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Control over skeletal muscleenergetics is critical in hibernation to sustain viability over weeks of |
thermogenesis during arousal. Creatine kinase (CK)" has a key role in muscle energetics and this stuf
squirrels, Spermophifis richardsonii. CK activity was ~20% lower during hibernation than in euther
mBNA was reduced by ~T0%. Hibermator CK showed reduced affinity for ATP and creatine, compa
that promoted endogenous protein kinase or phosphatase action, coupled with ion exchange chrom
phosphate forms, showed that soluble CK from euther squirrels was a mix of phosphorvlated a
only phospho-CK was detected in hibernating animals. High and low phosphate CK forms had diff
substrates but did not differ in stability to wrea denaturation. About 20-25% of CK was bound to
bound CK showed diferent kinetic responses to kinase and phosphatase treatments.
© 2007 Elsevier Inc. All rights reserved.
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Regulation of liver glutamate dehydrogenase by reversible phosphorylation in a

hibernating mammal

Ryan A.V. Bell, Kenneth B. Storey *
Instiaute of Bochemistry and Department of Bology, Carlston University, 1125 Golane! By Drive, Ottawa, Ontaria, Canada K15 556

ARTICLE INFO

ABSTRACT

Articke histary:
Receiver! 1 June 2010

Protein
Kinase

Protein
Phosphatase

Glutamate dehydrogenase (GDH) is a key enzyme that links amino acid and carbohydrate metabolism in
cells Regulation is likehy most impoctant when erganisms are confronted with extreme stresses such as the

2\ P

1 associated with winter. Many small mammals, such as
dsanil, cope with these conditions by hibernating. Animals
oolic rate is greatly suppressed, body temperature drops to
ot from fied intemnal body stores of fuels To investigate
ldnetic properties of GDH were analyzed in liver from
it differences inV_,. K, glutamate, K, ADPand in hibition
data sugrested am activation of the glutamate-guidizing
quent experiments suggested that the molecular basis of
in phosphorylation state of GOH between ewthermia and
osphorylated and activated when animals transition inte
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$1.2-3 Saturday, Jan. 4 11:00 Dynamics of DNA methylation in continuous trait variation, seasonal change, and social environment. ALVARADO, 5* SZYF, M:

[
RAJAKUMAR R: STOREY, KB: ABOUHEIF, E; FERNALD, R: Stanford University, Palo Alto; McGill University, Montreal: McGill University, Montreal; Carleton Universil] C h a n ge s I n D N A
Ottawa; McGill University, Montreal; Stanford University, Palo Alto salvarad@stanford edu

[ ]
All'animals have developed a variety of strategies to adapt to a dynamic environment by adjusting their development, physiology and/or behavior. However, little is known of the m et hyl at I o n

underlying malecular mechanisms and their plasticity in regulating such phenomena. One epigenetic mechanism, the reversible covalent modification of DNA by methylation, hy
been extensively characterized to regulate gene function through transcriptional repression. While this mechanism has been classically studied in cancer and disease states, fq

studies have examined the role that dynamic DNA methylation in adult tissues could play in natural biological phenomena, thus emphasizing its importance to other fields of & D N M TS
arganismal and ecolonical biolnav_Here | will discuss in three senarate animal models where DNA methvlation is shown to nlav 2 dvnamic role in determinina the continuum of

trait (in carpentel ) : ) i
genomic level we| Cruobiology. 2014 Oct:69(2):333-. doi: 10.1016j cryobiol 2014.08.008. Epub 2014 Sep 3.

adaptto differe Global DNA modifications suppress transcription in brown adipose tissue during hibernation. re St r I Ct ge n e
environmental Sl Biggar Y'. Storey KB2.

4 Author information t ra n S C ri pt i O n

Abstract .
Hibernation is crucial to winter survival for many small mammals and is characterized by prolonged periods of torpor during whi d u rl n g to r p O r
controls are applied to suppress energy-expensive cellular processes. We hypothesized that one strategy of energy conservati
in gene transcription imparted by reversible modifications to DNA and to proteins involved in chromatin packing. Transcriptiona:)'m.u.. Loy
hibernation was examined over euthermic control groups and five stages of the torpor/arousal cycle in brown adipose tissue of thirteen-lined ground
squirrels (Ictidomys tridecemlineatus). Brown adipose is crucial to hibernation success because it is responsible for the non-shivering thermogenesis
that rewarms animals during arousal. A direct modification of DNA during torpor was revealed by a 1.7-fold increase in global DNA methylation during
long term torpor as compared with euthermic controls. Acetylation of histone H3 (on Lys23) was reduced by about 50% when squirrels entered torpor,
which would result in increased chromatin packing (and transcriptional repression). This was accompanied by strong increases in histone deacetylase
protein levels during torpor; e.g. HDAC1 and HDACA4 levels rose by 1.5- and 6-fold, respectively. Protein levels of two co-repressors of transcription,
MBD1 and HP1, also increased by 1.9- and 1.5-fold, respectively, in long-term torpor and remained high during early arousal. MBD1, HP1 and HDACs
all returned to near control values during interbout indicating a reversal of their inhibitory actions. Overall, the data presents strong evidence for a
global suppression of transcription during torpor via the action of epigenetic regulatory mechanisms in brown adipose tissue of hibernating thirteen-
lined ground squirrels.
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Epigenetics in anoxia tolerance: a role for histone deacetylases.
Krivoruchlko A Storev KB.

Inztitute of Biechemiztry, Carlston University, Ottawwa, ON, Canada. kriveruchke@gmail.com

oanilabila oolinn al wiw.s-cken cadineot oom

" ScienceDirect CRYORILOGY

Cryotsialogy 11 (2004] 1D 108

Abstract

The importance of epigenetics has been established in many key biclogical processes butthe
mechanism ta animal survival of low cxygen conditicns has never been examined. To establis
mechanisms could be involved in natural anaoxia tolerance, we have examined the anoxia-resp

transcriptional silencers, histone deacetylases (HDACS), in tissues of a unigue model for anos Evidence for a reduced tfﬂﬂ&:ﬁptiﬂl‘lﬁ state during hibernation

turtle Trachemys scripta elegans. Transcript and protein levels of all five HDACS rose by 1.3-4.
in skeletal muscle inresponse to 20 h of anoxia exposure. In addition, HDAC activity in the mu
response to 20 h of anoxia and levels of acetylated histone H3 (Lys 9 or Lys 23) decreased o 4 Pier Ir Morin®. Kenneth B. Storey
liver displayed a milder response with HDAC, -4, and -5 protein levels increasing by 1.6-2.1-fc
acetylated histone H3 levels also decreased to 50-75% of control values. Only HDACS respong
heart; Hdach transcript levels increased 2.1-2.3-fold and HDACS protein rase by 3.3-fold. Over

ges

sary in this hypometabolic state.

in ground squirrels *

Siitu of Morhoeiniry and Deperimend of Chontiry, Casbrion niseerity, 125 Colons 8y Drim. (himen, Onl., Cosssle K75 580
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Review

The emerging roles of microRNAs in the molecular
responses of metabolic rate depression

Pre-miRNA
Kyle K. Biggar and Kenneth B. Storey* NUCLEUS .

Ingitute of Bochemisty and Depanment of Biology, Carleton Univesity, 1125 Colane] By Drive, Otlawa, ON, Canada K15 566
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attackin i, squirrels: A role in translational suppression during torpor

Translationally repressed mRNA
Pier Jr. Morin, Adrian Dubuc, Kenneth B. Storey * AAAAARAAAAAAAS
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ARTICLE INFO ABSTRACT

Arfide histary: Mammalian hibernation includes long periods of profound torpor where the rates of all metabolic processes
Received 25 April 20048 are strongly suppressed in a reversible manner. We hypothesized that microRNAs (miRNAs), small non-
Received in revised form 17 July 2008 coding transcripts that hind to mRMNA, could play a role in the global suppression of mRMA translation when
e iu‘:‘gﬂ““:mz“ animals enter torpor. Selected miRNA species (4-9 of the following: mir-1, mir-24, mir-15a, mir-16, mir-21,

mir-122a mir-143, mir-146 and mir-206) were evaluated in four organs of euthermic versus hibernating
e fe ground squirrels, Spermophilus mdecemiinesius using KT-PCR. Levels of mir-24 transaripts were significantly
MicraRNA reduced in heart and skeletal musde of torpid animals as were mir-122a levels in the musde. Mir-1 and mir-
Hibe mation 21 both increased significantly in kidney during torpor by 20- and 13-fold, respectively. Mo changes were
Spermaphilis tidecemling ns found for the four miRMA specdies analyzed in liver. Protein levels of Dicer, an enzyme imvolved in miRNA
Dhceer processng were also quantified in heart, kidney and liver. Dicer protein levels increased by 2.7-fold in heart
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’l Beyond gene chips: transcription factor
profiling in freeze tolerance

KenNETH B, STOREY

Institute of Biochemistry, Carleton University, Ottawa, Canada K18 5B6; kenneth_storey@carleton.ca

Abstract

The Wood Frog, Rana sylvatica, is one of several terrestrially hibernating anurans that
display natural freeze tolerance. The multifaceted biochemical responses to the cellular

chreceae Trmninead when ~&850% af tatal badv water 1¢ canveitad o extracalliilar icae hawve
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Wal Cell Biochem. 2010 Nowv,344(1-2%151-62. Epub 2010 Jul &.

Expression of myocyte enhancer factor-2 and downstream genes in ground squirrel
skeletal muscle during hibernation.

Tessier 3M, Storey KB.
Ingtitute of Biochemiztry & Department of Biclogy, Carleten University, Ottawa, ON, Canada.

Abstract

Myccyte enhancer factor-2 (MEFZ2) transcription factors regulate the expression of a variety of genes encoding contractile
proteins and other proteins associated with muscle perdformance. We proposed that changes in MEFZ levels and expression
of selected downstream targets would aid the skeletal muscle of thifeen-lined ground squirrels (Spermophilus
tridecemlineatus) in meeting metakolic challenges associated with winter hibernation; e.g., cycles of tarpor-arousal, body
temperature that can fall to near 0°C, lang pericds of inactivity that could lead to atrophy. MEFZ2A protein levels were

significantly elevated when animals were in torpor (maximally 2.8-fold higher than in active squirrels) and the amount of
phosphaorylated active MEFZ2A Thr312 increased during entrance into torpor. MEF2C levels alsa rase significantly during
entrance and tarpor as did the amount of phosphorylated MEF2C Ser387. Furthermore, both MEFZ members showed
elevated amounts in the nuclear fraction during torpor as well as enhanced binding to DMA indicating that MEFZ-mediated
Jene expression was up-regulated in torpid animals. Indeed, the protein products of two MEFZ downstream gene targets

i i i ar (glucose transporterisoforms 4; GLUT4) or early arcusal (myogenic differentiation; MyoD).
MyoD mREMA transcript levels correlated with the rise in protein product levels and provided
WEFZ-mediated gene expressicn in the hibernator. Transcript levels of MefZa and MefZc
arns with levels of both being highest during arousal from torpor. The data suggesta

gene transcription in the selective adjustment of muscle protein complement aver the
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Perspectives in Cell Cycle Regulation: Lessons from an Anoxic Vertebrate
Exvle E. Biggar and Kenneth B. Storev®

Institute of Biochemiztry and Department of Biology, Carleton Univerzity, 1125 Colomel By Drive, Ottawa, ON, KI5
JBd, Canada

Abstract: The ability of an animal, normally dependent on aerobic respiration

state for long term sarvival is clearly a fascinating feat, and has been the fog

anoxia tolerant turtles are faced with periods of oxygzen deprivation, mume

take place in order to facilitate vital reducdons in ATP consumprdon. Such sg
madifications as well as the implementation of translation and franscription of

thongh it is clear that anoxic survival relies on the suppression of ATE consuo

anoxia tolerant vertebrates remein elnsive. Several anoxia folerant mvertebra

cell cycle arrest when preseated with smoxic stress. Despite this, the cell cycl VP —
tolerant murtles. Understanding bow venebrates respond o anoxia can have im Cksl
cellnlar proliferation and hypoxic tomer progression are inescapably linked in

lecular mechanisme conmalling these procasses have profound clinical consed

P
CycA/B
« vertebrates and more specifically, the co j
i, the activation of checkpoint kinasas_ a

Cye-B




Life span, extension

Oxid Med Cell Longev. 2010 May-Jun;3{3}:1286-58.

Forever young: mechanisms of natural anoxia tolerance and potential links to longevity.

Krivoruchko A Storey KB.
Ingtitute of Biochemiztry and Department of Biology, Carleton University, Ottawa, ON, CA.

Abstract

While mammals cannat survive oxygen deprivation for mare than a few minutes without su
some animals have mastered anaerobic life. Freshwater turtles kelonging to the Trachemy
champion facultative anaercbes of the vertebrate world, often surviving without oxygen form
physialogical and bicchemical mechanisms that underlie anoxia tolerance inturtles include
depression, past-translational madification of prateins, strong antioxidant defenses, activat
transcription factors, and enhanced expression of oitoprotective proteins. Turles are also k

and display characteristics of "negligible senescence”. VWe propose that the robust stress-t
long term anaerohiosis by turtles may also support the Inngem’ry afthese animals. Many of t
natural anoxia tolerance, such as hypometabolic
to play important roles in mammalian oxygen-re
axygen could aid inthe understanding and treat
In the present review we discuss the recent adv
turtles and the potential links bhetween this toler

STIMULATORY SIGNALS

CYTOPLASM

Degradation by proteasome

NUCLEUS

Immune response

Stress response

Antioxidant defenses

Cell growth and differentiation
Anti-apoptosis




Unity wwon

Int. |. Biol. 54. 2010, &

International Journal of Biological Sciences

2010 6{1):9-50
© Ivyspring International Publisher. All rights reserved
Review

An Overview of Siress Response and Hypometabholie Strategies in (aenor-
habditis elegans: Conserved and Contrasting Signals with the Mammalian
System

Benjamin Lant and Kenneth B. Storey =

Institute of Biochemistry, Carleton University, Ottawa, Ont, Canada

[~ Comrespondence to: Kenneth B. Storey, Institute of Bi
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= akt downstream signals
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signals

Abstract

kinase

Studies of the molecular mechanisms th Stress activated

physiclogical) have long been used to m stimulated by
model organism. Caenorhabditis elegans | oxidativestress .

‘dauer” stage. This period of developmel

in metabolic rate, triggered by ambient

ents. C ns employs a number of si

unmvouiirglg mndiﬁhlﬁ and survive for | Reg;'it'fg of
The suppression of cellular metabolism det:rmines
survival of nematodes through the dau daver entry
nisms that are fundamental to control

general, mammalian systems are highly i

temperatures and low oxygen), howevel

signal transduction pathways of nematod

protein targets in the stress responsel

maintained, and often differ only in the|

outlines a framework of critical molecul

as therapeutic targets for addressing dis

Transcriptional up-regulation

. |4EBP | 527 | sop3 katslase | prict |
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Biochemical adaptations of mammalian
hibernation: exploring squirrels as a
perspective model for naturally induced
reversible insulin resistance

C.-W. Wu, K.K. Biggar and K.B. Storey

Department of Biology, Instiute of Biochemisty, Careton University, Ottewa, ON, Canada

Abstract

An important disease among human meisbolic disorders is type 2 disbetes meltus. This disorder involves multiphs
physiclogical defects that resuit from high blood glucose content and eventualy lead to the onset of insulin resstance. The
combination of insulin resistance, increased glucose production, and decreased insulin secretion creates a disbetic metabolic
environment that leads to a Fetime of management Appropriate modeds are cntical for fhe success of research. As such, a
unique model providing insight into the mechanisms of reversible insulin resistance is mammakan hibemafon. Hibemaiors,
such as ground squirrels and bats, are excellent examples of animals exhibifng revers ble insulin resistance, for which a mpid
increase in body weight is required prior to entry into domancy. Hibematbor studies have shown differential regulation of
specific molecular pathways involved in reversible resistance to insulin. The present review focuses on this growing area of
research and the molecular mechanisms that regulate glucose homeostasis, and explores the roles of the Akt signaling
pathway during hibernation. Here, we propose a Enk betwesn hibemafion, 8 welldocumented response i periods of
environmental stress, and reversible insulin resistance, poentially faclitated by key aterations in the Akt signaling network,
PPAR-¢/PGC- 12 regulation, and non-coding RMA expression. Coincidentally, many of the same pathways are frequenty found
to be dysregulated during insulin redistance in human type 2 diabstes. Henoe, the molecular networks that may requiate
reversibla insuli n resisance in hibemating mammals represant a novel approach by providing insight into medical treatment of
insulin resistance in humans.
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Adv Clin Chem. 2010;52:77-108.
Metabolic rate depression: the biochemistry of mammalian hibernation.

Storey KB, Storey JW.

Institute of Biochemiztry, Carleton University, Oftawa, Ontario, Canada. kenneth_storey@carlston.ca

Abstract

Dwuring winter hikernation, small mammals fall into long pericds of deep cold torpor where metabolic rate is suppressed
90% and core body temperature can fall to near 0 degrees . 3tudies with hibernatars illustrate the molecular regulatory
mechanisms that coardinate the suppression of metabolic functions during torpor, repriaritize energy use, and
preserveistabilize macromolecules to support long-term viability during cold torpor. This review explores mechanisms
including posttranslational modification of proteins, differential regulation of enzymes, global suppression of transcription and
translation including aro
transcription factors. The
relevantto issues in clini
and atraphy resistance. Storev KB

Qut cold: biochemical regulation of mammalian hibernation - a mini-review.

Ingtitute of Biochemiztry, Carleton University, Ottawa, Ont., Canada. kenneth_storevi@carlston.ca

Abstract
Hibernating mammals offer an intriguing example of natural torpor and illustrate the regulatary mechanisms that control
2 cell preservation strategies that support long-term viability in a hypometabolic state. These

jraving the hypothermic preservation of human organs for transplant, and guidelines that

ras an interventian strategy in human medicine. Recent advances in hikernation research
antribute to metabolic depression by orchestrating the global suppression of ATP-

ation including multiple forms of post-translational maodification of proteins/enzymes
Cwlation), mREMA starage mechanisms, and differential expression of microRMNA species.

¢ also contributed new advances in understanding the range of cell functions that are

LIT some critical preservation strategies that aid long-term viakility in a torpid state. These

erunes and the implementation of the unfolded protein response, and the enhancement of

s to control the actions of extracellular proteases in clofting and inflammation responses.
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Global DNA modifications suppress transcription in brown adipose @L_mm
tissue during hibernation =

Yulia Biggar, Kenneth B. Storey *
Institute of Bochrmictry and Depariment of Bislogy, Carlston University, Otiswe, ON K15 585, Canada

ARTICLE INFO ABSTRACT

Asticle hisiory: Hilsernation is enscial towinter survival for many small mammalsand is characterized by prolonged peri-
Received 6 January 2014 ods of torpor during which strong global controks are applied to suppress energy-expensive cellular pro-
Amepted 20 August 2014 cemes. We hypothesized that one strategy of energy comervation & a global reduction in gene
Avalabile anline 3 September 2014 transcr pion impated by reve rsible modifications to DNA and to proteins invalved in chromatin packing.
Tramscriptional regulation during hibernation was examined over euthermic contral groups and five
"4"“"-‘:‘“ | hibern stages of the torporjamisal cycle in brown adipose tissee of thirmeen-lined ground squirrels (lcndorm ys
Graund squitre] hibernatian rridecemnlineans | Brown dipase is crecial to hile mation seccess because it & responsible for the non-

Cryobiology. 2014 Oct;59(2):333-8. doi: 10.1016/].cryobiol.2014.03.008. Epub 201 ‘J‘Tﬂm“’::; shivering thermogenesis that rewarms animals during arousal A direct modification of DNA during tor-
DNA methylatian por was revealed by a1.7-fold increase in global DNA methid ation disring |ong tem torpor a3 compared

H 1 1 1 1 Histane dation with euthermic controls. Acetylation of histone H3 (on Lys23 ) was reduced by about S0 when squimels
GIObaI DNA mOd |ﬁcatl0n5 suppress transcrlptlon n HP1 = enterad torpor, which would result in increased chromatin packing (and transcriptional repression]. This
i MED1 wasaccompanied by strong increases in histone deacetylase protein levels during torpor; e g HDACT and
Biggar 1 , Storey KB HDAC4 levels rse by 1.5 and 6-fold, respectively. Protein levels of two co-represors of ranscription,
MED1 and HF1. also increased by 1.5 and 1.5-fold. respeciively, in long-term torpor and remained high
r - . during eary arousal. MED1, HP1 and HDACS all returmed to near contra valees duning interbowt indicat-
# Author information ing a reversal of their inhibitory actions. Overall, the data presents strong evidence for a global suppres-
sion of transeription during torpar via the action of epigenetic regulatory mechanisms in brown adipose

tisswe of hilsermating thirteen-lned ground squimels.
Abstrﬂct i 2014 Hsevier Inc. All rights reserved.

Hibernation is crucial to winter survival for many small mammals and 1s cnaractenzea oy proiongea penoas or orpor aurng wnicn srong gional
controls are applied to suppress energy-expensive cellular processes. We hypothesized that one strategy of energy conservation is a global reduction
in gene transcription imparted by reversible modifications to DNA and to proteins involved in chromatin packing. Transcriptional regulation during
hibernation was examined over euthermic control groups and five stages of the torpor/arousal cycle in brown adipose tissue of thirteen-lined ground
squirrels (Ictidomys tridecemlineatus). Brown adipose is crucial to hibernation success because it is responsible for the non-shivering thermogenesis
that rewarms animals during arousal. A direct modification of DNA during torpor was revealed by a 1.7-fold increase in global DNA methylation during
long term torpor as compared with euthermic controls. Acetylation of histone H3 (on Lys23) was reduced by about 50% when squirrels entered torpor,
which would result in increased chromatin packing (and transcriptional repression). This was accompanied by strong increases in histone deacetylase
protein levels during torpor; e.g. HDAC1 and HDAC4 levels rose by 1.5- and 6-fold, respectively. Protein levels of two co-repressors of transcription,
MBD1 and HP1, also increased by 1.9- and 1.5-fold, respectively, in long-term torpor and remained high during early arousal. MBD1, HP1 and HDACs
all returned to near control values during interbout indicating a reversal of their inhibitory actions. Overall, the data presents strong evidence for a
global suppression of transcription during torpor via the action of epigenetic regulatory mechanisms in brown adipose tissue of hibernating thirteen-
lined ground squirrels.




