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Epigenetics Publications in PubMed

The number of publications in
the field increased dramaticall
In the last 10 years.
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MAMMALIAN HIBERNATION

A Key characteristics
I metabolic rate depression
(hypometabolism)
I low body temperatures

I Hibernation is a NATURA
model system

A Purpose is to overcome food
shortages and the high
energetic costs ofendothermy
(warm-blooded)
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Animal studies by Dr. JNallenbeckand Dr. DC McMullen, NIH

Figure adapted from Nelsoret al.2009
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FREEZE TOLERANCE
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1 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
ance. The multifaceted
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1. DNA Methylation.Methylation of cytosines
at CpG dinucleotides in promoter regions.
Methylation attenuates gene expression.

THE CELL 5e, Figure 7.41

Epigeneticsrefers to the study of
heritable changes in gene expressio
that are not dependent on gene DNA
sequence.

2. Histone Modification Posttranslational
modifications on histone tails affechistone:DNA
interactions to influence accessibility of promoter
regions to transcriptional machinery.

Protein-coding region —___miRNA 3. Non coding RNAsmicroRNAsbasepair with

of target gene mRNA

3UTR complementary sequences in mMRNA to achiev
— “, | translational repression or target degradation




DNA METHYLATION
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J Repression by inhibition

‘ Active Transcription
of TF binding

Hypermethylation
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HISTONE

Core of 8 Histones

3 main types ofmodifications:

A Methylation
A Acetylation
A Phosphorylation

I
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MODIFICATION

Nucleosome;

A Made of 8 histone proteins
(Octamer) + linker protein

A Chromatin wraps around the
EEOCOITAO j OAAA,

active/open chromatin inactive/condensed chromatin
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Higher compaction = Lower expression
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Transcription
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The recruited proteins then act to alter chromatin structure to
promote or repress transcription.
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EPIGENETIC MODIFICATION:
NON -CODING RNAs

A noncoding RNA is a functional RNA molecule that is not
translated into a protein.

SIRNAs microRNAs (~22 nucleotides; fine tune gene expressign

A mechanism for postranscriptional gene regulation.




imperfect complimentarity = translational repression
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perfect complimentarity = RNA interference

Cuellar TL, McManus MT. J Endocrinol. 187(3):327-332, 2005.




Eientics: the missing
information?

Lack of identified genetlc
determinants that fully explain th
heritability of complex traits.

Inability to pinpoint causative genetic
effects in some complex diseases.

Organisms that face extreme environmental challenges
are of particular interest because they survive under
conditions incompatible with viability of humans
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underlying DNA sequences.
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- Global changes in methylation of gene
promoters to reduce transcription rates

Global changes in histone modifications to
reduceaccessiblility to promoter regions by
transcription machinery

Transcription and translation are ATRexpensive

Epigenetic modifications could alter rates of
transcription/translation to produce energy savings in
hypometabolism

MicroRNAs can coordinat@xpression of l
cell proteins via postranscriptional action

Other posttranscriptional controls can apply

A formation of stress granules &
A action of RNA binding proteins
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Cytosine

DNA Methylation

, Changes in DNA methylatio
mott alaneos somee P modifies gene transcription

Affects: development,
disease, phenotypic plasticity
seasonal changedyehaviour,

etc.

Integr Comp Biol. 2014 Jul:54(1y68-76_doi- 10.1093/ch/icud34. Epub 2014 May 10
The dynamic nature of DNA methylation: a role in response to social and seasonal variation.
emald RD?, Storey KB?, Szyf M®.

® Author information

Abstract

An organism's ability to adapt to its environment depends on its ability to regulate and maintain tissue specific, temporal patterns of gene transcription
in response to specific environmental cues. Epigenetic mechanisms are responsible for many of the intricacies of a gene's regulation that alter
expression patterns without affecting the genetic sequence. In particular, DNA methylation has been shown to have an important role in regulating
early development and in some human diseases. Within these domains, DNA methylation has been extensively charactenized over the past 60 years,
but the discovery of its role in regulating behavioral outcomes has led to renewed interest in its potential roles in animal behavior and phenotypic
plasticity. The conservation of DNA methylation across the animal kingdom suggests a possible role in the plasiicity of genomic responses to
environmental cues in natural environments. Here, we review the historical context for the study of DNA methylation, its function and mechanisms, and
provide examples of gene/environment interactions in response to social and seasonal cues. Finally, we discuss useful tools to interrogate and dissect
the function of DNA methylation in non-model organisms.

© The Author 2014. Published by Oxford University Press on behalf of the Society for Integrative and Comparative Biology. All rights reserved. For
permissions please email: journals.permissions@oup.com.

Alvarado, S., Fernald, R.D., Storey, K.B., and Szyf, M. 2014.



J Exp Biol. 2015 Apr 23. pii: jeb.116046. [Epub ahead of print]

Dynamic changes in global and gene specific DNA methylation during hibernation in adult thirteen-lined ground
squirrels, Ictidomys tridecemlineatus.

Alvarado §', Mak T2, Liu 57, Storey KB? Szyf M*.

® Author information

Abstract

Hibernating mammals conserve energy in the winter by undergoing prolonged bouts of torpor, interspersed with brief arousals back to euthermia.
These bouts are accompanied with a suite of reversible physiological and biochemical changes; however, much remains to be discovered about the
molecular mechanisms involved. Given the seasonal nature of hibernation, it stands to reason that underlying plastic epigenetic mechanisms should
exist. One such form of epigenomic regulation involves the reversible modification of cytosine bases in DNA by methylation. DNA methylation is well-
known to be a mechanism that confers upon DNA its cellular identity during differentiation in response fo innate developmental cues However, it has
recently been hypothesized that DNA methylation also acts as a mechanism for adapting genome function to changing external environmental and
experiential signals over different time scales, including during adulthood. Here, we tested the hypothesis that DNA methylation is altered during
hibernation in adult wild animals. This study evaluated global changes in DNA methylation in response to hibernation in the liver and skeletal muscle of
thirteen-lined ground squirrels along with changes in expression of DNA methyltransferases (DNMT1/3B) and methy! binding domain proteins (MBDs).
A reduction in global DNA methylation occurred in muscle during torpor phases whereas significant changes in DNMTs and MBDs were seen in both
tissues. We also report dynamic changes in DNA methylation in the promoter of the myocyte enhancer factor 2C (mef2c) gene, a candidate regulator
of metabolism in skeletal muscle. Taken together, these data show that genomic DNA methylation is dynamic across torpor-arousal bouts during
winter hibernation, consistent with a role for this regulatory mechanism in contributing to the hibernation phenotype.

Alvarado, S., Mak, T., Liu, S., Storey, K.B., and Szyf, M. 2015. in press

Changes In

DNA
methylation
& DNMTs
restrict gene
transcription
during torpor




~ Global changes in methylation of gene
promoters to reduce transcription rates

Global changes in histone modifications to
reduceaccessiblility to promoter regions by
transcription machinery

Transcription and translation are ATRexpensive

Epigenetic modifications could alter rates of
transcription/translation to produce energy savings in
hypometabolism

MicroRNAs can coordinat@xpression of l
cell proteins via postranscriptional action

Other posttranscriptional controls can apply

A formation of stress granules &
A action of RNA binding proteins
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Evidence for a reduced transcriptional state during hibernation
in ground squirrels *

Pier Jr Morin®, Kenneth B. Storey

Institute of Biachemiztry and Department of Chemiztry, Carleton Untsersity, 1125 Colonel By Drive, Ovtawa, Ont., Cavada KIS 505

Reoccivad 14 Muarch 20060 sccepled 4 August 2006
Avsdlabic online 13 Scptomber 2006

Abstract

During memmalian hibernation, metabolic rale can be reduced to < 5% of the cuthermic rate as = resalt of coordmated
suppression of multiple encrgy cxpensive metabolic processes. (Gene transcription is one of theso and the prosent study
cxzmines mochanisms of transcriptional control that could contribute 1o lowering the rate of gene cxpression in torpor.
Histone descctylases (HDAC) have been linked to gone silencing and messured HDAC activity was 1.82-fold higher in
skektal muscle of hibernating thirloen-lined ground sguirrels, Spermophilfuy fridecemlineatus, compured with cuthermic
controls. Western blotting also showed that HDAC] and HIDACA proton kevels were 1.21-and 1.48-fold higher, rospec-
tively, in muscle from torpid animals. Histone H3 was also cvalusted by Westorn blotting. Total histone H3 was unchanged
but two forms of covalently modificd histone H3 that are sssociated with active transcription (phosphorylated Ser 10 and
acctylated Lys 23) were significantly reduced by 383925 in muscle duning hibernation. Finally, RNA polymerase 11 activity
wits measured using = PCR-based approech: activity in muscle from hibemating squirrels was oaly 57% of the cuthermic
valuc. Those data sapport an overall docrease in transcriptional activity in skeletal muscle of hibernating animals that is
socomplished by mudtiple molecular mechanisms
© 2006 Elscvicr Inc. All nghts reserved.

Histone
deacetylases
allow histones
to wrap
around DNA
more tightly
during torpor




Transcription Suppression
in Hibernation

APhospho-Histone H3 (Ser10) levels reduced
SUnnloles irzinseriomer)
AHistone Deacetylase activity increased 80%

AAcetyl-Histone H3 (Lys23) levels reduced
S BOMNNRIRIEENSCHPUON ™

AHDAC 1 & 4 protein levels increased
ARNA Polymerase Il activity decreased




Mol Cell Biochem (2010) 342:151-161
DOL 1010071 1010-010-0479-5

Epigenetics in anoxia tolerance: a role for histone deacetylases

Anastasia Krivoruchko - Kenneth B. Storey

Histone

deacetylases
are i nVO |Ved 10/ Accepted: 17 April 2010/ Published online: 1 May 2010

ness Media, LLC. 2010

In natural
ance of epigenetics has been estab- by contributing to

an OXI a plogical processes but the relevance of  this hypometaboli

ism to animal survival of low oxygen
to I e r an Ce heen examined. To establish whether  Kevwords  Trac)
s could be involved in natural anoxia  Anoxia tolerance
tolerance, we have examined the anoxia-responsive expres-  Epigenetics - Hist
sion of the transcriptional silencers, histone deacetylases
(HDACs), in tissues of a unique model for anoxia tolerance,




Relative transcript levels

Relative transcript levels

A. MUSCLE HDAC TRANSCRIPT LEVELS
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HDAC1 HDAC2 HDAC3 HDAC4 HDAC5

B. MUSCLE HDAC PROTEIN LEVELS
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HDAC1 HDAC2 HDAC3 HDAC4 HDAC5
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HDAC Activity

Relative acetylation levels

C. MUSCLE HDAC ACTIVITY

Control 5h Anoxic 20 h Anoxic

D. MUSCLE HISTONE 3 ACETYLATION
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~ Global changes in methylation of gene
promoters to reduce transcription rates

Global changes in histone modifications to
reduceaccessiblility to promoter regions by
transcription machinery

Transcription and translation are ATRexpensive

Epigenetic modifications could alter rates of
transcription/translation to produce energy savings in
hypometabolism

MicroRNAs can coordinatexpression of l
cell proteins via postranscriptional action

Other posttranscriptional controls can apply

A formation of stress granules &
A action of RNA binding proteins
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Review

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

Kyle K. Biggar and Kenneth B. Storey*

Ingitute of Biochemisisy and Depaniment of Bialogy, Carleton Univesity, 1125 Colonel By Drive, Oitzwa, DN, Canada K15 5B6
* Comespondend: to: Kenneth B Storey, Tel: + 613 520-3678; Fad: +61 3 520-374%; Email: kenneth Slorey@carlelona
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estivation, 3 Biochimica et Biophysica Acta 1779 (2008) 628-533

Contents lists evailable at Sciencelirect
Biochimica et Biophysica Acta

journal homepage: www.elsevier.com/locate/bbagrm
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Differential expression of microRNA species in organs of hibernating ground

squirrels: A role in translational suppression during torpor
Pier Jr. Morin, Adrian Dubuc, Kenneth B. Storey *

Istinuge of Bischemistry and Deparmment of Chemnisiry, Carleton University, 1125 Colanel By Drive, Oawe, Ontaria, Canada K15 SBS

ARTICLE INFO ABSTRACT

Arfide histany: Mammalian hibernation includes long periods of profound torpor where the rates of all metabolic processes
Received 25 April 2008 are strongly suppressed in a reversible manner. We hypothesized that microRNAs (miRMAs), small non-

Received in revised form 17 July 2008
Accepiad 28 July 2008
Auailabie anline 5 August 2008

Keywards:

coding transcripts that bind to mRMA, could play a role in the global suppression of mREMA translaton when
animals enter torpor. Selected miRMA spedes (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
ground squirrels, Spermophilus mdecemiinesius using KT-PCR. Levels of mir-24 transaripts were significantly

MictoRNA reduced in heart and skeletal musde of torpid animals as were mir-122a levels in the muscle. Mir-1 and mir-
Hibe mation 21 both increased significantly in kidney during torpor by 20- and 13-fold, respectively. Mo changes were
Spenmaphilis trideceml e us found for the four miRMA specdies analyzed in liver. Protein levels of Dicer, an enzyme imvolved in miRNA

processng were also quantified in heart, kidney and liver. Dicer protein levels increased by 2.7-fold in heart




IRNAs were regulated
ting 13-lined ground

MiRNA Fold change Process in higher
vertebrates

Vir-451 crythropoiesis

(Morin, Dubuc & Storey, 2008, Biochim Biophys Acta 1779:628-633)




Current Genomics, 2009, 10, 573584 3 SPECIAL FOCUS REPORT

Perspectives in Cell Cycle Regulation: Lessons from an Anoxic Vertebrate

Evidence for cell cycle suppression
Kyle K. Biggar and Kenneth B. Storey® and microRNA regulation of cyclin D1

Institute of Biochemistry and Department of Biology, Carleton University, 1125 Colonel By Drive, Ottawa, ON, KIS d uri ng anoxia expos urein tu rt I €s

5B6, Canada
Kyle K. Biggar and Kennath B. Storay*
Abstract: The ability of an animal, normally dependent on acrobéc respiration, to suspend breathing and enter an anoxic
state for long term survival is clearly a fascinating feat, and has been the focus of numerous biochemical studies. When
anoxia tolerant turtles are faced with periods of oxygen depavation, numerous physiological and biochemical alteraticns
take place in order to facilitate vital reductions in ATP consumption. Such strategies mclude reversible postetranslatonal
modifications as well as the implementation of translation and transcription coatrols facilitating metabolic depression. Als
though it & clear that anoxic survival relies on the suppressson of ATP consuming processes, the state of the cell cycle m
anoxia tolerant vertebrates remain elusive. Several anoxia tolerant invertebrate and embryonic vertebrate models display The red-eared slider turtle (Trachemys scripta elegans) has a well-developed natural tolerance for axygen deprivation
cell cycle arrest when prumtcd with anoxic stress. Dapnc Ihls. the cdl qcl: has not yet been characterized for anoxia that derives from biochemical adaptations, including anoxia-induced suppression of metabolic rate. We hypothesized
B — - — = — - — ] clinical smplications. Uncontrollable that mechanisms that suppress ATP-expensive cell cycle activity would contribute significantly to establishing the
1 i cbrate tissues. Consequentially, the mo- hypometabalic state during anaerabiosis. Cyclin D1 is a critical regulator of the G, phase of the cell cycle and is regarded
ces. This review article will discuss the as key to initiating cell prodiferation. The relative protein expression of cyclin D1 was analyzed in beth whele-cell and
of the retinoblastoma pathway. Ile mo= nu-:lea flaCIIDI'IS of liver, hdnﬂy and slceletal muscle from turtles exposed to 5 or 20 h of submergence anoxia. Expression
 possibility of translational el gl significantly under ancia in liver and kidney as compared
in muscle. The relative phosphorylation state of cyclin D1

Anoxia elevated -
MiR-161 & MiR15af= iz
to suppress cyclin

D1 protein, a key

regulator of cell

cycle initiation

Inztituta of Biochemistry and Dapartmant of Biclegy; Carlaton Univarsity; Ottawa, ON Canada

Key words: Trachenrys scripsa elegans, anoxia, microRNA, cyclin, metabolic rate depression
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Dehydration mediated microRNA response in the African clawed frog Xenopus laevis

Cheng-Wei Wu, Kyle K. Biggar, Kenneth B. Storey *

It e of Rioschens sty and Department of Bology, Garketon Untiversity, 1125 Colanal Ty Drive, Ditawa, ON K15 506, Ganada

ARTICLE INFO

Article hitany:
Acvepted 17 |uly 2013
Available anline 17 August 2013

ABSTRACT

Exposure to variousenviron mental streses induces metabolic @ te depresgion in many amimal species, an adap-

tation that conserves energy until the environment is ag@in conducive to nomal life. The Africa

Xenopus laevis, is periodically subjected to arid summers in South Afric, and utilizes a -

hypometabolic state of estivation as a mechanism of long term survival During estivation, frogs De h d ratl O n Ied
dieal with substantial dehydration as their ponds dry out and X loevis can endure > 30 loss of ity

‘W hypothesize that microR MAs play a vital role in egtablishing a reversible hypometabolic state a . .

to dehydration stress that is associated with amphibian estivation. The present study analyzes to d Iffe re n tl al
while body dehydration on microRNA expresson in three tissues of X. laevic Compared to cond]

miR-1, miR-125b, and miR-161 decreased to 37 + 6,64 + 8 and 80 + 4% of control levels during

in liver. By contrast, miR-210, miR-3<4a and miR-21 were significantly elevated by 3.05 + 045,21 -

136 + 0L05-fold, respedtively, in the liver. In kidney tissue, miR-29b, miR-21, and miR-203 wer, eX reSS I O n Of
140 + 009,131 4+ 0.05,and 217 4+ 0.31-fold, respedively, in response to dehyd ration whereas

miR-34a were elevated in ventral skinby 135 + 0005 and 1.74 4+ 0.12-fold, respectively. Bioinfio . .

ofthe diferentially expresed microf NAs suggests that these are mainly invoheed in two processe m I C ro R N ASI n
son of splute camier proteins, and (2] regul ation of mitoge n-activated protein kinase signaling.

first report that shows a tissue specific mode of microRNA expresion during amphibian dehyrdrati

evidence for microRNAS as crucial regulators of metabolic depression. X . I aeVi S O rg an S
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MicroRNA regulation below zero: Differential expression of miRNA-21
and miRNA-16 during freezing in wood frogs ™

Kyle K. Biggar, Adrian Dubuc, Kenneth Storey *

Institute of Mochemistry and Department of Bology, Carleton University, 1125 Calanel By Drive, Ottawe, Ont., Canada K15

ARTICLE INFO

Article hispary:
Received 1 July 2009

Acrepted 31 August 2009
Available anline & September 2009
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ABSTHRACT

MNatural freeze tdlermnce depends on numerous biochemic al adaptations that address the mult
imposed on celks by freezing and preserves viability by sup pressing energy-expensve cell fun
frozen state. We hypot hesized that micoRMNAs, small non-coding RMA transcripts that bind to
acttoestablish mpid biological contrals that aid the reorganization of metabolic priorties for
vival. Selected microf MA species| miR-16and miR-21 ) wereevaluated using RT-PCR inliverand s
cle of wood frogs { Rona sydvaetics) comparing cont mols (5 =C acclimated ) with animal s frozen for 2
Lewels of miR-21 increased significantly during
respectively. MiR-16 transcripts also rose significa
skeletal muscle Protein levels of Dicer, a type 1 R
in the cytoplasm, were unc hanged inliver and dec
the first report of differential regulation of mic ol
mechanism for mpid, yet reverdble, gene silencing
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Amplification and sequencing of mature microRNAs in uncharacterized animal
models using stem-loop reverse transcription-polymerase chain reaction

Kyle K. Biggar, Samantha F. Kornfeld, Kenneth B. Storey * I 28
b

Institute of Biochemistry and Department of Biology, Cadeton University, Ottawa, Ontarfo, Canada K15 5B

ARTICLE INFO ABSTRACT

Artide history: Expression of mature microRNA { miRNA) trf
Rewived 8 April 2011 model systems but is difficult to evaluate 4
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MicroRNAs [
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Intertidal snalls
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Original Research

MicroRNA Regulation m Extreme Environments:
Differential Expression of MicroRNAs in the Intertidal Snail Lit torina
littorea During Extended Periods of Freezing and Anoxia

Kyle K. Biggar™”, Samantha F. Kornfeld®, Yulia Maistrovski, Kenneth B. Storey
Meriss of Bischtwirrry & Daporvment of Biokyy, Carlown Uisermiry, (Niswa ON KI5 586 Comsda

Reosvad 26 July 1T sessad 1 Sepismber T axccpiad 17 September 2002
Amillahle cndens 5 Ooioker 2002

Absiract

Several recemt studies of verebrate adapation 1o environmental stress have suggested roles for micto RN As (miRNA5) in regulating glo
hal suppression of protein synthesis and/or restructuring protein expression petterns. The present study is the first to characerize stress
respaonsive alerations in the expression of miRMNAs during natral frezing or anoxia expasures inan imertshrate spacies, the imertidal
gastropad Limaring biraras. These snails are exposed to anoxia and freering conditions as ther environment consently flucmates on
hath a tidal and sssonal hasis. The expression of selected miRMAs thatare known to influence the cell cyde, cel hlar signaling pathways,
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