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Histone modifications and skeletal muscle metabolic gene expression
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Summary expenditure protects against thevdepment of metabolic
o ) ~ diseases.Indeed a co-ordinated reduction in themssion

1. Skeletal muscle oxidate function and metabolic 4 this gene set in sketal muscle is observed in nyan
gene e&pression are co-ordinately wn-regulated in gy jin resistant staté¢ Consequentlyunderstanding he
metabolic diseases such as insulin resistance, obesity gnd program of genes is regulated couldvite points for

type 2 diabetes. While it is diult to establish cause and herapeutic intervention in the treatment of these diseases.
effect in this relationship, increasing skeletal muscle

metabolic gene expression tavéur enhanced engy Histone deacetylases and transcription

expenditure is considered a potential thgrap combat )
these diseases. At a molecular leel, DNA is wrapped around a core

2. Histone deacetylases (ADs) are chromatin of four histone proteins (histone 2A, 2B, 3 and 4) to form
remodelling enzymes that potently repress gegeession. chromatin, which not only plays a role in chromosomal
It appears that HBC4 and 5 cooperagily regulate a stability, but also regulates the expression of surrounding
number of genes Wlved in \arious aspects of metabolism.9€Nes: The mechanisms of histone regulated gene
Understanding he HDACs ae regulated provides insights ®Pression can be attited to post translational

into the mechanisms regulating skeletal muscle metabofiedifications to histone taifs.These modifications, or
gene expression. ‘epigenetic marks’, include phosphorylation, acetylation

3. A number of kinases control phosphorylatiorf"nd methlation of amino acid residues within histone tails.
dependent nuclear export of IADs, rendering them unable The type of mark and the residue on which it occurs eye k
to repress transcription, wever we have found a major determinants of whether transcription is watgd or
role for the AMP-actiated protein kinase (AMPK) in repressed. While the field is only just beginning to
response to energetic stress. Yet, metabolic gepression understand the interactions and interdependencies between
is maintained in the absence of AMPK wityi. Preliminary ~ these modifications, it is generally recognised that
evidence suggests a potential role for protein kinase @Fetylation of lysines 9 and 14 on histone 3 (K9/14 H3)
(PKD), also a class lla HEC kinase, in this response. promote transcriptional initiatiSrand acetylation at lysine

4. HDACs ae also regulated by ubiquitin mediated36 ©n H3 promotes transcriptional elongatfon.

proteasomal degradation, although th@at mediators of Histone acetylation is dynamicallygelated by the
this process hee rot been identified. balance between histone acetyltransferase (HAT) and

5. As HDACs gpear to be critical regulators of HDAC activities” HDACs remore aetyl groups from
skeletal muscle metabolic gene expression, we propose tRitONne lysine residue side chainsyieg these side chains
HDAC inhibition could be an &fctive heray to treat posmvel_y charged. Th|§ creates strong electrostatic
metabolic diseases such as skeletal muscle insulfferactions with the rgatively chaged phosphate DN
resistance. backbone, resulting in a tight confirmation between the

6. Together these data skdhat HDAC4 and 5 are histones and DNA. This excludes the transcriptional
critical regulators of metabolic geneqeession and that initiation comple (TIC) from binding gene promoter
understanding their regulation could yide a number of '€9ions and inhibits transcriptidh. Corversely HATs
points of interention for therapies designed to treafiCetylate histone lysine residue side chains, creating a

metabolic diseases, such as insulin resistance, obesity RRytral charge that disrupts the interaction between histones
type 2 diabetes. and DNA, resulting in histone exclusion from the area and

allowing the TIC access toxposed promoter ggons,
Skeltal muscle metabolic gene expression and disease thereby actiating transcriptior. It is thought that specific
) _ ) transcription #ctors that recruit particular coagtiors and
Skeletal muscle is an extremely important tissue igorepressors, the combination of which is infinite vize
metabolic homeostasis vgh its large mass and high gyact specificity to the gene expression respbns#ith
intrinsic oxidatve apacity Skeletal muscle accounts for respect to metabolic genegession, much attention has
approximately 80% of insulin stimulated glucose disﬁosa{ocussed on coastiiors such as the peroxisome
and insulin resistance in this tissue playseg ble in the proliferators actiated receptor gamma coaetior 1
early pathogenesis of metabolic diseases such as obeai%c_l), which recruits HA activity to the promoter
and type 2 diabetes. Increasing tlipression of metabolic regions of metabolic gendsHowever, we have recently

and mitochondrial genes in skeletal muscleatadr enegy  focussed on HBC enzymes, which might play an equally
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important role in regulating metabolic gene expression.  Signalling to HDACs

HDACs and metabolic gene expression As HDAC4 and 5 appear to be central to metabolic
. gene expression, understandingvithey are regulated will
Our attention has focussed on the class 1&AB® il important mechanisms that control skeletal muscle
because of their ability to repress the myocyte enhanGggiapolism. At present, class lla MOs ae known to be
factor 2 (MEF2), a Franscr:)ptlonattp.r that is highly yequlated by te distinct mechanisms. The first and best
expressgd in oxidate us.suesl. In addlt.|0n., a number of characterized is phosphorylation dependent nucbeaore
metabollg genes'contam a co.nieivbmdmg region for poth HDAC4 and 5 are phosphorylated at a number of
MEF2 within their promoter igions and MEF2 appears gerine residues, which are remarkably conserved between
essential for oxidate metabolism‘! The class lla HBC  ihese tw isoforms.2 Phosphorylation prides binding

family consists of HIAC4, 5, 7 and 92 They ae  jtes for the 14-3-3 chaperone proteins, whigpoet the
characterized by an N-terminal domain that interacts Wifhpac  from the nucleusvia a CRM1 dependent
DNA binding transcription dctors and a C-terminal mechanisnd2 The result is a reduction in HIZ mediated
deacetylase domaff.This domain itself does not containyanscriptional repression that tips the balance of chromatin
intrinsic HDAC activity, but instead recruits a repressi emodelling enzymatic activity weards that of HATs and
comple« containing HDAC3 for this purposé® There activation of transcription.
appears to be considerable redungartietween the We haverecently raised phospho-specific antibodies
members of the class lla HWGs!* In human skletal acpinst serines 259 and 498 on AT (which shav high
muscle, HAC4 and S are the most highlyxpressed pomology to serine 246 and 467 on ADA4) and assessed
isoforms (McGee and Hgreaves, unpublished) and recentine apility of various knen metabolic stressors that
evidence has emged that these isoforms form oligomersgctiate metabolic gene transcription for the ability to
which influences their repressifunction and sensitivity to phosphorylate these sites. Acute oxidatigress, AP
different signalling pathays:° We raverecently found that gepjetion and eleted calcium transients result in high
HDACS is a ley re%pIator of the glupose transport isoformjayels of HDAC phosphorylation (McGee and Haeaves,
4 (GLUT4) gene’® These obseations hse led us to ynpyblished). One particular kinase that is vateid to
hypothesize that these HOs might be regulators of & ygrying degrees by all of these stimuli is the AMPzatéid
broader set of metabolic genes. _ protein kinase (AMPK). AMPK is a heterotrimer consisting
A number of recently published studies support o 4 catalytica sutunit and rgulatory andy subunits and
hypothesis. Mice where both K4 and 5 hae keen s gjosterically actisted by AMP and inhibited by B2
abla})teld4 she a marked increase in oxidat ype 1 fibres of |, aqgition, AMPK activity is increased by phosphorylation
[50%.* Furthermore, werexpression of HBCS in the o threonine 172 within the catalytic sutunit, which is
heart leads to a decrease in tkpression of genesvnlved tageted by a number of upstream kina@edotably,
in_substrate handling and eggr production, including AMPpK activation has been linked to increases in metabolic
PGC-Tn, carnitine palmatoyl transferase 1 (CPT1)gene gpressiort? We raverecently assessed the ability of
hexokinase Il, glycogen phopshorylase and medium chajjyypk o phosphorylate  HBC51® In  vitro
agyl-CoA defydrogenase (MCAD) to name aweé’ phosphorylation assays established that AMPK  does
Furthermore, mice that harbour deletion of M3, which  yhosphorylate HBCS and that mutation of serines 259 and
is recruited by the ;'3353 lla WS for its HDAC ectivity, 498 to alanine residues blocked this effect. Furthermore,
either in the Ner™ or heart” result in metabolic activation of AMPK in culture results in phosphorylation of
derangements consistent with altered metabolic 9efHACS, association with 14-3-3s and nucleatpat,
expression. dgether these data suggest that AD4 and  \yhich is blocked by mutation of serines 259 and 498n
HDACS cooperawely regulate the expression of a broad se{qqition, K9/14 H3 acetylation in response tovated
of skeletal muscle metabolic geneswvigoer, it is nclear if  AvpK activity was abolished by mutation of serines 259
this is mediated by PGGaldependent, or independentyng 498, W dso showed that these mechanisms were

mechanisms. Unlik werexpres;ion_of PGC4d in skeletal responsible for regulating GLUT4jgression in response to
muscle?® HDAC5 overexpression in the heart does notapmpk  activation’® As these sites are conserved in

regulate CD36 xpression.’ the transporter responsible forHDAC4, it is likely that AMPK is also a HBC4 kinase.

lipid uptale into tissues. This is an important distinction torpege findings, together with our previous data, suggest that

male from therapeutic standpoint, as the increase in CD3Qpk phosphorylation of HBCs is me mechanism
seen with chronic PGCel overexpression is associated regulating metabolic gene expression.

with an increase in lipid uptakand re-esterification that is It is known, havever, that a number of AMPK loss of
thought to cause insulin resistarfeWe ae currently function transgenic models do not shany ocbvious
exploring these issues in culture systems using geneftetabolic phenotyp®:2 Moreover, they do not shav any
approaches to establish the full metabolic transcriptome aggracts in  metabolic gene expression in response to
the metabolic processes regulated by these enzymes.  netabolic stress such as that seen duriegcise?324 This
could suggest that there is redundairc the kinases that
phosphorylate HBCs under conditions of metabolic stress.
Indeed, a number of other class Ila AD kinases hee
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recently been dissered. Amongthese, protein kinase D through the proteasome and greater transcriptional
(PKD) is a particularly attracte candidate in the context of repression of metabolic gene expressioe &¢ currently
gene expression responses following  metaboliavestigating this hypothesis.

perturbation. Originally termed protein kinase C (PK(C) ) _

PKD was later renamed when iawfound that its catalytic Skeletal muscle HIACs as a herapeutic target in

domain shares high homology with the calcium/calmoduliffétabolic disease?

dependent protein kinases (CaMR3Yowever, like aher
PKCs, the PKD mulatory domain interacts with
diagylglycerol (DAG) lipids2® In addition, PKD is potently
activated in response to oxidedi gress?® a dimulus that
results in high leels of HDAC phosphorylation. It has
recently been found that PKD adty in contracted shletal
muscle is higher in AMPKa, kinase dead (KD) mice,
when compared with wild type (WT) anima®Although specificity tavards a particular class arewavailable 32 In

spgcuIaUe, this .compensator_y increase in P.KD W human primary myotubes, we \apeviously shown that
during metabolic stress might maintain signalling t?—|DAC inhibifion - (HDACi) increases GLUT# and
HDACs and metabolic gene expression responses in t C-Ti gene expression (McGee and bemves
abse.r;:e ;fcﬁ‘MMlzr f’mmi/l'. HD’?]C.Mh IS dsothunlqkqely unpublished). In addition, chronic HATi in L6 myotubes
sensive signafling, Which 1S another KINAse ¢, ,ha \eek increases both basal and insulin stimulated

activated under conditions of metabolic stress such as ﬂ@bcose uptad®® These studies shothat HDAG could be
seen duringxercise?” HDAC4 confers CaMKIl sensitity an efective gratgyy to normalize metabolic gene

f)cl)i orcr)g]ri:atiol_r:lg\c\j\,/e S;gh cuzrarsentl Hmfn%chat:irsct)ilégn expression and metabolism in conditions where metabolic
9 ' y Y gene gpression is impaired, such as in insulin resistance.

investigating this compensatory phenomenon in cell cultur. his is further supported by data sfiog that HDACH can

systems and in AMPIt, KD mice. prevent the decrease in PGG@rlexpression follaving

Ubiquitin mediated proteasomal degradation of HBACs palmitate &posure t'hat indqces insulin resistance in L6

myotubes’* As previously discussed, while the class lla

Another mechanism that has recently beeRDACs do ncrease PGCelexpression, thgappear not to

established to regulate skeletal muscleAdB is wbiquitin  increase CD36x@ression.’ unlike PGC-1a overexpression

mediated proteasomal gradation. This process requiresin skeletal musclé® This could suggest that HTi might

ubiquitin peptides to be added to lysine residues within thpeeferentially &vour lipid oxidation, rather than lipid

protein to be dgraded?® This ‘signals’ that the protein is to uptake and re-esterification, making class lla BOs an

be shuffled to the proteasome, where it ugdes ideal therapeutic target for insulin resistance ieletal

proteolysis by arious different proteases. Biochemicallymuscle. Apotential caeat of this approach might be an

this process requires a humber of enzymes that culminatesrease in hepatic PGQxlexpression, which would dré

in an E3 ubiquitin ligase attaching the ubiquitin peptffes.gluconeogenesis and hepatic glucose outputveder, a

It was recently established that both A} and 5 are potential increase in substrate twaoin this situation

ubiquitinated and degraded by the proteasome @btk might hae beneficial effects on weight loss. eNVae

muscle!* This study also established that this mechanisourrently irvestigating the effcacy of HDACi to normalize

occurred preferentially in type 1 slofibres and that this skeletal muscle and whole body metabolism in insulin

process ws important for fibre type determinatith. resistant states vivo.

However, the mediators of HBC proteasomal dgradation )

were not determined in this study an dfort to identify Concluding remarks

them, we performed tandem affinity purificatiolPAP) of

HDACS that was werexpressed in C2C12 myoblasts androle i

performed mass spectrometry based proteomics &G th

associated proteins. This screen identified the heat shQgk |« metabolism under the control of at least fulti-

protein 70 (HSP70) as an K5 interacting protein dimensional . S
. X ; 2 patheys (Figure 1). Our currentiestigations
(McGeeet al, unpublished). HSP70 is a mult|-funct|onalhighlight the complity and redundanc in the

chaperone protein that is kmp to direct proteins tgards mechanisms that regulate these A@D. Nonetheless,

the proteasomevia its associated C-terminal HSP- stablishing the role of AMPK, PKD and CaMKIl in

associated interacting protein (CHIP), which is an E DAC bh o .
o ' osphorylation in response to acute metabolic
ubiquitin ligase?® We sibsequently confirmed that these phospriory P

proteins interact through coimmunoprecipitation assaféress will potentially uncer a mechanism with built in
X R . dundang regulating metabolic gene xpression in
(McGee et al, unpublished). This finding is particularly ¥ regl g g P

h : e skeletal muscle. Furthermore, understanding the potential
interesting as sketal muscle HSP70 expression is reduce, lationship between proteasomal degradation oAGD

in diabetes? This fits with a paradigm whereby a reductior, -+ the HSP70 pathway could uweo a mechanism
in HSP70 epression would result in less WO flux regulating metabolism in response to a range of cellular

The data rdewed to date suggest that edital
muscle HIACs oould be an déctive therapeutic target to
alter sleletal muscle metabolism in metabolic disease.
Numerous HIAC inhibitors exist and some are currently in
oncology clinical trial$! The majority of existing HBC
inhibitors are broad spectrum class | and Il A4D
inhibitors, havever a rumber of ne&v compounds with

It is well established that HECs pgay an important
n skeletal muscle biologEmerging data also suggest
t HDAC4 and 5 are also dy requlators of skletal
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Figure 1. Regulation of metabolic gene expression by the class I1a HDACs. The class lla histone deacetylases @4I3)
repress metabolic genepression throughtromatin remodelling that favositranscriptional epression. Phosphorylation
by the AMP-activated protein kinase (AMPK) and protein kinase D (PE&)lts in HIAC ruclear export. HDAC wiqui-
tination, potentially mediated by the heat ghgmtein 70 (HSP70)/c-terminal HSP interacting protein (CHIP) pathway
results in HDAC degradation by the psteasomeThese two mechanisms result in loss ofAdDrepressive function and
activation of metabolic gene transcription that influences skeletal muscle metabolism.

stresses and could potentiallkpé&in the reduction in emepge after artificial selection for o aerobic
metabolic gene xpression in diabetic skeletal muscle. capacity.Science2005;307: 334-5.
Finally, further studies examining the faftiveness of 3. MoothaVK, Lindgren CM, Eriksson KFSubramanian
HDACI as a mtential therap for metabolic disease are A, Sihag S, Lehar J, Puigserv R Carlsson E,
warranted. Elucidation of these aspects of AdDbiology Ridderstrale M, Laurila E, Houstis N, Daly MJ,
might establish skeletal muscle HDs & an dectve Pdterson N, Mesire JP, Golub TR, Tamayo P
therapeutic taget in the treatment of metabolic diseases Spiggelman B, Lander ES, Hirschhorn JN, Altshuler
such insulin resistance, obesity and type 2 diabetes. D, Groop LC. PGC-d-responsie ¢genes inolved in
oxidatve  phosphorylation are  coordinately
Acknowledgements downrgyulated in human diabetedNat. Genet

2003;34: 267-73.
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