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Physical inactivity reduces mechanical load on the skeleton, which leads to losses of bone mass
and strength in non-hibernating mammalian species. Although bears are largely inactive during
hibernation, they show no loss in bone mass and strength. To obtain insight into molecular
mechanisms preventing disuse bone loss, we conducted a large-scale screen of transcriptional
changes in trabecular bone comparing winter hibernating and summer non-hibernating black bears
using a custom 12,800 probe cDNA microarray. A total of 241 genes were differentially expressed
(P<0.01 and fold change >1.4) in the ilium bone of bears between winter and summer. The Gene
Ontology and Gene Set Enrichment Analysis showed an elevated proportion in hibernating bears
of overexpressed genes in six functional sets of genes involved in anabolic processes of tissue
morphogenesis and development including skeletal development, cartilage development, and bone
biosynthesis. Apoptosis genes demonstrated a tendency for downregulation during hibernation. No
coordinated directional changes were detected for genes involved in bone resorption, although
some genes responsible for osteoclast formation and differentiation (Ostf1, Rab9a, and c-Fos)
were significantly underexpressed in bone of hibernating bears. Elevated expression of multiple
anabolic genes without induction of bone resorption genes, and the down regulation of apoptosis-
related genes, likely contribute to the adaptive mechanism that preserves bone mass and structure
through prolonged periods of immobility during hibernation.
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Introduction

Mammalian hibernation is an adaptation involving metabolic suppression to conserve
energy during periods of low food availability in highly seasonal or unpredictable
environments. Black bears hibernate for up to 6 months each year, and during hibernation,
bears remain largely immobile and do not eat, drink, urinate, defecate, and they reduce
metabolic rate by 20-50%, yet maintain core body temperatures above 30°C (Nelson 1980;
Taien et al. 2011).

Physical inactivity decreases mechanical load on skeleton, which when prolonged leads to
losses of muscle and bone mass and strength in non-hibernating mammalian species
(Kaneps et al. 1997; Harlow et al. 2001). Disuse-induced bone loss occurs by increases in
osteoclastic bone resorption and/or decreases in osteoblastic bone formation (Zerwekh et al.
1998). This unbalance in resorption/formation leads to increased serum and urinary calcium
concentrations (Watanabe et al. 2004). Although bears are largely inactive during
hibernation, they show no loss in bone mass and less loss in muscle mass and strength than
would be anticipated over such a prolonged period of physical inactivity (Harlow et al.
2001; Floyd et al. 1990; McGee et al. 2008; McGee-Lawrence et al. 2008, 2009; Nelson et
al. 1975). An important adaptive consequence is that bears maintain skeleton function and
preserve mobility during and after winter hibernation. This suggests that bears have unique
mechanisms to prevent disuse-induced bone loss and reduce muscle atrophy during the
inactivity of hibernation. Hibernating bears prevent bone loss by maintaining balanced bone
resorption/formation, and they maintain normal serum calcium concentration despite anuria
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during this long period of disuse (Floyd et al. 1990; McGee et al. 2008; McGee-Lawrence et
al. 2008, 2009). The molecular mechanisms that sustain balanced bone turnover during
hibernation are unknown, but there is some evidence forendocrine or paracrine mechanisms
(Donahue et al. 2006). For example, serum from hibernating bears decreases apoptotic
signaling in osteoblastic (bone forming) cells compared to serum from non-hibernating bears
(Bradford et al. 2009). Furthermore, bear stem cells may have the unusual ability to
spontaneously differentiate down an osteoblastic lineage and form bone-like nodules (Fink
et al. 2011). However, there has not before been a genome-wide screening of transcriptional
changes in bone of hibernating bears to identify functional groups of co-regulated genes and
provide insight into the molecular mechanisms that prevent disuse-induced bone loss.

We previously developed genomic resources for the black bear (Zhao et al. 2010) and
detected transcriptional changes at the genomic scale in liver, heart, and skeletal muscle
during hibernation (Fedorov et al. 2009; Fedorov et al. 2011). In the context of preserving
skeleton functionality, an important finding was that protein biosynthesis genes
demonstrated elevated expression in hibernating bears. This implies induction of translation
and suggests activation of energy expensive anabolic mechanisms that contribute to the
adaptive ability to reduce muscle atrophy over long periods of fasting and immobility during
hibernation (Fedorov et al. 2009). In the present study, we use a custom 12,800 cDNA
microarray to reveal transcriptional changes in trabecular bone of hibernating bears
compared to animals sampled during summer. We conducted pathway analyses to identify
functional groups of co-regulated genes and assessed the biological significance of the
transcriptional changes. We also assessed differences in the expression of individual genes
involved in bone formation, resorption, and apoptosis. Transcriptional changes are
considered in light of previous findings such as balanced trabecular bone turnover (McGee-
Lawrence et al. 2009) and reduced apoptosis (Bradford et al. 2009) that prevent disuse
osteoporosis during hibernation.

Material and methods

Animals

We sampled the ilium bone from black bears including animals reported on in a previous
study (Fedorov et al. 2009). Bears (51-143 kg) were captured May-July (two bears sampled
in hibernation were captured in October) from the field in Alaska and transferred to
Fairbanks. In order to decrease intragroup variation in gene expression, only males >2 years
old are compared in the experiments. Summer active bears that were still feeding and active
were euthanized and sampled for tissues between late May and early July (n=5) and one bear
was sampled on October 2 (Fig. 1). Food was withdrawn 24 h before these animals were
sacrificed. Bears in the hibernating condition were euthanized for tissue sampling between
March 1 and 11 (n=5), about 1 month before expected emergence from hibernation. These
animals were without food since October 27. Animal protocols were approved by the
University of Alaska Fairbanks Institutional Animal Care and Use Committee (protocol nos.
02-39, 02-44, 05-55, and 05-56) and USAMRMC Animal Care and Use Review Office
(proposal number 05178001).
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Physiological monitoring and tissue harvesting

For monitoring of physiological conditions, bears were instrumented as previously described
(Fedorov et al. 2009). Briefly, core body temperature, ECG, and EMG were monitored with
radio telemetry. Beginning in late November, bears were housed in individual undisturbed
outdoor enclosures that had dens with straw material for nests. Oxygen consumption and
respiratory quotient were monitored with open flow respirometry by drawing air from the
closed dens. On the day of tissue harvesting, bears were immobilized using Telazol (8-10
mg/kg) and transported to a necropsy suite in a nearby building. Oxygen consumption in the
immobilized state was checked on a subsample of animals, with an open flow respirometry
system during blood sampling, just prior to euthanasia via a tracheal tube. Between the first
disturbance of bears and the beginning of tissue sampling, 41-65 min elapsed. Bears were
euthanized by an intravenous injection of pentobarbital with death assessed by termination
of heart beats as assessed with a stethoscope. Tissues collection followed immediately with
samples frozen in liquid nitrogen within 12 min of death. One trabecular bone sample 80x20
mm was cut from the ilium tuber coxae of each bear.

RNA preparation

Bone tissue was pulverized in a metal cylinder cooled in liquid nitrogen with a piston and
then transferred into Trizol reagent with 0.1 volume of chloroform. The mix was centrifuged
at 13,000xg for 20 min at 4°C, and a clear aqueous phase was added to 0.5 volume of 2-
propanol and left for 10 min at room temperature. Then the mix was centrifuged at 13,000xg
for 20 min at 4°C and the pellet was washed with ethanol twice and resuspended in RNase-
free water. Additional RNA cleanup was performed with the Qiagen RNeasy kit. All RNA
samples were processed by DNase | (Qiagen) treatment. RNA quality was evaluated with an
Agilent 2100 Bioanalyzer and concentration was measured by using Nanodrop ND-1000.

Hybridization
RNA samples were hybridized with the two bear arrays (BA01 and BA02) that contain
3,200 and 9,600 cDNA probes representing unique annotated genes in the black bear
expressed sequence tags (ESTs) collection (Zhao et al. 2010; Fedorov et al. 2011). Samples
of total RNA were linearly amplified with Illumina TotalPrep RNA Amplification Kit
(Ambion), and 1.6 ug of the amplified RNA was labeled with 65 uCi of [33P]dCTP as
previously described (Kari et al. 2003). All RNA samples were amplified, labeled, and
hybridized in the same batch. The hybridization was carried out for 18 h at 42°C in 4 ml of
MicroHyb buffer (Invitrogen). Filters were rinsed at room temperature with 2x SSC/1%
SDS to remove residual probe and MicroHyb solution and then transferred to preheated
wash solutions in a temperature-controlled shaking water bath. Filters were washed twice for
30 min in 1.5 | of 2x SSC/1% SDS at 50°C and then once for 30 min in 1.5 | of 0.5x
SSC/1% SDS at 55°C and once for 30 min in 1.5 | of 0.1x SSC/0.5% SDS at 55°C. Filters
were then exposed to phosphorimager screens for 4 days and scanned at 50-um resolution in
a Storm Phosphorimager. Image analysis was performed with the ImaGene program
(Biodiscovery).
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Microarray data analysis

Hybridization signals were corrected for background, normalized and one-way ANOVA test
was used to select genes that exhibited significant differences between hibernating and
summer active bears (Fedorov et al. 2011). A P value <0.01 and |log, fold change|>0.5 were
set as cutoffs for significant differences in expressed genes, corresponding to the mean false
discovery rate (FDR) around 24%. The FDR was calculated using random permutation as
described by Storey and Tibshirani (2003). Lists of all significant genes on the array and
differentially expressed genes with cutoffs of P value <0.05 and |log, fold change|>0.5 were
uploaded to Gene Ontology (GO) miner (http://discover.nci.nih.gov/gominer/index.jsp). The
false discovery rate was assessed by resampling all the significant genes on the array
(Zeeberg et al. 2003, 2005). In addition to GO miner analysis, we verified enrichment in
significant GO categories of the biological processes by using Gene Set Enrichment
Analysis (http://www.broad.mit.edu/gsea/index.jsp). Genes were ranked according to the
correlation between their expression values and the phenotype class (hibernating and
summer active phenotypes) distinction by using the signal to noise ratio. An enrichment
score (ES) that reflects the degree to which genes involved in category are overrepresented
at the extremes (upregulated genes at the top and downregulated genes at the bottom) of the
entire ranked list of genes was calculated. The ES was normalized to account for the size of
the category gene set presented in the experiment, yielding a normalized enrichment score
(NES). A cutoff of 25% for false discovery rate of gene set enrichment was used as this
value was suggested appropriate for exploratory studies (Subramanian et al. 2005). We also
used Gene Set Enrichment Analysis (GSEA) to test enrichment in selected gene sets that
were reported to be important for bone metabolism. These gene sets were obtained from
Molecular Signatures Database (www.broadinstitute.org/gsea/msigdb/index.jsp). All
microarray data series were submitted to NCBI Gene Expression Omnibus with accession
number GSE35796.

Quantitative real-time PCR

We validated the microarray experiments by 220 quantitative real-time PCR (RT PCR) tests
using the same total RNA samples. Twenty genes were tested. Hint1 was selected as a
reference gene for bone based on the stability of expression values across all samples
obtained from the microarray experiments and then tested by RT PCR. All bear samples
showed similar expression values for Hint1 with low standard deviation in multiple RT PCR
tests. Total RNA concentrations were measured with a NanoDrop ND-1000
spectrophotometer, and cDNA was synthesized from 0.5 pg of total RNA from each sample.
The reverse transcription was carried out with MiltiScribeTM reverse transcriptase (Applied
Biosystems) with oligo d(T)16 primer in 25-pl reactions at 25°C for 10 min, 48°C for 30
min, and at 95°C for 5 min. The synthesized cDNA was diluted four times with RNase-free
water, and 4 pl of diluted cDNA was used in the 20-ul volume real-time PCR. Primers were
designed with the Primer3 software (http://frodo.wi.mit.edu/primer3/) using bear EST
sequences (Table S1). Real-time PCR was performed in triplicates with Power SYBR Green
PCR Master Mix (Applied Biosystems) on an ABI-7900 HT. Cycling parameters were 50°C
for 2 min of incubation, 95°C for 10 min of Taq activation, and 40 cycles of 95°C for 15 s
and 60°C for 1 min. Controls with no template were set to exclude contamination, and
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controls with no reverse transcriptase but all other components were taken to exclude
nonspecific amplification from genomic DNA. Specificity of amplification was checked
with the melting curve analysis and agarose gel electrophoresis. Four tenfold dilutions of a
sample with mixed cDNA were used for a standard curve for each primer set for calculating
RT PCR efficiency. We tested a difference in gene expression between hibernating and
summer active black bears with P<0.10 as cutoff according to Pfaffl (2001). We calculated
the fold change in level of expression of a target gene relative to a reference gene for each
sample and then compared the values for each group using Student’s t test as described by
Livak and Schmittgen (2001).

Body temperature and metabolism

At the time of sampling between March 1 and 11, hibernating bears had core body
temperatures of 34.5+0.5°C (mean = SD, n=5) and minimum rates of oxygen consumption
of 0.078+0.001 ml g~ h™1 (n=4), when measured over at least a 0.5-h interval 2-9 h before
euthanasia (Fedorov et al. 2009). In three bears anesthetized before euthanasia, body
temperature had decreased to 33.6£1.0°C and metabolic rate had increased to 0.105+0.012
ml g1 h~1. Ambient temperatures during the study period in winter were —10°C to —35°C
with short periods with extremes of —43°C to 5°C. Temperatures within bear dens were
about 10°C above the outside temperature. Bears lost 4.3+0.6% (n=5) of their body mass per
month during the 4-5-month hibernation period. In two summer active bears, fasted for 24 h
and anesthetized before euthanasia metabolic rates were 0.232 ml g~ h™1 (range 0.252 to
0.213 ml g~ h™1) and body temperatures averaged 37.2°C. Thus, immediately prior to tissue
sampling, metabolic rate of anesthetized hibernating bears was 45.4% of that of anesthetized
summer bears, with a 3.5°C lower body temperature.

Differentially expressed genes

Signals from 2,602 of 3,200 probes (81%) on bear array BAO1 showed median intensities
that were above background, whereas 9,473 of 9,600 (99%) probes showed significant
signals on bear array BAO2. To identify genes that were differentially expressed in
hibernating compared to summer active bears, we used P<0.01 and |logoFC|>0.5, where FC
is fold change (the mean expression value in the hibernating bears divided by the mean
expression value in the summer active bears) as the criteria for differentially expressed
genes as previously reported for other tissues (Fedorov et al. 2009, 2011). A total of 241
genes (2.6% of all genes with significant signals) were differentially expressed in bone
during hibernation (Table S2). All but two differentially expressed genes demonstrated
changes in expression that were less than fourfold differences (Jlog,FC|<2). Of the
significantly differentially expressed genes, we identified 71 (29.5%) genes that were
overexpressed and 170 (70.5%) genes that were underexpressed in bone during hibernation.

The estimated mean false discovery rate of 24% indicates that the expected proportion of
false positives in the list of differentially expressed genes from array experiments is
relatively high. To obtain an experimental estimate of the false discovery rate, we conducted
quantitative real-time PCR tests for 20 randomly selected genes that showed differences in
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expression at P<0.05 in the array hybridization. Eighteen out of 20 genes (90%) tested
showed significant changes in the same direction as the array results (Table 1, Fig. 2). The
observed value of 10% for the false discovery rate is reasonable for this exploratory study.
An important point of support for microarray results comes from the highly significant
positive correlation (r=0.89, <0.0001) between fold changes for true positive in RT PCR and
microarray experiments. Expression fold changes do not depend on significance level (P
value) of individual genes, and thus, they are not sensitive to false discovery rate that results
from multiple testing.

Functional gene sets enriched by differentially expressed genes

Genes with a significant hybridization signal on the arrays were classified according to their
GO categories of biological processes. GO categories with less than five differentially
expressed genes detected were excluded from the analysis (Zeeberg et al. 2003). Significant
enrichment of biological processes categories by differentially expressed genes was
validated by the results of GSEA (Table 2; Fig. 1). GSEA ranks all genes with significant
signals in the experiment; thus, its results do not depend on the selection of genes above
cutoffs for significance of expression differences and false discovery (Subramanian et al.
2005).

During hibernation, the proportion of overexpressed genes was significantly elevated for six
gene sets involved in anabolic processes of tissues morphogenesis and development (Table
2). Among upregulated gene sets, there was the skeletal development category that includes
genes involved in cartilage development and ossification (Table 3). Although the
ossification category demonstrated enrichment by upregulated genes only at P=0.084 level
in the GO miner and included six downregulated genes, mostly involved in bone
mineralization, the GSEA showed overall significant (P=0.023) upregulation of bone
biosynthesis genes (Fig. 1). Phagocytosis was the only biological processes category with
significantly elevated proportion of downregulated genes (Table 2).

Apart from validation of the GO miner result, we also used GSEA to test enrichment in
selected gene sets known to be important for bone homeostasis. Similar to bone
biosynthesis, bone morphogenetic protein signaling pathway (G0O:0030509, 12 genes on the
array) showed elevated proportion of upregulated genes (NES=1.39; FDR=0.13). In
contrast, the bone mineralization category (GO:0030282) was represented by ten genes on
the microarray and was enriched by downregulated genes (NES=-1.43; FDR=0.062) during
hibernation. No significant directional changes (FDR=0.576) were detected in expression of
seven genes involved in bone resorption (GO:0045453). However, two genes that induce
osteoclast formation and bone resorption, small GTP-binding Rab9 protein (Rab9a) and
osteoclast stimulating factor-1 (Ostf1), were both downregulated (Table S2) during
hibernation. Receptor activation of NF-kb ligand (RANKL) signaling pathway (Biocarta:
M2602, two genes on the array) that plays an important role in resorption during bone
remodeling showed downregulation (NES=-1.32; FDR=0.085) during hibernation. In the
RANKL gene set, c-Fos gene, an important mediator of osteoclast differentiation, was the
most downregulated (Table S2). The apoptosis gene set including all apoptosis-related genes
from Molecular Signatures Database was represented by 202 genes on the microarray and
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demonstrated a clear tendency for downregulation during hibernation with 38 genes being
downregulated and overrepresented at the bottom of the GSEA ranked list of apoptosis
genes (NES=-1.22; FDR=0.11).

Discussion

We sampled hibernating bears in early March after at least 4 months of continuous
hibernation and when they were 4—-6 weeks from emergence and their resumption of summer
active levels of metabolism, body temperature, and feeding (Fedorov et al. 2009). All bears
included as summer active or hibernating animals showed physiology and behavior typical
for bears during summer and winter seasons (Tgien et al. 2011).

Of the genes that were differentially expressed in bone during hibernation, 70.5% were
downregulated. This contrasts to the lower proportions of downregulated genes that were
previously reported for the liver (48% underexpressed genes), skeletal muscle (46%
underexpressed genes), and heart (25% downregulated genes) in hibernating bears (Fedorov
et al. 2009, 2011). The decrease in the transcription levels for a number of genes may reflect
a lower level of homeostatic activity in bone compared to other organs associated with
prolonged period of immobility and skeleton unloading during hibernation.

Our study reveals coordinated induction in transcription of genes involved in anabolic
processes of tissues development and formation including osteogenesis and cartilage
development. This finding implies elevation of some forms of anabolic activity in bone
during hibernation. In contrast, no coordinated directional changes were detected for genes
involved in bone resorption, although some genes responsible for osteoclast formation and
differentiation (Ostf1, Rab9a, and c-Fos) were significantly underexpressed in bone of
hibernating bears. Pronounced underexpression of the c-Fos gene, member of RANKL
signaling pathway, is remarkable as mice lacking this gene have overly dense bone and
decreased bone resorption due to reduced osteoclast differentiation (Takayanagi et al. 2002).
Transcriptional changes detected in our study may have implications for an adaptive
mechanism preserving bone mass and structure through prolonged periods of immobility
during hibernation.

Bears demonstrate a unique ability to prevent bone loss through prolonged periods of
inactivity and skeleton disuse during 4-6 months of winter hibernation. In other mammalian
species, mechanical unloading over periods of 4-17 weeks resulted in bone loss of 9-29%
due to decreases in bone formation (McGee-Lawrence et al. 2008). Balanced remodeling
preserves the architecture and strength of hibernating bear bone (Floyd et al. 1990; McGee-
Lawrence et al. 2008, 2009; Pardy et al. 2004). Hibernating grizzly bears demonstrate
decreases in the overall number of remodeling sites in the cortical bone (McGee et al. 2008),
but no differences in the total number of remodeling sites in trabecular bone in the ilium
(McGee-Lawrence et al. 2009). Ilium biopsies from hibernating black bears, albeit a small
sample size, suggested some increase in trabecular bone remodeling (with balanced
resorption and formation) during hibernation, which is believed to maintain bone structure
and calcium homeostasis (Floyd et al. 1990). The molecular mechanisms that maintain
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constant and balanced trabecular bone remodeling during hibernation, despite the challenge
of physical inactivity, are unknown.

Bone loss during immobility in mammals typically results from unbalanced remodeling due
to decrease in bone formation alone or both decreased bone formation and increased
resorption (McGee et al. 2008). Prolonged periods of mechanical unloading during
hibernation potentially inhibit anabolic processes and promote reduction of bone formation.
Coordinated induction in transcription of genes involved in anabolic processes implies
elevation of anabolic activity in trabecular bone (ilium) that may counteract disuse-induced
reductions in osteoanabolic activity, thus, preventing bone loss during hibernation. There
was a lack of directional changes in expression of the group of genes involved in bone
resorption. However, there was significant downregulation of three genes (Ostf1, Rab9a, and
c-Fos) stimulating osteoclast differentiation. This decreased gene expression may counteract
the mechanisms responsible for the increased osteoclastogenesis and bone resorption
normally seen in disuse conditions. We also found a reduction in the transcription of genes
responsible for bone mineralization, which is consistent with histological data showing
decreased mineral apposition rate in the ilium (McGee-Lawrence et al. 2009). Decreased
mineral apposition rate may be part of globally reduced metabolism for the conservation of
metabolic energy during hibernation.

It has been suggested that reduction in disuse-induced osteoblast apoptosis contributes to the
maintenance of bone formation during hibernation (Bradford et al. 2009). Coordinated
suppression in transcription of apoptosis-related genes detected in our study supports
decreased apoptotic activity in the ilium bone during hibernation. Underexpression of the
two key apoptotic genes (Casp3, Casp7) during hibernation is consistent with reduction of
caspase 3/7 activity detected in MC3T3-E1 osteoblasts cultured in hibernation serum as
compared to osteoblasts treated with sera from fall and spring active black bears (Bradford
et al. 2009). Seasonal changes in serum factors may maintain normal osteoblastic activity
and bone formation during hibernation by reducing osteoblast loss due to apoptosis.

Our finding of increased expression of bone anabolic genes without an increase in
transcription of bone resorption genes is similar to the elevated expression of anabolic genes
involved in protein biosynthesis and unchanged transcriptional level of protein catabolism
genes reported previously for skeletal muscles of hibernating bears (Fedorov et al. 2009). In
addition to preventing disuse-induced bone loss, bears have a unique ability to preserve
muscle mass and strength during hibernation (Harlow et al. 2001; Lundberg et al. 1976).
Coordinated increase in transcriptional level of anabolic genes involved in protein
biosynthesis implies induction of translation that may help prevent muscle atrophy during
hibernation (Fedorov et al. 2009). Induction of anabolic processes without increased
catabolism (inferred here from transcriptional changes) suggests that similar adaptive
mechanisms contribute to the preservation of bone and muscle mass during prolonged
periods of physical inactivity and starvation (i.e., hibernation). Elevation of energy
expensive anabolic processes is generally unexpected because of the lack of dietary intake
during hibernation, which is an adaptive strategy involving metabolic suppression to
conserve energy during periods of low food availability. However, the energy cost of
increased anabolism in bone and muscle may be an important trade-off with the adaptive
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mechanisms that allow bears to maintain full musculoskeletal function and preserve mobility
during and immediately after hibernation, thus promoting survival.

In conclusion, this study represents the first research effort to elucidate transcriptional
changes for thousands of genes in trabecular bone during hibernation in comparison to
summer active black bears. Elevated expression of multiple anabolic genes without
induction of bone resorption genes, as well as the downregulation of apoptosis-related
genes, likely contribute to the adaptive mechanisms that preserve bone mass and structure
through prolonged periods of immobility during hibernation. Future studies on the
hibernating transcriptome in homogenous populations of different bone cell types (e.qg.,
osteoblasts and osteoclasts) with gene probes more specific for bone will identify co-
regulated functional groups of genes and provide new insight to the molecular basis of
unusual bone homeostasis in hibernating bears. Understanding the molecular mechanism
that prevents bone loss in hibernating bears may identify novel therapeutic targets to
improve treatments for osteoporosis.
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Fig. 1.

nge set enrichment analysis results for the bone biosynthesis (ossification) category. The
ossification category is enriched by upregulated genes in the ilium bone of hibernating black
bears. An expression data set sorted by correlation with hibernating phenotype and the
corresponding heat map with red for upregulated and blue for downregulated genes during
hibernation are shown on the left. Dates on the top indicate time of tissue sampling from
each bear. Plot of the running sum for enrichment score (ES) in the data set (top) and
location of genes (hits) from the GO category in the list ranked according to expression
differences (middl€) and the ranked list metric (bottom) are shown on the right
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Fig. 2.
Differentially expressed genes in black bear bone tissue confirmed with real-time PCR.

Solid and open bars show normalized expression values obtained in real-time PCR and
microarray experiments, respectively; error barsrepresent SD. The values were normalized
to the mean in summer active bears
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Genes in selected Gene Ontology categories of the biological processes significantly enriched with

Table 3

differentially expressed genes in black bear bone

GO category Gene name Genesymbol Pvalue Fold change (log,FC)
Skeletal development (GO:0001501) Decorin Dcn 0.008 0.955
Fibronectin 1 Fnl 0.027 1.192
Homeobox A10 Hoxal0 0.008 0.831
Insulin-like growth factor 1 receptor Igflr 0.005 0.515
KIAA1217 Kiaal217 0.029 1.083
Kruppel-like factor 10 KIf10 0.042 0.746
Mitogen-activated protein kinase 8 Mapk8 0.006 0.837
Myocyte enhancer factor 2C Mef2c 0.013 1.055
Paired related homeobox 1 Prrx1 <0.001 1.488
Retinol binding protein 4, plasma Rbp4 0.022 0.898
Schwannomin interacting protein 1 Schipl 0.025 0.769
SRY (sex determining region Y)-box 9  Sox9 0.010 0.568
Yes-associated protein 1 Yapl 0.011 0.598
Zinc finger E-box binding homeobox 1~ Zebl <0.001 0.841
Cartilage development (GO:0051216)  Decorin Dcn 0.008 0.955
Myocyte enhancer factor 2 C Mef2c 0.013 1.055
Paired related homeobox 1 Prrx1 <0.001 1.488
SRY (sex determining region Y)-box 9  Sox9 0.010 0.568
Yes-associated protein 1 Yapl 0.011 0.598
Zinc finger E-box binding homeobox 1~ Zebl <0.001 0.841
Ossification (GO:0001503) Fibronectin 1 Fnl 0.027 1.192
Insulin-like growth factor 1 receptor Igflr 0.005 0.515
Kruppel-like factor 10 KIf10 0.042 0.746
Mitogen-activated protein kinase 8 Mapk8 0.006 0.837
Myocyte enhancer factor 2C Mef2c 0.013 1.055
SRY (sex determining region Y)-box 9  Sox9 0.010 0.568
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