
1

EPIGENETIC MODIFICATION FOR EPIGENETIC MODIFICATION FOR 
THE FUTURE TREATMENT THE FUTURE TREATMENT 

OF INFLAMMATORY DISEASEOF INFLAMMATORY DISEASE
Peter J Barnes FRS, FMedSci

National Heart & Lung Institute
Imperial College, London, UK

Imperial College Royal Brompton Hospital

Inflammation 2010: Inflammation 2010: RSCRSC Meeting November 2010Meeting November 2010

THERAPEUTIC POTENTIAL OF EPIGENETICSTHERAPEUTIC POTENTIAL OF EPIGENETICS

DNA methylationDNA methylation
•• DNA methyltransferase inhibitors (e.g. DNA methyltransferase inhibitors (e.g. azacytidineazacytidine): ): 

reverse silencing of good genesreverse silencing of good genes
•• Stimulate methylation: silence bad genesStimulate methylation: silence bad genes
•• Applicable to lung cancer, inflammation?Applicable to lung cancer, inflammation?
•• Problems of specificity and targetingProblems of specificity and targeting

Histone modificationHistone modification
•• Involved in cancer, fibrosis, inflammationInvolved in cancer, fibrosis, inflammation
•• Small molecule modifiers now identified Small molecule modifiers now identified 

(including existing therapies)(including existing therapies)

EPIGENETICS: non genetic changes in chromatin structureEPIGENETICS: non genetic changes in chromatin structure
resulting in changes in gene expression resulting in changes in gene expression 
•• DNA methylationDNA methylation-- longlong--term changes, developmentalterm changes, developmental
•• Histone modificationHistone modification
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Repressive chromatinRepressive chromatin
Decreased transcriptionDecreased transcription

Inflammatory gene repressionInflammatory gene repression

INFLAMMATORY GENE TRANSCRIPTION INFLAMMATORY GENE TRANSCRIPTION 
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Inflammatory gene expressionInflammatory gene expression
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* =Acetylation sites:  Lysine residues

CHROMATIN STRUCTURECHROMATIN STRUCTURE
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Histone Histone octameroctamer

HISTONE ACETYLATIONHISTONE ACETYLATION

H3H3H3H3 H4H4

H2AH2A H2BH2B

DNA

HistoneHistone 44SGRGSGRGKKGGGGKKGLGGLGKKGGAGGAKKRHRKRHRK
55 88 1212 1616

--CHCH22--CHCH22--CHCH22--CHCH22--NHNH33
++ --CHCH22--CHCH22--CHCH22--CHCH22--NHNH--COCO--CHCH33

LysineLysine --acetylacetyl--LysineLysine

N terminal

HATHAT

HDACHDAC

NucleosomeNucleosome

Gene repressionGene repression
HISTONE ACETYLATION AND GENE TRANSCRIPTIONHISTONE ACETYLATION AND GENE TRANSCRIPTION

COREPRESSORSCOREPRESSORS

Histone deacetylationHistone deacetylation
HDAC 1HDAC 1--11 11 

Gene transcriptionGene transcription

Histone acetylationHistone acetylation
HATsHATs:  :  CBP, p300, CBP, p300, pCAFpCAF etcetc

COACTIVATORSCOACTIVATORS

Acetylation of LysAcetylation of Lys

NucleosomeNucleosomeDNADNA RNA polymerase IIRNA polymerase II
Transcription factorTranscription factor(histone octamers)
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HISTONE ACETYLATIONHISTONE ACETYLATION

AntiAnti--acetylatedacetylated
histone H4histone H4
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Ito K et al: Mol Cell Biol 2000

A549 cellsA549 cells

nucleus

+ IL+ IL--11ßß

Inflammatory stimuli
e.g. IL-1ß, TNF-

CBP

NF-B
activation

Gene
repression

Co-activators

HISTONE ACETYLATION AND GENE EXPRESSIONHISTONE ACETYLATION AND GENE EXPRESSION

p65

p50

HAT

p65
p50

Acetylation

 Inflammatory Gene
transcription

Inflammatory protein
(e.g. GM-CSF)

Gene
activation

IB

IKK2IKK2NFNF--κκB regulated genesB regulated genes
•• Chemokines: Chemokines: CXCL1CXCL1, , CXCL8CXCL8, , CCL2CCL2, , CCL5CCL5, , CCL11CCL11
•• Cytokines:     Cytokines:     GMGM--CSF, TNFCSF, TNF--αα, IL, IL--11ββ, IL, IL--66

•• Enzymes:       Enzymes:       iNOS, iNOS, cPLAcPLA22, COX, COX--2, MMP2, MMP--99

•• Receptors:     Receptors:     NKNK11, , NKNK22, bradykinin B, bradykinin B11, B, B22

•• Peptides:        Peptides:        endothelinendothelin--11

•• Adhesion Adhesion molsmols: : ICAMICAM--11
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ACTIVATION OF INFLAMMATORY GENESACTIVATION OF INFLAMMATORY GENES

CoactivatorsCoactivators
e.g. CBPe.g. CBP

Repressed chromatinRepressed chromatin

CLOSEDCLOSED

INFLAMMATORY GENE REGULATIONINFLAMMATORY GENE REGULATION

TranscriptionTranscription
factorsfactors

e.g. NFe.g. NF--BB

INFLAMMATIONINFLAMMATION

Pol2Pol2 mRNAmRNA

INFLAMMATORYINFLAMMATORY
PROTEINsPROTEINs

e.g. GMe.g. GM--CSF, ILCSF, IL--88

Activated chromatinActivated chromatinAcAc--
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HistoneHistone
acetylationacetylation
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OPENOPEN
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HistoneHistone
deacetylationdeacetylation mRNAmRNA

 INFLAMMATIONINFLAMMATION

Repressed chromatinRepressed chromatin

CLOSEDCLOSED

CoreCore
histoneshistones

CorticosteroidsCorticosteroids

↓↓ HAT                              HAT                              ↑↑HDACHDAC
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Anti-HDAC2

Anti-p65

HDAC2 protein

-

p65 (NF-B) immunoprecipitatesA549 cells

EFFECT OF CORTICOSTEROID ON HDACEFFECT OF CORTICOSTEROID ON HDAC

Ito K et al: Mol Cell Biol 2000

CHROMATIN CHROMATIN IMMUNOPRECIPITATIONIMMUNOPRECIPITATION ((ChIPChIP) ASSAY) ASSAY

GM-CSF promoter

AcK8 IP

NS IL-1

(-70-+32bp)

Acetylation of lysine 8 on histone H4Acetylation of lysine 8 on histone H4

Dex 10 8 6 6  (-log M)
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Inflammatory stimuliInflammatory stimuli
e.g. ILe.g. IL--11ßß, TNF, TNF--

p65p65
p50p50

AcetylationAcetylation

NFNF--BB

CORTICOSTEROID SUPPRESSION OF INFLAMMATORY GENESCORTICOSTEROID SUPPRESSION OF INFLAMMATORY GENES

 Inflammatory Inflammatory GeneGene
transcriptiontranscription

p65p65
p50p50

GeneGene
repressionrepression

 Inflammatory Inflammatory 
gene transcriptiongene transcription

Inflammatory proteinInflammatory protein
(e.g. GM(e.g. GM--CSF)CSF)

GeneGene
activationactivation

HDAC2HDAC2

DeacetylationDeacetylation

CoCo--repressorsrepressors

RecruitmentRecruitment
CoCo--activatorsactivators

CBPCBP

HATHAT

GRGR

CorticosteroidsCorticosteroids

GRGR

Activated GR: highly specific for Activated GR: highly specific for 
activated inflammatory gene complexactivated inflammatory gene complex
(recognition of histone acetylation signature)(recognition of histone acetylation signature)

EFFECT OF STEROID ON INFLAMMATORY GENESEFFECT OF STEROID ON INFLAMMATORY GENES
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↓↓HDAC EXPRESSION IN COPD MACROPHAGESHDAC EXPRESSION IN COPD MACROPHAGES
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Ito K et al: FASEB J 2001
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0

50

100

150

COPDCOPD

Alveolar macrophagesAlveolar macrophages

P<0.001

Histone deacetylases (HDAC1Histone deacetylases (HDAC1--11): 11): 
•• reverse histone acetylationreverse histone acetylation
•• switch off gene transcriptionswitch off gene transcription
•• HDAC2 switches off inflammatory genesHDAC2 switches off inflammatory genes
•• HDAC2 recruited by glucocorticoid receptors toHDAC2 recruited by glucocorticoid receptors to

activated inflammatory genes: activated inflammatory genes: 
mediates suppression of inflammation by steroidsmediates suppression of inflammation by steroids

Total HDAC activity (dpm)
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CORRELATION OF HDAC TO STEROID RESPONSECORRELATION OF HDAC TO STEROID RESPONSE

Ito K et al: FASEB J 2001
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Ito K et al:: J Exp Med 2006

Alveolar/sputum macrophagesAlveolar/sputum macrophages

Peripheral lung (surgical resection)Peripheral lung (surgical resection)

 HDAC2 IN COPD LUNGHDAC2 IN COPD LUNG

Ito K et al: N Engl J Med 2005
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HDAC2 AND STEROID RESPONSIVENESS IN COPDHDAC2 AND STEROID RESPONSIVENESS IN COPD
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ControlControl LPSLPS LPS + dexamethasone (1LPS + dexamethasone (1μμM)M)

0

2.5

5.0

G
M

-C
S

F
 (

n
g

/m
l)

GMGM--CSF secretionCSF secretion

EmptyEmpty
vectorvector

COPD macrophagesCOPD macrophages
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Restores HDAC2 to normalRestores HDAC2 to normal

Ito K et al: J Exp Med 2006
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non-smoker COPD

NTEm H2NT
HDAC2

C    Sm COPD
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AntiAnti--HDAC2HDAC2

HDAC2 HDAC2 immunoprecipitatesimmunoprecipitates

OO22
..-- +    +    NONO.. ONOOONOO-- 33--nitrotyrosinenitrotyrosine

superoxidesuperoxide nitric  nitric  peroxynitrite   peroxynitrite   stablestable
anions  anions  oxideoxide

Altered function?Altered function?

NITRATION AND HDAC2 ACTIVITYNITRATION AND HDAC2 ACTIVITY
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Human airway epithelial cellsHuman airway epithelial cells

PEROXYNITRITE INDUCES STEROID RESISTANCEPEROXYNITRITE INDUCES STEROID RESISTANCE

IL-1ß + SIN-1 (500µM)

SINSIN--1: peroxynitrite generator1: peroxynitrite generator

Ito K et al: BBRC 2004

 Inflammatory genesInflammatory genes Response to steroidsResponse to steroids Inflammatory genesInflammatory genes  Response to steroidsResponse to steroids

HDAC2HDAC2
Inflammatory genesInflammatory genes

CORTICOSTEROID RESISTANCE IN COPDCORTICOSTEROID RESISTANCE IN COPD

Cigarette smokeCigarette smoke InflammationInflammation

..OO22
-- NONO

iNOSiNOS
COPDCOPD

Barnes PJ: Ann Rev Physiol 2009

Tyr146Tyr146
NONO

PeroxynitritePeroxynitrite

Osoata G et al: BBRC 2009

UbUb
UbUb

Destruction byDestruction by
28S proteasome28S proteasome

Tyr253 Tyr253 NONO

UbUb
UbUb

UbUb

ANTIOXIDANTSANTIOXIDANTS iNOS INHIBITORSiNOS INHIBITORS

Peroxynitrite scavengersPeroxynitrite scavengers

Proteasome inhibitorsProteasome inhibitors
UbUb E3 E3 ligaseligase inhibitorsinhibitors

THEOPHYLLINETHEOPHYLLINE
HDAC activatorHDAC activator
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CORTICOSTEROID RESISTANCECORTICOSTEROID RESISTANCE

Cell membraneCell membrane

Steroid resistanceSteroid resistance

Nitrative stressNitrative stress
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THEOPHYLLINE AS HDAC ACTIVATORTHEOPHYLLINE AS HDAC ACTIVATOR

Theophylline in low therapeutic concentrations:Theophylline in low therapeutic concentrations:

•• activates HDACactivates HDAC-- espesp when reduced when reduced 

•• via a novel mechanism via a novel mechanism (not PDE/adenosine (not PDE/adenosine antagantag))

•• markedly potentiates steroid effectsmarkedly potentiates steroid effects

•• reverses steroid resistancereverses steroid resistance
Ito K et al: PNAS 2002, Cosio B et al: J Exp Med 2004Ito K et al: PNAS 2002, Cosio B et al: J Exp Med 2004
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Cosio B et al: J Exp Med 2004

TSATSA

HDACHDAC
inhibitorinhibitor

THEOPHYLLINE RESTORES STEROID RESPONSETHEOPHYLLINE RESTORES STEROID RESPONSE
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EFFECT OF THEOPHYLLINE IN SMOKING MICEEFFECT OF THEOPHYLLINE IN SMOKING MICE

Daily cigarette x 11 daysDaily cigarette x 11 days
↑↑ NeutrophilsNeutrophils
↑↑ MacrophagesMacrophages
SteroidSteroid--resistant inflammationresistant inflammation
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Fox JC et al: ATS 2007

Similar results with inhaled theophyllineSimilar results with inhaled theophylline
No detectable plasma levelsNo detectable plasma levels

Reversed by HDAC inhibitorReversed by HDAC inhibitor
((TSATSA))
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To Y et al: AJRCCM 2010
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 GMGM--CSFCSF
 ILIL--88
 eotaxineotaxin

HistoneHistone
acetylationacetylation

Inflammatory stimuliInflammatory stimuli

NONNON--SMOKING ASTHMASMOKING ASTHMA

NFNF--B     B     

GRGR

 HDAC2HDAC2

 Histone acetylationHistone acetylation

CorticosteroidsCorticosteroids

SteroidSteroid
responseresponse

STEROID RESISTANCE IN SMOKING ASTHMATICSSTEROID RESISTANCE IN SMOKING ASTHMATICS

Cigarette smokeCigarette smoke

Oxidative stressOxidative stress
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THEOPHYLLINE + ICS IN SMOKING ASTHMATICSTHEOPHYLLINE + ICS IN SMOKING ASTHMATICS
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Oxidative stressOxidative stress
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Marwick J et al: AJRCCM 2009
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responsiveresponsive

PI3K-γ null

SteroidSteroid--resistantresistant

UNEXPECTED SYNERGYUNEXPECTED SYNERGY

High throughput screening: synergy
Targeting multiple interacting pathways

Borisy AA et al: PNAS 2003
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METHYLATION AND STEROID ACTIONMETHYLATION AND STEROID ACTION
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Kagoshima M et al: Eur J Pharmacol 2001

5-aza-dC: 5-aza-2’-deoxycytidine: Methytransferase inhibitor
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RNA Pol2RNA Pol2p65p65

CBPCBP

AcH4AcH4 MeH3K9MeH3K9MeH3K4MeH3K4AcH3AcH3GRGR
HDAC2HDAC2
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CORTICOSTEROID INHIBITION OF TGFCORTICOSTEROID INHIBITION OF TGF--ββ11

SteroidSteroid
TGFTGF--1 mRNA1 mRNA

TGFTGF--ββ11

SUVSUV

SUV = histone methyltransferase

Lee K et al: J Immunol 2006

• HDAC2 recruitment mediates HDAC2 recruitment mediates antiinflantiinfl effects of corticosteroids effects of corticosteroids 
↓↓ in COPD: in COPD: -- due to oxidative/nitrative stressdue to oxidative/nitrative stress

CONCLUSIONSCONCLUSIONS
• Multiple histone modifications regulated by enzymesMultiple histone modifications regulated by enzymes

involved in regulation of inflammatory genesinvolved in regulation of inflammatory genes
acetylation, methylation, phosphorylation, nitration, ubiquacetylation, methylation, phosphorylation, nitration, ubiquitination, itination, sumoylationsumoylation

•• Theophylline Theophylline ↑↑ in HDAC2 mediated by PI3Kin HDAC2 mediated by PI3Kδδ inhibitioninhibition

• HDAC2 activity restored by gene transfer, theophyllineHDAC2 activity restored by gene transfer, theophylline
reverse corticosteroid resistance in COPD cellsreverse corticosteroid resistance in COPD cells

• Histone methylation (H3K9) Histone methylation (H3K9) ↑↑ by corticosteroids by corticosteroids 
HMT (SUV39H1) recruited by corticosteroidsHMT (SUV39H1) recruited by corticosteroids

• New therapeutic approaches targeting epigeneticNew therapeutic approaches targeting epigenetic
changes now possiblechanges now possible
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