MAMMALS ON ICE
HIBERNATION

e Seasonal phenomenon

* Pre-hibernation
hyperphagia

e Gain up to 40% of
body mass

* Need polyunsaturated
fats

¢ Find hibernaculum:
dark, near 0°C

Model Hibernators

Spermophilus richardsonii,
Richardson’s ground squirrel

Spermophilus tridecemlineatus,
13-lined ground squirrel
o

What happenss

e drop in body temperature Body temperature
e reduced heart rate

e apnoic breathing

e some muscle atrophy

 periods of torpor lasting weeks
* non-REM sleep

« oleamide increases in brain

e suppression of carbohydrate
OIeami;ﬂe in ground Odeathﬂ

S " + RQ of 0.7 = lipid oxidation

MR falls to fraction of normal

Stewart JM, Boudreau NM, Blakely JA &
Euthermic Hibernating Storey KB. 2002. J. Thermal Biol. 27, 309-315.




Entrance into Hibernation

Gits glis, 90.2 g

* Metabolism inhibited
causing Tb to fall

* Metabolic rate falls
to <5% of normal

* Smaller animals cool
down faster

fndy tompatatadn | )

* Q,( values up to 15

metabolic rate (miog 't 1Y)

¢ Reversible in arousal

e Torpor bout duration
4 days to 2 weeks
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PRINCIPLES OF
HIBERNATION

1. Metabolic rate reduction

2. Control by protein kinases
(SAPKs, 2"d messenger PKs)

3. Selective gene activation
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HIBERNATION
INDUCED CHANGES

¢ Protein Synthesis slows to 1%
e Pumps & Channels closed

¢ Energy Production slows to 5%
¢ Energy Utilization slows to 2%

e Few ‘SAP’ kinases activated

* Gene ‘inactivation’ ( ] mRNA )
e Few Genes activated (1-2%)




PROTEIN KINASES

PROTEIN /7 *\: PROTEIN-(P)n

nATP nADP

* Covalent modification by phosphorylation

e Families of protein kinases: PKA (cAMP),
PKG (cGMP), CaM (Ca2?*), PKC (Ca?*, PL,DG)

e SAPKSs : daisy chain phosphorylations

¢ Regulation via interconversion of active
vs subactive forms of protein substrates

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

PATHWAY CONTROL
IN HIBERNATION

Phospho / de-Phospho

* Glycolysis (GP, GS, PFK, PK)

e Fat synthesis (ATP-CL, ACC)

* CHO fuel use (PDH)

* Translation (elF2a, eEF2)

* lon pumps (NaK, Ca-ATPase)

e the usual suspects, TextBook
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1. Novel PhosphoEnzymes:
Biolnformatics + Phospho-analyses
. 32P-ATP labeling studies
. Purification / Properties
. Structure / Function
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Post-translational Modifications: HIBERNATION
The Next Generation INDUCED CHANGES

* Protein Synthesis slows to 1%
e Pumps & channels closed

e Energy Production slows to 5%
e Energy Utilization slows to 2%
* Few ‘SAP’ kinases activated

Novel Phosphorylation Control
CK, GDH, Hexokinase, G6PDH,
LDH, NADP-IDH, o-GPDH, AMPD,
GAPDH, FBPase, Antioxidant enzymes

PTM: Acetylation, Methylation,

SUMOylation + Gene ‘inactivation’ ( . mRNA )

* Few Genes activated (1-2%)

TURNING OFF GENES:

ScienceDirect CRYOBIOLOGY

ELSEVIER

Role of Epigenetics

Evidence for a reduced transcriptional state during hibernation
in ground squirrels *

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




Transcription Suppression
in Hibernator Muscle

Phospho-Histone H3 (Ser10) levels reduced

Acetyl-Histone H3 (Lys23) levels reduced
* Both inhibit Transcription *

Histone Deacetylase activity increased 80%
HDAC 1 & 4 protein levels increased
RNA Polymerase Il activity Decreased

imperfect complimentarity = translational repression

o _ORF Jmmm— M /\
Ago-1 ﬁ .

\
e Dicer ), rf f \
microRNA LL; - ! <« % |

\
Ago-2 (Slicer)g

pre-microRNA

pri-microRNA

o ORF | AAM

perfect complimentarity = RNA interference

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

Regulatory non-coding RNAs

microRNA

Small RNAs ~22 nucleotides in length
Highly conserved across species
Bind to 3' UTR of mMRNAs

Could be 1000, affect 60 % of genes
Disease involvement

Act to :

- Block translation of mRNA
- Target mRNA for degradation

Are miRNAs differentially
regulated in hibernators?

Selected miRNAs were regulated in heart, muscle
& kidney of hibernating 13-lined ground squirrels

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

Mir-1
Mir-133a
Mir-206
Let-7
Mir-26
Mir-451

Myogenesis

Myogenesis

Myogenesis

Cell cycle

Hypoxia

Erythropoiesis




Turnlng it all off

Journal of Molscular Coll Biclogy Advance s published Decombar 21, 7010

The emerging roles of microRNAs in the molecular

responses of metabolic rate depression
K. iggar and Kennesh 8. Stoeey® X NUCLEUS @

HIBERNATION

INDUCED CHANGES

¢ Protein Synthesis slows to 1%

e Pumps & channels closed

e Energy Production slows to 5%
Energy Utilization slows to 2%
Few ‘SAP’ kinases activated

Gene ‘inactivation’ ( ] mRNA )
Few Genes activated (1-2%)

CYTOPLASM

METABOLIC RATE

ROLE OF
TRANSCRIPTION

* Global rate of mMRNA synthesis
depressed. Method: nuclear run-on

» Are selected genes up-regulated ?
e TO ASSESS GENE UPREGULATION:

What new mRNASs are created
- cDNA library, Gene Chip

Sequenced genome(s) as of 2011




cDNA ARRAY SCREENING
A. RNA Isolation

Euthermic

@5@ @C%j‘ @ Samplc A=
> S

Sample B = A

E. Imaging

Sample A =B

N

B. cDNA Generation
C. Labeling of Probe

Reverse Transcriptase

T l Fluorescent
Tags ‘/

D. Hybridization
to Array

GENE CHANGES IN
HIBERNATION

e cDNA Library screen

- Mitochondrial Genes

- AOE

- FABP, CPT, etc.

- Shock proteins (GRP, HSP)

- Transcription factors

« DNA Chip ~1-2% ¥
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- Publications
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Epigenetics = OFF) :
e microRNA
* phospho-RNA Polymerase
* Histones modified
* HDAC / HAT changes




TRANSCRIPTION
FACTORS

ATF (Glucose Regulated Proteins)
HIF (O,), 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

Nrf-2

Increased Nrf-2 protein & P
Increased Nrf-2 in the Nucleus
Increased levels of co-Tf: MafG
Downstream gene activation:
GST, HO-1, HO-2, Peroxiredoxin
Thioredoxin, SOD (Cu/Zn & Mn)

Nrf2/ARE pathway

Reactive Oxygen Species (ROS)

- , Actin
=

ﬂ Dissociation

@ Cytoplasm

ﬂ Activation

Antioxidant proteins
. ‘ (e.g. GSTs, HO1)

Nrf2/ARE pathway

Reactive Oxygen Species (ROS)

ﬂ Actin
=

ﬂ Dissociation

@ Cytoplasm




Protein Regulation of Nrf2 Nrf2 distribution between nuclear
and cytoplasmic fractions

ACtin L
. 35 Liver
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VS E H [ |
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Squirrel Nrf2 57kDa and 100kDa protein expression
(hibernating vs.euthermic)
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Nrf2 Timecourse in Heart Peroxiredoxins

¢ Detoxify / reduce hydroperoxides

Active in Entrance Early Late Early Fully
cold room Hibern.  Hibern. Arousal Aroused e Expressed at
(37°C) (T-drop) (~5-7°C) (~5-7°C) (T-gain) (37°C) -
hlgh levels Prdx1 Prdx2 Prdx3
Euth Hib Euth  Hib Euth Hib

AT N T N S e e

Heart B e

cuzn =TT " e ARE in

SoD - promoter
region of
Prdx genes

AFAR1

HO-1 Pl —— * m S~ -

*Nrf2 activated

Hib : Euth

* Nrf2 protein ﬁ in early and late hibernation
- Up-regulation “cascade™.

Ratio band intensity

Brown adipose tissue




Peroxiredoxin Activity

e Protein level correlates with increased activity

e Assays in BAT and heart with
thioredoxin, thioredoxin reductase and NADPH:
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Activity ratio Hib : Euth

Kim et al., 2005

TRANSCRIPTION FACTOR
PROFILING

Confirm by ELISAs in plates
RT-PCR,
Northern blots
Downstream genes - nfirm by EMSA

Protein levels
- enzyme assay
- antibodies : protein
- functional analysis
e.g. HIF > EPO >

Transgenics

Cell Assay
RNAI K”kaout Epiginetics

Nrf Conclusion
Activation of the Nrf2 pathway:

- Activated in early-late torpor, along with
downstream gene protein products

- Increased PRDX, HO & TRX protein
and activity A )

Result:

- Detoxification of ROS,
intracellular signaling control

Where do we go from here?

* Applications of MRD research
» Novel phosphorylations

« Atrophy, hypertrophy
-- autophagy for survival

e Turning it all off -- microRNA
* Epigenetics & adaptation

* Life span extension

* Antioxidant Defense

* Cell cycle suppression

* Unity through evolution

NEW DIRECTIONS
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PRIMATE HIBERNATION!!
GREY MOUSE LEMUR

Hibernation and medicine

’

=z 8 Primates !

- & mini-review.

Protein
Kinase

Protein
Phosphatase

Atrophy — Hypertrophy

Expression of myocyte enhancer factor-2 and downstream genes in ground squimel
skeletal muscle during hibernation.
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Turning it all off
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Epigenetics in Adaptation

Epigenstics in ancxia tolerance: a role for histone deacetylases.

The emerging roles of microRNAs in the molecula
responses of metabolic rate depression F

Kyle K. Biggar and & 8. Storey
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Evidence for a reduced transcriptional state during hibernation
in ground squirrels

Pier JrMorin’, K enn

Differential expression of cies In organs of hibernat
squirrels: A role in translational on during torpor Hislone acetylation

(transcriptional activation) Gene transcription )

Closed chromatin @ Open chromatin

Histone deacetylation
(gene silencing)
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Currens Grnams, 180,18, $70-444 m

Perspectives in Cell Cycle Regulation: Lessons from an Anoxic Vertebrate

Kk K Biggar and Kenneth B Storey™
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Unity through Evolution

An Overview of Stress Response and Hypomelabolic Strategies in Laenor-
habditis elegans: Conserved and Contrasting Sigmals with the Mammalian
System

Benjamia Lant and Kenneth B, Storey ™
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