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EPIGENETIC RESEARCH

The number of publications in 
the field increased dramatically 
in the last 10 years. 

Genetic Engineering and Biotechnology News Feb 1, 2013 (Vol. 33, No. 3)
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• Key characteristics :

– metabolic rate depression 

(hypometabolism)

– low body temperatures

– Hibernation is a NATURAL  
model system

• Purpose is to overcome food 
shortages and the high 
energetic costs of endothermy
(warm-blooded)

MAMMALIAN HIBERNATION



Figure adapted from Nelson et al. 2009

Animal studies by Dr. JM Hallenbeck and Dr. DC McMullen, NIH

TORPOR-AROUSAL



HIBERNATION

13-LINED GROUND SQUIRREL

Ictidomys  tridecemlineatus



Little Brown Bat, Myotis lucifugus

HIBERNATION



Grey mouse lemur, Microcebus murinus

DAILY TORPOR



Milk snail

Otala lactea

ESTIVATION



Spadefoot toad

Scaphiopus holbrookii

ESTIVATION



Painted turtle

Chrysemys picta

Periwinke

Littorina littorea

Red-eared turtle

Trachemys scripta elegans

ANOXIA TOLERANCE



Wood frog

Rana sylvatica

FREEZE TOLERANCE



PRINCIPLES  OF  MRD

1. Metabolic rate reduction 

2. Control by protein kinases

(SAPKs, 2
nd 

messenger PKs)

3. Most Genes OFF 

4. Selective gene activation

Same for ALL systems

www.carleton.ca/~kbstorey



PROTEIN KINASES

PROTEIN

nATP nADP

PROTEIN-(P)n

• Covalent modification by phosphorylation

• Families of protein kinases:  PKA (cAMP), 

PKG (cGMP),  CaM (Ca2+),  PKC (Ca2+, PL, DG)

• SAPKs : daisy chain phosphorylations

• Regulation via interconversion of active

vs subactive forms of protein substrates

• p38,  ERK (1/2),  JNK,  AMPK,  AKT (mTOR) 



PATHWAY  CONTROLS :  

- ALL PATHWAYS,   REGULATION IN MINUTES, 

- REVERSED BY PROTEIN PHOSPHATASES

- METABOLIC COST  =  <1 % TOTAL ENERGY

- MANY NEW ENZYME TARGETS DISCOVERED  

• Glycolysis (GP, GS, PFK, PK)

• Fat synthesis  (ATP-CL, ACC)

• CHO fuel use   (PDH)

• Translation     (eIF2α, eEF2)

• Ion pumps       (NaK, Ca-ATPase)

Phospho / de-Phospho



PRINCIPLES  OF  MRD

1. Metabolic rate reduction 

2. Control by protein kinases

(SAPKs, 2
nd 

messenger PKs)

3. Most Genes OFF 

4. Selective gene activation

Same for ALL systems



In: Hypometabolism in Animals: Hibernation, Torpor and 

Cryobiology (Lovegrove, B.G., and McKechnie, A.E., eds.) 

University of KwaZulu-Natal, Pietermaritzburg, pp. 101-108.
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Regulation of Gene Transcription



TRANSCRIPTION FACTORS  

• ATF (Glucose Regulated Proteins)

• HIF (O2),    HSF (Hsp) 

• NFkB  (IkB-P),  Nrf-2,  NRF-1

• PPAR,  PGC,  RXR,  chREBP,  CREB-P

• STAT,  SMAD,  p53-P,  HNF,  AP (1,2)

• Methods: EMSA, CHiP



PRINCIPLES  OF  MRD

1. Metabolic rate reduction 

2. Control by protein kinases

(SAPKs, 2
nd 

messenger PKs)

3. Most Genes OFF  -- How??

4. Selective gene activation

Same for ALL systems



1. DNA Methylation. Methylation  of cytosines
at CpG dinucleotides in promoter regions. 
Methylation attenuates gene expression.  

2. Histone Modification.  Post-translational 
modifications on histone tails affect histone:DNA
interactions to influence accessibility of promoter 
regions to transcriptional machinery. 

3. Non coding RNAs. microRNAs base-pair with 
complementary sequences in mRNA to achieve 
translational repression or target degradation

Epigenetics refers to the study of 
heritable changes in gene expression 
that are not dependent on gene DNA 
sequence. 



//

CH3TF

Active Transcription Repression by inhibition 

of TF binding

DNMT

Hypermethylation

SAM SAH

CH3

DNA METHYLATION



3 main types of modifications:

• Methylation 

• Acetylation

• Phosphorylation

Nucleosome:

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

• Chromatin wraps around the 
histones (“beads on a string”)

Higher compaction = Lower expression

HISTONE MODIFICATION



THE “HISTONE CODE”

This code is maintained by:
“WRITERS,”   enzymes that can methylate and acetylate 
“ERASERS,”   enzymes that can demethylate and deacetylate
“READERS,”   enzymes that recognize, bind and recruit other 
proteins to the modifications

The recruited proteins then act to alter chromatin structure to 
promote or repress transcription. 



HISTONE MODIFICATIONS

H3-Acetyl-Lys27
H3-Trimethyl-Lys4
H3-Monomethyl-Lys27
H3-Monomethyl-Arg8
H3-Dimethyl-Lys27
H3-Dimethyl-Arg8
H3-Di/Trimethyl-Lys27
H3-Acetyl-Lys9
H3-Trimethyl-Lys27
H3-Panmethyl-Lys9
H3-Phospho-Ser28
H3-Monomethyl-Lys9
H3-Phospho-Ser31
H3-Dimethyl-Lys9
H3-Acetyl-Lys36
H3-Trimethyl-Lys9
H3-Dimethyl-Lys36
H3-Phospho-Ser10
H3-Trimethyl-Lys36
H3-Phospho-Ser28
H3-Dimethyl-Arg2
H3-Monomethyl-Lys18

H3-Monomethyl-Lys79H3-
Phospho-Thr3
H3-Acetyl-Lys23
H3-Dimethyl-Lys79
H3-Acetyl-Lys4
H3-Monomethyl-Lys23
H3-Monomethyl-Lys122
H3-Monomethyl-Lys4
H3-Dimethyl-Lys23
H3-Dimethyl-Lys4
H3-Phospho-Thr45
H3-Phospho-Thr11
H3-Acetyl-Lys56
H3-Acetyl-Lys14
H3-Monomethyl-Lys56
H3-Dimethyl-Lys14
H3-Dimethyl-Lys56
H3-Dimethyl-Arg17
H3-Acetyl-Lys64
H3- Acetyl-Lys18
H3-Acetyl-Lys79
ETC…….



EPIGENETIC MODIFICATION: 

NON-CODING RNAs

A non-coding RNA is a functional RNA molecule that is not 
translated into a protein.

siRNAs, microRNAs (~22 nucleotides; fine tune gene expression)

A mechanism for post-transcriptional gene regulation.



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



Lack of identified genetic 
determinants that fully explain the 
heritability of complex traits. 

Inability to pinpoint causative genetic 
effects in some complex diseases. 

Epigenetics:  the missing 
information? 

Organisms that face extreme environmental challenges 
are of particular interest because they survive under 
conditions incompatible with viability of humans 

…. and yet there can be only tiny  differences in 
underlying DNA sequences. 



TURNING OFF GENES:

ROLE OF  EPIGENETICS

Epigenetics:

- Stable changes in gene activity that do

not involve changes in DNA sequence

Common mechanisms:

- DNA methylation 

- Histone modification / histone variants

e.g. acetylation, phosphorylation

- Regulatory non-coding RNAs 

- “Hiding messages”



Global changes in histone modifications  to 
reduce accessibility to promoter regions by 
transcription machinery

MicroRNAs can coordinate expression of
cell proteins via post-transcriptional action

Global changes in methylation of gene 
promoters  to reduce transcription rates 

Other post-transcriptional controls  can apply –
• formation of stress granules & 
• action of RNA binding proteins 

Transcription and translation are ATP-expensive

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

hypometabolism 



DNA Methylation & 

Gene Silencing

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

Changes in DNA methylation 
modifies gene transcription

Affects:   development, 
disease, phenotypic plasticity, 
seasonal changes, behaviour, 

etc. 
http://pubs.niaaa.nih.gov/publications/arcr351/6-16.htm



DNA Methylation & 

Mammalian Hibernation

Changes in 
DNA 

methylation 
& DNMTs

restrict gene 
transcription 
during torpor

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



Global changes in histone modifications  to 
reduce accessibility to promoter regions by 
transcription machinery

MicroRNAs can coordinate expression of
cell proteins via post-transcriptional action

Global changes in methylation of gene 
promoters  to reduce transcription rates 

Other post-transcriptional controls  can apply 
• formation of stress granules & 
• action of RNA binding proteins 

Transcription and translation are ATP-expensive

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

hypometabolism 



Histone 
deacetylases

allow histones 
to wrap 

around DNA 
more tightly 

during torpor

Histone Deacetylases & 

Mammalian Hibernation



Transcription Suppression                   

in Hibernation

• Phospho-Histone H3 (Ser10) levels reduced

* Inhibits transcription 

• Histone Deacetylase activity increased 80%

• Acetyl-Histone H3 (Lys23) levels reduced

* Both inhibit transcription * 

• HDAC 1 & 4 protein levels increased

• RNA Polymerase II activity decreased 



Histone 
deacetylases 
are involved 

in natural 
anoxia 

tolerance 

Histone Deacetylases & 

Anoxia Tolerance



C.  MUSCLE  HDAC  ACTIVITY

Control 5 h Anoxic 20 h Anoxic
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B.  MUSCLE  HDAC  PROTEIN  LEVELS
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A.   MUSCLE  HDAC  TRANSCRIPT  LEVELS
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HDAC Responses to anoxia 

in turtle white muscle



Global changes in histone modifications  to 
reduce accessibility to promoter regions by 
transcription machinery

MicroRNAs can coordinate expression of
cell proteins via post-transcriptional action

Global changes in methylation of gene 
promoters  to reduce transcription rates 

Other post-transcriptional controls  can apply 
• formation of stress granules & 
• action of RNA binding proteins 

Transcription and translation are ATP-expensive

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

hypometabolism 



Turning it all off

miRNAs & Dicer 
enzyme show 
organ-specific 

changes in 
mammalian 
hibernation 



ARE MicroRNAs DIFFERENTIALLY 

REGULATED IN HIBERNATORS?

• Yes! Selected miRNAs were  regulated in heart, muscle & 

kidney of hibernating 13-lined ground squirrels

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

miRNA Fold change Process in higher 

vertebrates

Mir-1 2.0 Myogenesis 

Mir-133a 2.4 Myogenesis 

Mir-206 2.6 Myogenesis

Let-7 2.0 Cell cycle

Mir-26 2.4 Hypoxia

Mir-451 2.6 Erythropoiesis



MicroRNAs and 

Regulation of the Cell Cycle

Anoxia elevated 
miR-16-1 & miR-15a 
to suppress cyclin 
D1 protein, a key 
regulator of cell 
cycle initiation



MicroRNAs and estivation

Dehydration led 
to differential 
expression of 
microRNAs in

X. laevis organs



MicroRNAs and freeze tolerance

miRNAs & Dicer 
enzyme show 
organ-specific 

changes in 
freeze tolerant 

frogs 



Invertebrate microRNAs:  

new method for detection & 

amplification

MicroRNAs 
respond to 

anoxia & 
freezing in 

intertidal snails 



Biggar, Kornfeld & Storey, 2011. Anal. Biochem. 416, 231-3.
Biggar, Kornfeld, Maistrovski & Storey, 2012. Genom. 

Proteom. Biotech. in press

miR-1a-1   &  miR-133a

- myocyte proliferation &

differentiation

-regulate Mef2a and Gata4, 

Tfs that promote muscle 

maintenance

miR-2a

- anti-apoptotic action by

targeting the pro-apoptotic

protein, Reaper

MicroRNAs in Littorina littorea

FOOT MUSCLE:

Up-regulated by Freezing & Anoxia

** *

*

*

*



Micro RNAs in Littorina littorea

HEPATOPANCREAS:

Up-regulated by Freezing & Anoxia

Major changes:

- miR-1a-1 up in

freeze & anoxia

(like in foot)

- miR-210 up in

anoxia

- miR-29b up in

freeze



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

MICRO RNA:  Drosha & Dicer



DICER ENZYME 

IN L. littorea TISSUES

Dicer protein

increased in 

both freezing

& anoxia

(immunoblots)

Elevated miRNA

processing



MicroRNAs and estivation

Tissue  specific  
over-expression 

of  selected 
microRNAs  in 

estivation



Aestivation in sea cucumbers:
Differential expression microRNAs

in intestine 



photo: Scott Cassell 

Reduced 
phosphorylation or 

acetylation of 
histone tails to 
suppress gene 

expression under 
hypoxia

Histone  Modification & 

Hypoxia in Ocean Squid

J. Exp. Biol. 217:2555-68; 2014



Global changes in histone modifications  to 
reduce accessibility to promoter regions by 
transcription machinery

MicroRNAs can coordinate expression of
cell proteins via post-transcriptional action

Global changes in methylation of gene 
promoters  to reduce transcription rates 

Other post-transcriptional controls  can apply 
• formation of stress granules & 
• action of RNA binding proteins 

Transcription and translation are ATP-expensive

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

hypometabolism 



Non-coding RNA: 

MicroRNA & Antisense RNA 

regulate HIF-1α in hibernation



Polysome profiles and 

mammalian hibernation

Polysomes
dissociate & 

mRNA moves to 
monosome & 
RNP fractions 
during torpor

Brown adipose 
retains polysomes

& translation of 
key proteins 

e.g. FABP



RNA binding 

proteins & 

hibernation

Euthermic        Torpor   

Cell Stress and Chaperones 2014; 19(6):813-25.

Subnuclear
structures 

formed with 
TIA & PABP

greatly 
increased 

during torpor 



Euthermic           Torpor   

Percentage of Cells showing Subnuclear Foci
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Subcellular Distribution of TIA Proteins
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RNA Binding Proteins & 

Mammalian Hibernation



WHERE  DO  WE  GO  FROM  

HERE?

• Applications of  MRD research 

• Novel phosphorylations

• Atrophy, hypertrophy  
-- autophagy for survival 

• Turning it all off   -- microRNA

• Epigenetics & adaptation 

• Life span extension

• Antioxidant Defense

• Cell cycle suppression

• Unity through evolution

NEW DIRECTIONS



NEW DIRECTIONS - TBA

Big Science Edition: 

1.  GENOMES:  Sequence all the genes to feel better !

The western painted turtle genome, a model for the evolution of 

extreme physiological adaptations in a slowly evolving lineage.

Shaffer HB,…Storey KB, et al., Genome Biol. 2013 

14(3): R28

2.  Protein  2D: What about the Proteins  

OMICS – Proteomics 



Genomic tools to discover 

biochemical adaptations

Painted turtles:
• Adults endure 
extreme anoxia

•Hatchlings are 
freeze tolerant



www.carleton.ca/~kbstorey
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