
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Fic. 1. Number of proteins in enriched GO categories in AGS liver proteome related to biological processes (A), cellular components
(B), and molecular functions (C) identified by DAVID (FDR < 10~%) are shown. Numbers above the bars are FDRs for enriched GO

categories.

We then analyzed GO enrichment among six groups of
differentially expressed proteins in pairwise comparisons of
differences in abundance (EA > LT, EA < LT, EA > PR, EA <
PR, LT > PR, and LT < PR) by the DAVID program using an
FDR <0.05 as the criteria. No significantly enriched GO cat-
egories were identified in the LT > PR group, presumably due
to the small number of proteins overexpressed in LT com-
pared with PR. The significantly enriched GO categories in the
other five groups are listed in Table II.

Comparison between Protein and mRNA Expression—We
have previously reported mRNA levels measured in liver tis-
sues from the same animals used in this study, measured
using lllumina BeadArray and real time PCR (10). In the pres-

ent study, we conducted new real time PCR assays on 53
additional genes that showed differential protein expression in
our LC-MS/MS results (supplemental Table S5). Combining
these with previous data, we obtained real time PCR meas-
urements for 188 genes (supplemental Table S6). lllumina
BeadArray and real time PCR data were analyzed by the
PLGEM-StN method. There were 104 genes shared between
LC-MS/MS and real time PCR data. We compared the log,-
transformed protein expression fold changes and mRNA ex-
pression fold changes for the genes significantly differentially
expressed either at the protein or the mRNA level in pairwise
comparisons among EA, LT, and PR stages. The Pearson
correlation coefficients between protein and mRNA changes
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Fic. 2. Heat map of NSAF values of 25 most significant differentially expressed proteins in Table I. Red color corresponds to high levels
of expression, and green color corresponds to low levels of expression.

for the same genes are 0.065 between EA versus LT, 0.58
between EA versus PR, and 0.62 between LT versus PR (Fig.
3, A-C). We further computed Pearson correlation coeffi-
cients and their statistical significances between protein
and mRNA levels across the same set of animals for each
gene. There were 30 genes (28.8%) that were significantly
correlated (p < 0.05) between two data sets, and all were
positively correlated except SLC27A2. We also compared
the protein levels measured by LC-MS/MS with the mRNA
levels measured by the previous lllumina BeadArray study.
There were 85 genes shared between LC-MS/MS and the
Illumina BeadArray experiment. The comparisons of log,-
transformed protein expression fold changes and mRNA
expression fold changes also showed high correlations in
the LT versus PR (r = 0.57) and EA versus PR (r = 0.58)
comparisons but again low correlation in the EA versus LT
(r = 0.098) comparison (supplemental Fig. S2, A-C). There
were 17 genes (20%) that were significantly correlated be-
tween the two data sets (p < 0.05), and all were positively
correlated. Thus, there is overall good correlation between
mRNA and protein levels among AGS liver genes.
Comparison with Previous Proteomics Studies—Epperson
et al. (15) identified 68 differentially expressed proteins in the

livers of golden-mantled ground squirrels during Ent com-
pared with SA animals. 58 of these are quantified in our study.
We plotted the log,-fold changes of these proteins in the LT
versus PR comparison in our study versus those in Ent versus
SA in the Epperson et al. study (15) (Fig. 4). We observed a
significant positive Pearson correlation (r = 0.47, p = 0.0002)
between the log,-fold changes. In our analysis, HMGCS2 and
liver-specific fatty acid-binding protein (FABP1) were signifi-
cantly overexpressed in LT versus PR, whereas ACADS,
ACADSB, ALDH1A1, IVD, NIT2, and PAH were significantly
underexpressed, consistent with the Epperson et al. (15) re-
sult. However, AASS, ALDH7A1, CES2, and GSTM1 were
significantly underexpressed in our result but overexpressed
in the Epperson et al. (15) study. The animals we sampled
were in different hibernation stages than in the Epperson et al.
(15) study. Ent animals used in the Epperson et al. (15) study
were sampled during the entrance into torpor when body
temperatures were 16-30 °C, whereas our LT animals were
sampled after 8-12 days of continuous torpor with body
temperatures near 4 °C. SA animals in their study were non-
hibernating euthermic animals but not necessarily in the pos-
treproductive stage. The limited overlap of proteins that were
found to be differentially expressed in the two studies could
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TaBLE Il
Enriched GO categories in five differentially expressed protein groups
Enriched GO categories identified by the DAVID program (FDR <
0.05) in five differentially expressed protein groups are shown: EA >
LT, EA < LT, EA > PR, EA < PR, and LT < PR. No significantly
enriched GO category was identified in the LT > PR group.

GO term Pcrth;T p value FDR
EA > LT
Oxidoreductase 33 1.48e—11 2.36e—08
Protein biosynthesis 19 2.11e—10 3.37e-07
Proteasome 12 9.48¢e—10 1.51e—06
Phosphoprotein 113 7.96e—11 1.27e—07
Ribosome 10 3.95e—-07 6.29e—04
Ribonucleoprotein 17 1.78e—06 2.8e—03
EA < LT
Steroid metabolic process 7 1.10e—-05 0.02
Lipid metabolic process 11 3.01e—05 0.04
EA > PR
Translation 28 1.61e—10 3.07e—07
Phosphoprotein 78 3.95e—-08 6.29e—05
EA < PR
Oxidoreductase 36 1.10e—29 1.75e—26
Electron transport 24 1.85e—15 3.61e—12
Lipid metabolic process 25 4.22e—12 8.07e—09
Response to chemical stimulus 17 2.92e—07 5.59e—-04
Amino acid metabolic process 12 1.34e—-06 2.57e—03
LT < PR
Electron transport 26 5.06e—14 9.68e—11
Lipid metabolic process 29 6.88e—12 1.32e-08
Amine metabolic process 19 2.21e—08 4.24e-05
Response to chemical stimulus 20 2.94e—-07 5.62e—04

be due to these differences in sample times as well as the
different ground squirrel species and technologies used.

Western Blot Validation—We conducted Western blot vali-
dation on nine selected ground squirrel proteins that showed
significant differential expression in our study using antibod-
ies derived from non-ground squirrel species (see “Experi-
mental Procedures”). Multiple bands were present in the blot-
ting of PRPF8 and CFH indicating nonspecific bindings, and
HMGCS2 hybridized at a band with a different molecular
weight. These results were not pursued. Six ground squirrel
proteins, OTC, FBP1, ALB, COPG, NDUFS3, and SERPINCT1,
bound to their corresponding antibodies at a unique band
with the correct molecular weight. The gel images and quan-
titative densitometric analysis are shown in Fig. 5, A and B,
respectively. In the Western blot analyses, ALB showed sig-
nificant (p < 0.05, ANOVA) overexpression in both EA and LT
versus PR. COPG showed significant overexpression in EA
versus PR. OTC showed significant underexpression in both
EA and LT versus PR. FBP1 showed significant underexpres-
sion in EA versus LT. SERPINC1 showed significant overex-
pression LT versus PR. Although the overexpression of
NDUFSS3 in EA versus LT is not considered as significant (p =
0.11), its Western result still correlated well with its NSAF
values across the same 12 animals with Pearson correlation
r = 0.71. Thus, these semiquantitative Western blot results
were in general consistent with our LC-MS/MS results.

DISCUSSION

Metabolic Shift—A consistent result in molecular studies of
hibernation has been the observation of a shift of metabolic
fuel use from glucose to fatty acids as animals enter hiberna-
tion season. In this study, in support of these previous find-
ings, glucokinase (GCK), catalyzing the irreversible reaction in
glycolysis, was significantly underexpressed at the protein
level in livers of arctic ground squirrels sampled in EA versus
PR, consistent with its mRNA changes. Many proteins in-
volved in fatty acid catabolism were significantly overex-
pressed during compared with after hibernation. Carnitine
palmitoyltransferase 1A (CPT1A) was significantly overex-
pressed in EA versus PR. FABP1, responsible for the intracel-
lular transport of fatty acids, was significantly overexpressed
in both EA and LT versus PR at both mRNA and protein levels.
FABP1 was also significantly underexpressed in EA versus LT.
However, brain-specific fatty acid binding protein (FABP7)
was significantly underexpressed in both EA and LT versus
PR at both mRNA and protein levels and showed no signifi-
cant difference between EA and LT. Several types of fatty
acid-binding proteins exist in mammals that have different
ligand binding affinities (34). FABP1 is the predominant form
in liver and can bind two fatty acids simultaneously, whereas
FABP7 is expressed at a lower level in liver and binds only one
fatty acid. The opposite changes of FABP1 and FABP7 protein
expression may increase the efficiency of fatty acid transport
during hibernation and facilitate fatty acid B-oxidation in liver.
Acyl-CoA dehydrogenases (ACAD) catalyze the dehydrogena-
tion of acyl-CoA derivatives as the first step of fatty acid pB-ox-
idation. ACADS and ACADSB, acting on short chained and
short branched chained fatty acids, respectively, were both
significantly underexpressed at the protein level in both EA and
LT versus PR, consistent with the Epperson et al. (15) results.
ACADM and ACADL, acting on medium and long chained fatty
acids, respectively, however, were not differentially expressed
in our study. El Kebbaj et al. (35) observed that the activity of
ACADM decreased in the livers of hibernating jerboa (Jaculus
orientalis) compared with euthermic active animals but in-
creased compared with prehibernating animals. Epperson et al.
(15) showed that ACADL was significantly overexpressed in the
livers of thirteen-lined ground squirrel in Ent versus SA. There-
fore, the effect of protein expression changes of ACAD proteins
on fatty acid B-oxidation during hibernation is still unclear and
deserves further studies.

On the other hand, proteins involved in fatty acid biosyn-
thesis such as acetyl-CoA carboxylase (ACACA and ACACB)
were underexpressed in both EA and LT during the hiberna-
tion season versus PR animals sampled after hibernation had
ended. These results were consistent with the mRNA level
changes of ACACA and ACACB in our microarray experiment.
A decrease in enzyme activities involved in fatty acid biosyn-
thesis was also observed by Wang et al. (36) in hibernating
compared with summer active golden-mantled ground squir-
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Fic. 3. Log,-transformed protein expression fold changes and mRNA expression fold changes for genes significantly differentially
expressed either at protein or mRNA level in pairwise comparisons among EA, LT, and PR stages. The mRNA levels were measured
using real time PCR. A, EA versus LT. B, EA versus PR. C, LT versus PR. Red color represents significance at the protein level but not at the
mRNA level. Green color represents significance at the mRNA level but not at the protein level. Purple color represents significance at both

*kk

levels. The dashed line represents y = Xx; represents p < 0.001.

rel. Proteins involved in amino acid metabolism such as
branched chain ketoacid dehydrogenase (BCKDHA and
BCKDHB) were underexpressed in LT versus PR. BCKDHA
was also overexpressed in EA versus LT. Those proteins
involved in the urea cycle such as carbamoyl-phosphate syn-
thetase | (CPS7) were underexpressed in EA versus PR. Or-
nithine aminotransferase (OAT) involved in the pathway that

converts arginine and ornithine into glutamate and y-ami-
nobutyric acid and 4-aminobutyrate aminotransferase (ABAT)
responsible for catabolism of y-aminobutyric acid were both
underexpressed in EA and LT compared with PR but overex-
pressed in EA compared with LT.

As an important enzyme in ketone body formation in the
mitochondrion, HMGCS2 was significantly overexpressed at
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both protein and mRNA levels in LT versus PR and underex-
pressed in EA versus LT, returning in EA to a level similar to
that in PR. The overexpression of HMGCS2 during hibernation
was also observed in the Epperson et al. (15) study. During
starvation and diabetes, gluconeogenesis and ketone body
production are up-regulated. Ketone bodies including aceto-
acetate and p-B-hydroxybutyrate are exported from liver as an
energy source to heart, skeletal muscle, kidney, and brain.
Andrews et al. (37) recently demonstrated that p-B-hydroxy-
butyrate reaches the highest level in serum during torpor in
thirteen-lined ground squirrel and is selectively metabolized in
the brain and heart. Use of ketone as a metabolic fuel may be
protective for the brain and other organs during ischemia and
hypoxia (38).

Detoxification and Tissue Protection—Aldehyde oxidase
(AOXT) produces hydrogen peroxide and catalyzes the for-
mation of superoxide. AOX7 was significantly underex-
pressed in both EA and LT versus PR. Superoxide dismutase
2 (SOD2), which binds superoxide, was also significantly un-
derexpressed in LT versus PR, overexpressed in EA versus
LT, and in EA returned to a level similar to that in PR. Cyto-
chrome P450 family proteins (CYP1A2, CYP2C70, CYP3A4,
and CYP3ADS), catalyzing drug metabolism and synthesis of
cholesterol, steroids, and other lipids, were all significantly
underexpressed in LT versus PR. All except CYP2C70 were
also underexpressed in EA versus PR. All except CYP3A4
showed overexpression in EA versus LT. It is appealing to
speculate that the drastically reduced basal metabolic rate
during torpor may have rendered antioxidant protection and

Log2 fold change of ENT vs. SA in Epperson et al.'s paper

detoxification less necessary. Hibernators may mainly require
protection against reactive oxidative species generated dur-
ing arousal (39) when the metabolic rate rapidly returns to
normal. This is consistent with our observation that the levels
of antioxidant proteins such as SOD2 in EA indeed returned to
levels similar to those in PR.

Regucalcin (RGN), or senescence marker protein-30, was
significantly overexpressed in both EA and LT versus PR.
RGN shows decreased expression in the livers of aging rats
(40). It has been proposed that RGN regulates calcium
homeostasis in cells (41), suppresses cell proliferation (42),
and promotes cell survival (43). RGN may play an important
role for tissue protection against damages in liver during
hibernation.

Blood Coagulation— a,-Macroglobulin (A2M) was the first
gene shown to be differentially expressed during hibernation
at both mRNA and protein levels (6). It is suggested that A2M
plays an important role in preventing blood clotting in hiber-
nators, although A2M also plays a major role as a proteinase
inhibitor (44). In our study, A2M was also overexpressed in
both EA and LT versus PR. In addition to A2M, serpin pepti-
dase inhibitor (SERPINC17) and histidine-rich glycoprotein
(HRG) have serine-type endopeptidase inhibitor activity and
are involved in blood coagulation. Both SERPINC1 and HRG
were overexpressed in LT versus PR, underexpressed in EA
versus LT, and in EA returned to a level similar to that in PR.

Torpor-Arousal Cycle—Although the metabolic shift and
tissue-protective changes during the hibernation season are
largely known, the functional significance of spontaneous
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Fic. 5. Western blot gel images (A) and quantitative densitomet-
ric analysis (B) for ALB, COPG, OTC, NDUFS3, FBP1, and
SERPINC1 protein expression in 14 AGS liver samples. * repre-
sents p < 0.05, and ** represents p < 0.01 in ANOVA.

arousal episodes during hibernation and how they are regu-
lated are still unclear. Our previous gene expression study
showed that a subset of metabolic genes decreased in ex-
pression during the transition from late torpor to early arousal.
In this proteomics study, we observed this pattern not only in
metabolic enzymes such as HMGCS2 but also in transport
proteins such as ALB. The expression of these proteins in-

creased in LT versus PR but in EA decreased to a level similar
to that in PR. This is unlikely to be a simple temperature-de-
pendent effect as the expression of many other metabolic
proteins involved in fatty acid catabolism remained high dur-
ing arousal. Our previous gene expression study also sug-
gested that the circadian rhythm and cell cycle were sus-
pended during torpor and resumed during arousal. Although
we did not identify any key circadian rhythm proteins showing
differential expression in liver in this study, we observed that
cell division cycle 42 (CDC42), involved in cell proliferation,
was significantly overexpressed in EA versus LT and EA ver-
sus PR, and protein phosphatase (PPP2CA), which prompts
cell growth, was underexpressed in LT versus PR but over-
expressed in EA versus LT.

In contrast to the results at the mRNA level in our previous
study, we observed a large number of proteins showing dif-
ferential expression between EA and LT, many of which have
not shown changes at the mRNA level. Proteins involved in
protein translation and degradation, mRNA processing, and
oxidative phosphorylation were significantly overexpressed in
EA compared with LT during the torpor-arousal cycle,
whereas such changes were not significant at the mRNA level.
Seven eukaryotic translation initiation factors, 13 ribosomal
proteins, and 12 subunits of the proteasome were significantly
overexpressed in EA versus LT. Proteins involved in mRNA
processing such as two pre-mRNA processing factors, three
heterogeneous nuclear ribonucleoproteins, and six splicing
factors were all significantly overexpressed in EA versus LT.
Proteins involved in oxidative phosphorylation and the elec-
tron transport chain including seven subunits of ATP syn-
thases, two subunits of cytochrome ¢ oxidase, and seven
subunits of NADH dehydrogenase were also significantly
overexpressed in EA versus LT. However, the mRNA levels of
these proteins as measured by real time PCR and lllumina
BeadArray did not show any significant changes between EA
and LT. The disassociation of change in protein from change
in MRNA during the LT to EA transition is also reflected in the
poor correlation between log ratios of protein and mRNA
expression in Fig. 3A. This may indicate significant post-
transcriptional modifications leading to rapid protein turnover,
mRNA processing, and oxidative phosphorylation during the
torpor-arousal cycle.

Conclusion—The availability of the thirteen-lined ground
squirrel genome and various ground squirrel EST resources
enabled us to construct a ground squirrel protein database
with minimal redundancy. Despite its incompleteness com-
pared with the protein databases in model organisms, search-
ing the spectra generated from label-free shotgun LC-MS/MS
in the constructed ground squirrel protein database allowed
us to identify thousands of ground squirrel proteins in AGS
liver with unprecedented coverage and depth. Considering
the noisy nature of LC-MS/MS data, we carefully filtered out
the low spectral count data and applied established statistical
methods in protein quantification. We identified hundreds of
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differentially expressed proteins comparing early aroused,
late torpid, and non-hibernating animals. Furthermore, we
were able to compare global protein expression with global
gene expression across the same set of AGS samples. The
positive correlations with gene expression data on the same
set of animals supported that our protein data were reproduc-
ible and that our results reflected the real biological differ-
ences among animal groups. Consistent with our previous
gene expression study, we observed the significant protein
changes that suggested down-regulation of glycolysis, fatty
acid synthesis, and the urea cycle but up-regulation of glu-
coneogenesis, fatty acid catabolism, and ketone body metab-
olism in the hibernating season. Our proteomics results are
also in support of our previous hypotheses put forward in our
gene expression study that a subset of metabolic genes de-
creased their expression during the transition from late torpor
to early arousal and that the cell cycle was suspended during
torpor and resumed during arousal. For these genes, the
changes at the mRNA level have clearly penetrated to the
protein levels.

Our finding of Pearson correlations of r ~ 0.6 (** ~ 0.4)
between significant mRNA and protein changes in two pair-
wise comparisons (LT versus PR and EA versus PR) is com-
patible with the estimate in other studies that differences in
mRNA expression can only explain about 40% of protein
differences (45). In contrast, the Pearson correlation of r ~ 0.1
(* ~ 0.01) in the EA versus LT comparison is strikingly low.
This may be largely because expression of proteins involved
in protein turnover, mMRNA processing, and oxidative phos-
phorylation is increased at the protein level from LT to EA, but
no significant changes at the mRNA level are shown. Global
post-transcriptional modifications could be crucial for torpor-
arousal cycles during hibernation as transcriptional changes
at the mRNA level may not be fast enough to respond in
such a short time. This is also consistent with the hypothesis
that animals arouse to synthesize new proteins during hiber-
nation (12). RNA-binding proteins bind specific mRNA tran-
scripts and influence their stabilities and translation at the
post-transcriptional level. One of them, RBMS3, has previously
been shown to be significantly overexpressed during hiber-
nation (10). Systematic identification of its binding targets will
help to explain some of the discrepancies between the mRNA
and protein results. miRNAs might represent another impor-
tant post-transcriptional regulatory mechanism in hibernation.
Combining gene expression, protein expression, and miRNA
expression with bioinformatics approaches will enable the
identification of regulatory targets of miRNAs and further the
understanding of molecular mechanism of hibernation at
the systems level.
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