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Epigenetic Modification in Systemic Rheumatic Diseases
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Epigenetics is defined as an inheritable effect that influen-
ces gene activity, but does not involve a change in DNA
sequence. Epigenetic gene regulation has an essential role
in determining individual gene function and activity in
each specific cell type. Epigenetics includes four predom-
inant mechanisms: DNA methylation, histone modification,
nucleosome positioning and microRNA (miRNA). These
mechanisms influence gene expression, cell differentiation,
proliferation, DNA repair and replication. Epigenetic mod-
ifications are far more sensitive to environmental stimuli
than DNA sequence alterations. Candidate gene ap-
proaches have identified a small set of genes that undergo
epigenetic changes, such as aberrant DNA demethylation,
histone modification, as well as regulation by miRNA in
rheumatic diseases. It is well known that T cells from pa-
tients with SLE or RA, as well as synovial fibroblasts from
individuals with RA, have sequences undergoing DNA hy-
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pomethylation andfor histone modifications. In addition,
miRNA regulates the gene expression by pairing with its
target mRNAs and is often deregulated in systemic rheu-
matic diseases. High-throughput approaches are necessary
for screening the epigenetic alterations, and it is essential
to screen the specific tissue and cell types that are relevant
to the disease pathogenesis. Identification of cell-specific
targets of the epigenetic deregulation in rheumatic dis-
orders will provide clinical markers for the diagnosis, dis-
ease progression and response to therapy. Our under-
standing of epigenetics is in its infancy. New generation of
pharmaceuticals, which manipulate the epigenome to the
switch targeted genes on or off are under investigation.
The new field of repairing or optimizing the epigenome
through epigenetic modifier andfor diet is wide open.
Key Words. Epigenomics, DNA methylation, Histone code,
MicroRNAs, Autoimmune diseases
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Table 1. Concordance rate of autoimmune diseases between
monozygotic twins

Disease Concordance rate References
Systmeic lupus erythematosus 11~25% 2,3)
Rheumatoid arthritis 12~22% (4-6)
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Figure 1. Environmental factors affecting epigenetic modification.
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U} Histone modification®] <FAlo] =elA] 7ﬂ =3z, o] A o]
Y Fulel2Azke] W Eo] ZElA & dle] Hrl ¥
T4 AFololA Frubel=Aske] FAol W &
°F 25%5 ‘@A F3rh(Table 1). =& #A5ol7} otd
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S UUe FYFAL Adoz slselet wde
A2 v Fa f), QB 2 FFelA AAT] ol Fpost
genome period) AIZE el ole eI sk Ao} e
908l oF ThFo] AR Aol gl AP o A

7 =]
dapA b 2 vhd —*r*é%’ﬁ*ﬂ Hel= JJr°4 ol 7]1H
& SR 2y
- 22l 7HA 71H e
2 A9 = ch(Figure 2).

1) Methylation: DNA2] A33}8H2] wig}

2) Histone modification: DNA7} 43l

3) Nucleosome positioning

4) RNA interference: microRNA (miRNA)el] 2|38t A A &
ue =7 (posttranscriptional modification)

o] | 7kA FAFAA W= AE Lol what FAo
== AEe Jeet 75 A= 2HEstA
T ATl whEH o] FARAA Hdte Alxe] At
A 22l Alx AL T2 AAF Al Fofsted]
AE B 3{2‘3. ¥4 AL9] transcriptional regulatory machi-
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Mitotic chromosome

DNA

— |

Methylation

B del ¢#iA 7" o]t} DNA methylationS 7|52 o1&

£ FSlellA Lo wioldd A, A EE3} 2|3 =7
Aol wi-g- Fasiel 54 z2Folu AlE Firell vkt
DNA methylationo] 9%2 o2 tloksiAl WA =&,
DNA methylationo] A4 o2 2532 oS ujl ZH o]
Yojt}Al =}l DNA methylationo] 3+ cytosine®] DNA
methyltransferase (DNMT)ell €3l s}1}e] methyl groupo
o} 5-methyl-cytosine Wb 2H8 & kel B4 AlZol
A= cytosine-guanine (CpG) dinucleotide] 2} 70~80% 7}
2Fo]] DNA methylationo] dolu} 931 F2 F-AA} &
AAsH= Hodstar glek of 2 <lofl 2]3l methylation
% CpG islandell demethylationo] Lojub A AH 4=}
wdlo] F7tkE o] Alx7t &4 skE A, v A= 7s
W37 dojuiA] Foh. DNA methylation Al Eu 232 2]
EAJoll w2} methylationZ} demethylationo] EHals}A] 71
Ho 7 doju= 5AS 7FA L 9ltl. DNA methylation©]
dojrhd AA7E A= 5z, JF 2 unmethylated /g€l oll 4]
= AAZE dojuAl =k of8 AARIAES FE CpG
Aol A 1At el A o] A de] methylation®]™H A
AHQIZFE2 DNASE AjtelA] ZabA Hcok & o AA
A 7] 2 2 methylated CpG A Dollat So]ZH oz 7t
sl sl Fo] EAgt). o] 52 methyl-CpG-binding do-
main (MBD)S 7}A] 3L 9lo] MBD7} methylated A4S 2l
2} s}l3L co-repressor complexs ¥4I slo] chromatin %5
W37 = AT E Algshe 7= s "ok (7). oA’
ATE A E FAHFHA Mk A W Akl A
X AREA el &0l 7kl H et ela Al
20| 3t ot W Ao A3t FAFellA] passive
demethylation -2 active demethylationoll ¥ojsl= =4,
Z DNA methylation-associated proteinol] 33t A5 &3]
Aol ol X5 A $Fo] w4 F7t ks

Nucleosome >\

Histone
Y

Histone tail

T

Acetylation
Methylation
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Figure 2. Mechanism by which
epigenetic changes are inherited.

DNMTE JAsl= E4 ot A Eo] v A 42 Q] hyper-
methylationg A7 sl A X Fofl o] &= AL}, demethy-
lations Lo W AE2 B35 R sl=d o]&=]7|

= 3 9).

Histone modification

Nucelosome-2 chromatin®] 7] E-th9] £4] histone¥} DNA 2]
Esbdo|w, 7+ Al A vl A= F Exgle}. Histones
DNA7} 43 913 conserved protein® 2 4712] core protein
(H2A, H2B, H3 and H4)¥} linker histone (H1 and HS)Z L}
A}t 72+ 27041 9] histone class (H2A, H2B, H3 and H4)7]-
octamer®] TFZZ DNAE 743l 9t} Histone acetyla-
tion, methylation, ubiquitination, phosphorylation, sumoyla-
tion, deamination/citrullination, ADP-ribosylation, proline iso-
merization 52 & W3}lx]o] H Qo whg} 1 1259 7]l
ALz, DNAET, DNAE-A|, chromosomal condensation
59 T3 Jlse s Aok 9. M A FHA
histone modification- lysine acetylation HF-3-o]t}. o] HF-g-
2 histone acetyltransferase (HAT %2 histone deacetylase
(HDAC)o! €]8 lysine (K) residucoll 4 HFAY3IT} HATE
lysineol] acetyl groupe &0 F4# MAE FAA7]1L,
HDAC+T lysine tailZ €] acetyl groups AATLZH H
A2} ubE g o At} Acetylation%_"" oy} methylation =
histone modification®l] Fodslx Qlrt. oS Eof, H3K9
acetylation= 1 ALE Z7}X]7] 3L, H3K9 methylation< % A}
£ A%k} (10). o] & A histone tailollA] BAst= o]
posttranslational modificationol] €] 3l §-A 2} vt& o] A3}

H| AU A== Aol

Nucleosome positioning

kA o3k vk} o] nucleosome<- chromatin®] 7]
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2] 2 4] histone?} DNAL] E3}H|o]t}. Nucleosome position-
ing ¥ AAzAANA T3 985 3k =, nucleo-
some®] du}L} transcription start sites (TSSs)oll 7}7}o] £of
Slr}ol] v}l transcription machinery®] Zrg-o] ZAA =}
= Aol (11). odlE E°] nucleosome®] TSS<| upstreamel]
Row AAA7} Tssol Ak A Belekel A%
Wt o] Yofi}A] xghe}. w3t DNMT7} nucleosome-bound
DNAo]| A 2F-83}7] wlell, nucleosome®| TSS upstream
Fo] 9 FHAE methylation 7] Al 2siAE AA7}L
AR (12).

MicroRNA

MIiRNA+ 18-23 37]4-¢] Zol& FA= L 47 &d
9] posttrancriptional regulator24]¢] 7]5-S dte}. jFE-Ee
miRNA X intergenic region®] 1} protein-coding gene2] intron
oz HE] AAR) oF 1/39] Q1A transcriptome©] 1,0000]
2] miRNA©l| o3l =A vk ek miRNAS] %A
A2} target degradation> miRNA strand®} 3’-UTR target A}
2| 7ke] ARA ] A xel what o] Fol 2t miRNAE o3t
target - 2] promoter AF2] 2] DNA methylation®] 4} his-
tone modifications €2 F 9lt}. o]&# 7|5 RNA-in-
duced transcriptional silencing (RITS) complex2}+= %7
23tAle] Ego g dojydr} RITS complext miRNA2}
7ZA%tslod H3K9 methylation 7+ posttranslational mod-
ifications ¥ oA target FAZS] AAE AAIg ) (13).
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22 A EAo] wig- vheFslt. vl S WA gl 7
sie g, of 3 ohekdt AR W) dkE]of
T 3lo] olof] 3t AF(FHAAL Wol, vhFA, 2l
Al 291 57k B;E]F o] FolA ek A2 F{vl
Azl A FAFHA Al gk A A3yt e
$A T, dloJe] 2AIDol; HEZQ FHdllA] o= &
A7t et
Frubel =A%l A Su| 23 A2 Al £33 A
AR wEl o] Ak ko] AE SolF oz PEE T, o]
g o]l FAFANAQ 71H el ol =AR k= Aol
5, 54 AW WQl AlZoAe I AlZxol Eo]FQl his-
tone modification®]t} DNA methylation9F4-& HQloh= &
Zo| 9lt}. o] & 5, naive T cello] type 1 helper T (Thl)
cell2 £ 3}3F ol = interferon (IFN)- 7 promoterl] histone
acetylation® 3}7} Qdofir}=dl, o]z]dt I} = histoneT}
DNAZFE] A ZHaAA AADAE] Ajbs F7H
7]3L, Thl celloll A 9] IFN-y XS ZZ1A7]A] H}. F,
Fulel Azl A EAGAAE AFslew, 54 A
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AFAA W3E =A8E Aol Fosltehes Aol Ful
A%l AA7A dER FAFATH w3le
Table 201 29Fx]o] i},

DNA methylation®} Fule]AZ$

ZAFAA W}l 7]A Fol| A= DNA methylatione] 7}
7 wol At Fof gheh AAZHEFF20 ule| 0
3 3HA}ollA FZ WQIA|ES] DNA promoterk-$] ol A
global hypomethylationo] %% t}(Table 3).

A7} o] Fule] 273 3kol| 4] DNA methylation ZH4=2] €
< F A7l A= DNMT 54:27]%59] ok A4l
T2l A 8] T AL Fulel =3k ed o] a2
= o] &9 7|5 4 Z 218l DNA methylationo] <F
o2 FAHA =k =7= miRNAdl 23 DNMT
4 ghzoleh. AAGHUFEL $249] CDA” T Ao
miR-217} miR-148a0] k& E]o] gli=t], o] miRNAE
DNMT®] B8 -& o A|slo] DNA hypomethylations 3
A= Aoz 4#A Aot (31). AA, active demethyla-
tiong oF7|A|7]& ¢1A}, & GADD45a (37)1} activation-in-
duced cytidine deaminase (AICDA) (38)oll 23t 2F-g-o]t}.
o] g ¥ 3}= X% chromatin modification?} ¢3Zslo] 5
Alol| kY &ch(Figure 3).

HAUBHREA: o] dF2tEo] AAZHFF2=0 A 2}
W E 3 9l e FARE, = ITGAL, CD40LG, PRF1, CD70,
IFGNR2, MMP14, LCN2, ribosomal RNA gene (18S and 28S)
2] promoter 9]0l 4] global hypomethylatione H.315}33
t} (14-18). o] F-AAE2] DNA hypomethylation T A|E
9] chromatin o] J&F& Fol FHA7L IR, 2
A2 Al 24 stet ks Srkek I dEe &
A ¥} ==k B A|E promoter (E1B promoter of CD5)el|
£ hypomethylationo] Qdoji} =1 ZA3} CD57} It = o]
cell receptor signalingoll Aol & oA A7t Hk-g-5 =
Z1gkt} (19). Procainamidel} hydralazinew= F&E-f-HbFF2
£ doF F 9 FEQ o] 52 DNA methylation 7
Alo]t}. Procainamide= DNMT12] 73 AAAAAIZA (39),
hydralazine-> methylations ZA3}= o] T3 J&-& 4
+ signal-regulated kinase pathwaysE <} A|$Fo 24 DNA
hypomethylations Z7gke} (40). o]#H 7|7 22 DNMT 7}
raro] FE bR jlZ el A BAHEAke] W
o] F7kskckar gkl (41).

FOEIAZEY: Fule] =34 ool P43k FAFZ A A
= T2 A Eel| 245 who] ghrk o] A|Z7) global
hypomethylation=| o] glo] & W dFA Ao E71Qlo]
b vk Aot 42). wE3F ubel =3 e] 3hAke
4 ] ghall ol A= IL-6 promoter A A} L1 open-read-
ing frame2] upstreamol] $]1%]¢}F CpG islandtl 2] hypomethy-
latione] S-2lo] ==t} L1 repetitive elemente] =9
EAZ A4 gt 22 o] A = methylationo] Eo] & o
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Table 2. Epigenetic modification in autoimmune diseases

Mechanisms Diseases Details References
DNA methylation  Systemic lupus Global hypomethylation of promoter regions of genes:
erythematosus ITGAL (14)
CD40LG (15)
PRF1 (16)
CD70 amn
IFGNR2 (18)
MMP14 (18)
LCN2 (18)
Ribosomal RNA gene promoter (18)
elB promoter of CDS5 in resting B cells (19)
Rheumatoid arthritis Hypomethylation:
CpG islands upstream of an L1 open-reading frame (20)
IL-6 promoter gene in monocytes 21
Hypermethylation:
Promoter of death receptor 3 (DR-3) 22)
Systemic sclerosis Hypermethylation:
CpG islands in Flil promoter (23)
Histone Systemic lupus Predisposition to apoptotic nucleosomes:
modification erythematosus H3K4me3
H4K8 triacetylation 24)
H3K27me3 25)
H2BK12ac
Global acetylation:
Histone H3 and H4 in active CD4" T cells (26)
Rheumatoid arthritis HDAC inhibitors:
Block induction of MMPs 27
Repress ADAMTs enzymes 27
Hyperacetylation of histones induces pl6 and p21 (28)
microRNA Systemic lupus Decreased expression:
erythematosus miR-146a 29)
miR-125a 30)
Upregulation:
miR-21 and miR-148a 31
Rheumatoid arthritis Decreased expression:
miR-124 (32, 33)
Overexpression:
miR-203 34)
miR-146 35)
miR-155 35)
Sjogren’s syndrome Overexpression:
miR-547-3p and miR-168-3p 36)
miR-150 and miR-149 36)

H: histone, K: lysine, HDAC: histone deacetylase, miR: microRNA, MMP: matrix metalloproteinase

Table 3. Hypomethylated genes in autoimmune diseases

Genetic element Disease Cell type Product and/or Function References
CD70 SLE CD4" T cell T cell proliferation a7
CD40LG SLE CD4" T cell IgG overproduction of B cell (15)
CD5 SLE CDI9" B cell Cytokine production and BCR signaling regulation of T cell 19)
il6 RA  PBMC IL-6 (21)
miRNA-203 RA  SFMC MMP, IL-6 (34)
Ribosomal DNA (18S, 28S) SLE PBMC Part of ribosomal particles (18)

BCR: B cell receptor, MMP: matrix metalloproteinase, PBMC: peripheral blood mononuclear cell, RA: rheumatoid arthritis, SFMC:
synovial fluid mononuclear cell, SLE: systemic lupus erythematosus
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Demethylation
AICDA ( (
Histone tail HDAC
C - >
Nucleosome MBD & <
DNA < DNMTs
K27me3 ~ H3 K9me3 H3 Methylation Kdme3 ~ H3 H3Ac  H4Ac

Figure 3. DNA methylation and histone modification.

329 Aol o] Llo] DNMT %49 Z3E hypo-
methylation®| ¥, 15 wh-3-o] FX1= 3 AR} &
A, FREA 2 A BT T whale] FrE T (20). vh
X7}A & IL-6 promoter A2+ W 2] CpG island”} hypo-
methylation®] "1 4] IL-67} Zpdw]o] 34 W AFS L4
3} A]7171% e 21). o€+ Ml E hypermethylation©]
Heloz zrdsles A¢E ok =kl FollA] death re-
ceptor-3 (DR-3)2] promoter F-¢] ujol] $1%]3F CpG islands
ol| A= hypermethylation®] ¥&¥ v} DR-3&= A|E AH3}
nuclear factor-kappa-B (NF- £ B)2] 4] 3}ol] Fosl= &2
olck. o whualo] olAlswA Fubel AzAel i
© AlZAE glo] FAlo] A&uo] AT E Y=

Aoz A7} (22).

¢

Histone modification¥} Fu}e]AZA%

HAIEHIRIEA. A STHLZF ~o]|A] Histone modification
< AlZE Aol dojube Fotell A kg AlE Al
o] WkAlsl= F¢F, histones E I3 ¥ AEo] =FF o]
Hognkgo] YojuAl ==, 2 A3t ¥ Aol gk 3
2|7}, £-3] modified histoneol] Tt &-x)|7} JA Ec} g
3 A|EAEe] dojub= 59 nucleosome s $A4) 4 24
Qs QoA At wel Wee o el Ao
immunogenic epitopes RHEA] F o} (43). L Z I} epitope
spreading 317¢] YoJ1} chromatin Aol gtk A 22 2}
74eA Aol dojubAl Hrt (25). H3K4 trimethylation
(H3K4me3), H4K8 triacetylation, H3K27me3 9l H2BKI12
acetylation Z+-2- histone modificationS apoptotic nucleosome
& Z7}A]7] =4, o] apoptotic nucleosome ©] FEt}E 27}
gelew Agelo] 95& FAALT & b B o
s, ShA sk RAGNEFL AL CDA T AENA
+ histone H32} H49] acetylationo] Z7}%]o] Qlchar st}
8] 3 gkl ol A £ histone H42] acetylationo] ¥}z o]
T2 9] WQlef] 9= interferon (IFN) genes B8
o] Z7bElE o] Has|girt (4445,

FOE|AREY: Frle] 2~3d o] o] &hetz] 2 HATZ HDAC
A Aol o] BFFell oall wsrt doluks SA o] et
19 I} = matrix metalloproteinases (MMPs)$} a dis-

H

oX

integrin and metalloproteinase with thrombospondin motifs
(ADAMTS) #azoll oJaf] wiZi=| =, o] & W=l F44
£ X% histone acetylations 333} chromatin modificationol]
oA =-A=Hc} (27). E2HAE histone] hyperacetylation
2 p1637} p21 (cyclin-dependent kinase inhibitors)S §- 53}
21 (28) Tumor Necrosis Factor-alpha (TNF-«) &4 24
Al71H, hypoxia inducible factor-1 @ (HIF-1 @)} vascular
endothelial growth factor (VEGF)E & Alslo] ahA| ]
RS Aolsle Aoz dviA Uk @6). AA=,
HDAC A4l &utz2 ol 4 MMPS} ADAMTSS] W
AAste] Fulel2fAd TR Rl A A E4E
ZAFH o (47), ZZolli= HDAC JAAE A elslol
uff Frobel=d ] e 29 IL-6 A4be] Fol &t
B3a% el 48). wekA HDAC AAE Ag3t
Az Fobe @A ARA AT 5 Ae A
Kigh )

e to oy afo

Nucleosome positioning¥} Fu}e]AZE
Nucleosome positioning®} Fr}e] 22313} dF= HE

A= AA o]t} gk ed7tol|A] histone variant macroH2A7} <3

BA
A A ETIRIE] Aol F a3 AAQIAR] NF-« B2 2
&= WeElskaL nucleosomes AT sk A L] AES
Aefjgbear Bl up 9ot 49), o2 o v
=

E 7HA3 QEA Soll Bstel Fo ¥ B AT} &

T3,

i

MicroRNA®} Fule] A28

HAMEHRIEA: miR-146a= toll-like receptor A&7 =9]
AAAZA A ZGHFF2 Aol A 2 o] Zhaw] o]
9Jt}. o] miRNAE type I IFN pathway2] & A|A|Z4] IFN
regulatory factor-5 (IRF-5)¥} Signal transduction and tran-
scription protein (STAT)-1S ¥ EAZ slo] 1 7|55 F
ol Aoz dA glo], AATHTFF2 ghate]
ol A ZollAE miR-146a W& o] Zhxa] 917 wf ol
type I IFN2] A4bo] F7hslo] A1 ZHEFF2 kAol 2
ofsts Aoz Helrt (29). miR-125a% A4 EHEEF 20
A 7450} 9lo] RANTES7} T A|EollA Z7}Ecta B
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759k 30). L 2ol = miR-212} miR-148a7} A A1 Zul
2 5Ah9] CD4' T AEellA] Z7bslo] Q) ol5e]
28-S E3ll autoimmune-associated methylation-sensitive
gene?]l CD703} lymphocyte function-associated antigen] -
Yol FA =k ghek (31).

FOIE|ABEY: Frle]=3de] 2ol Yol miR-1553}
miR-1467} Fh@A 0] 9lo] TNE-a $} 1L-1 87} Z7}ss
Aoz oA gt (35). E3] miR-146S TNF-a (50), TL-17
6Dl sk ol ABIAE Hlrk miR-2032 FutE]
29 Yot 1 whele] Z7kElm MMP-13}
65t oo JABAS Hgov (34), miR-1242 AN
cyclin-dependent kinase 2 (CDK-2)E A3} monocyte
chemoattractant protein-1 (MCP-1)< & A|sl=dl, Fule] &
P09 BANAE aslo] Yol WHOT DA 27 4
Sol ZAskx MCP-10] Z7kebd] gk Ao
5 (32,33).

478 Z&F: AAA L8 Z3F9 APEo] o4
Zl miRNA®Il = miR-547-3p, miR-168-3p, miR-150, miR-149
| glek. ol 5 A=A Subsisle] AT L B
g 7ls2 HEAA Eskel (36). °1E miRNAS SV
W 5 24E A% LA TAUSE A, e
kel ) AR BRAFE glol 2 7)ol hat >
£ U 22 AT 9ey Aoz Amd.

[

(<4

sMREsel WHY Yool M
19651 DNA methylation @o] XS0 & HbAE o]
FAFAE FAA Aol L AL AA delE 4L
Aol WAl Qlgleh. oF 300e] ALbAlck HlZA HAT,
HDAC, HMT, DMNT 59 T4 4AXE 2Asls 145
o] WA HA Ax vl =#o F3}, WA a3 {HA}
24l #3 A7 FEEE WAsA =k A7 Als
FAA A =7F A4 E 200010 ] ZHboll demethylase?] &

o
o ot

¥
s
it
i
]
o,
)
ok
N
ol
=]
k)
it
ey
fr

LA Flo] AEeke] wigto] wirlE|glon,
20061 o] Fell= S FAoE FAFAAE EEF
R&D A ¥} 354 5] o]

B) FEA ALY Aol thit Aite] 24 8kE]7] A Fslgict.
FAA AT It v Eo] AY 1A d B4 71E
"k 2 High-throughput DNA methylation®} histone mod-
ification 2. -4 o] F<&rs] kA A, WA A4 7A
A Hgkel A ABAE AAF 2 FHE 5 A
H et ol i & vl ez & FAHFAA A7 Sl
A, L AolA &2 F&It X2 FAlel] vzt wks
ol wpe} 25 A EFstar A, 4

w2 2L X8 S LS F e Aoz 7uE
ok Z7bH e Fape|2Agke] X 84 /2 DNA hypo-
methylationS 43l 7] Z o|L} HDAC A A|A9] 28 5

of
[
ot

o}
NFel HE7E A=l el High-throughput ap-
proachE F3ll A So] AFZit =Aol|A F4-544
Mg galehs 5 Aalo] el shell whe Alek Aol
Bagh 7% ARE vess] A% A4 AT el
A L

1. Quintero-Ronderos P, Montoya-Ortiz G. Epigenetics and
autoimmune diseases. Autoimmune Dis 2012;2012:593720.

2. Deapen D, Escalante A, Weinrib L, Horwitz D, Bachman
B, Roy-Burman P, et al. A revised estimate of twin con-
cordance in systemic lupus erythematosus. Arthritis Rheum
1992;35:311-8.

3. Jarvinen P, Kaprio J, Mékitalo R, Koskenvuo M, Aho K.
Systemic lupus erythematosus and related systemic dis-
eases in a nationwide twin cohort: an increased preva-
lence of disease in MZ twins and concordance of disease
features. J Intern Med 1992;231:67-72.

4. Aho K, Koskenvuo M, Tuominen J, Kaprio J. Occurrence
of rheumatoid arthritis in a nationwide series of twins. J
Rheumatol 1986;13:899-902.

5. Bellamy N, Duffy D, Martin N, Mathews J. Rheumatoid
arthritis in twins: a study of aetiopathogenesis based on
the Australian Twin Registry. Ann Rheum Dis 1992;51:
588-93.

6. Silman AJ, MacGregor AJ, Thomson W, Holligan S,
Carthy D, Farhan A, et al. Twin concordance rates for
rheumatoid arthritis: results from a nationwide study. Br
J Rheumatol 1993;32:903-7.

7. Fan S, Zhang X. CpG island methylation pattern in differ-
ent human tissues and its correlation with gene expre-
ssion. Biochem Biophys Res Commun 2009;383:421-5.

8. Ooi SK, Bestor TH. The colorful history of active DNA
demethylation. Cell 2008;133:1145-8.

9. Kouzarides T. Chromatin modifications and their function.
Cell 2007;128:693-705.

10. Gregory PD, Wagner K, Horz W. Histone acetylation and
chromatin remodeling. Exp Cell Res 2001;265:195-202.



=
T

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

ulel A ghol 4 4542 Wt

Schones DE, Cui K, Cuddapah S, Roh TY, Barski A,
Wang Z, et al. Dynamic regulation of nucleosome posi-
tioning in the human genome. Cell 2008;132:887-98.
Chodavarapu RK, Feng S, Bernatavichute YV, Chen PY,
Stroud H, Yu Y, et al. Relationship between nucleosome
positioning and DNA methylation. Nature 2010;466:388-92.
Bartel DP. MicroRNAs: genomics, biogenesis, mecha-
nism, and function. Cell 2004;116:281-97.

Lu Q, Kaplan M, Ray D, Ray D, Zacharek S, Gutsch D,
et al. Demethylation of ITGAL (CD11a) regulatory se-
quences in systemic lupus erythematosus. Arthritis Rheum
2002;46:1282-91.

Lu Q, Wu A, Tesmer L, Ray D, Yousif N, Richardson
B. Demethylation of CD40LG on the inactive X in T cells
from women with lupus. J Immunol 2007;179:6352-8.
Kaplan MJ, Lu Q, Wu A, Attwood J, Richardson B.
Demethylation of promoter regulatory elements contrib-
utes to perforin overexpression in CD4+ lupus T cells. J
Immunol 2004;172:3652-61.

Oelke K, Lu Q, Richardson D, Wu A, Deng C, Hanash
S, et al. Overexpression of CD70 and overstimulation of
IgG synthesis by lupus T cells and T cells treated with
DNA methylation inhibitors. Arthritis Rheum 2004;50:
1850-60.

Javierre BM, Fernandez AF, Richter J, Al-Shahrour F,
Martin-Subero JI, Rodriguez-Ubreva J, et al. Changes in
the pattern of DNA methylation associate with twin dis-
cordance in systemic lupus erythematosus. Genome Res
2010;20:170-9.

Garaud S, Le Dantec C, Jousse-Joulin S, Hanrotel-Saliou
C, Saraux A, Mageed RA, et al. IL-6 modulates CD5 ex-
pression in B cells from patients with lupus by regulating
DNA methylation. J Immunol 2009;182:5623-32.
Neidhart M, Rethage J, Kuchen S, Kiinzler P, Crowl RM,
Billingham ME, et al. Retrotransposable L1 elements ex-
pressed in rheumatoid arthritis synovial tissue: association
with genomic DNA hypomethylation and influence on
gene expression. Arthritis Rheum 2000;43:2634-47.
Nile CJ, Read RC, Akil M, Duff GW, Wilson AG.
Methylation status of a single CpG site in the IL6 pro-
moter is related to IL6 messenger RNA levels and rheu-
matoid arthritis. Arthritis Rheum 2008;58:2686-93.
Takami N, Osawa K, Miura Y, Komai K, Taniguchi M,
Shiraishi M, et al. Hypermethylated promoter region of
DR3, the death receptor 3 gene, in rheumatoid arthritis
synovial cells. Arthritis Rheum 2006;54:779-87.

Kubo M, Czuwara-Ladykowska J, Moussa O, Markiewicz
M, Smith E, Silver RM, et al. Persistent down-regulation
of Flil, a suppressor of collagen transcription, in fibrotic
scleroderma skin. Am J Pathol 2003;163:571-81.
Dieker JW, Fransen JH, van Bavel CC, Briand JP, Jacobs
CW, Muller S, et al. Apoptosis-induced acetylation of his-
tones is pathogenic in systemic lupus erythematosus.
Arthritis Rheum 2007;56:1921-33.

van Bavel CC, Dieker JW, Tamboer WP, van der Vlag
J, Berden JH. Lupus-derived monoclonal autoantibodies
against apoptotic chromatin recognize acetylated confor-

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

147

mational epitopes. Mol Immunol 2010;48:248-56.

Hu N, Qiu X, Luo Y, Yuan J, Li Y, Lei W, et al.
Abnormal histone modification patterns in lupus CD4+ T
cells. J Rheumatol 2008;35:804-10.

Young DA, Lakey RL, Pennington CJ, Jones D, Kevor-
kian L, Edwards DR, et al. Histone deacetylase inhibitors
modulate metalloproteinase gene expression in chondrocytes
and block cartilage resorption. Arthritis Res Ther 2005;7:
R503-12.

Nishida K, Komiyama T, Miyazawa S, Shen ZN, Furu-
matsu T, Doi H, et al. Histone deacetylase inhibitor sup-
pression of autoantibody-mediated arthritis in mice via
regulation of pl16INK4a and p21(WAF1/Cipl) expression.
Arthritis Rheum 2004;50:3365-76.

Tang Y, Luo X, Cui H, Ni X, Yuan M, Guo Y, et al.
MicroRNA-146A contributes to abnormal activation of
the type I interferon pathway in human lupus by targeting
the key signaling proteins. Arthritis Rheum 2009;60:1065-
75.

Zhao X, Tang Y, Qu B, Cui H, Wang S, Wang L, et al.
MicroRNA-125a contributes to elevated inflammatory
chemokine RANTES levels via targeting KLF13 in sys-
temic lupus erythematosus. Arthritis Rheum 2010;62:3425-
35.

Pan W, Zhu S, Yuan M, Cui H, Wang L, Luo X, et al.
MicroRNA-21 and microRNA-148a contribute to DNA
hypomethylation in lupus CD4+ T cells by directly and
indirectly targeting DNA methyltransferase 1. J Immunol
2010;184:6773-81.

Nakamachi Y, Kawano S, Takenokuchi M, Nishimura K,
Sakai Y, Chin T, et al. MicroRNA-124a is a key regulator
of proliferation and monocyte chemoattractant protein 1
secretion in fibroblast-like synoviocytes from patients
with rtheumatoid arthritis. Arthritis Rheum 2009;60:1294-
304.

Kawano S, Nakamachi Y. miR-124a as a key regulator
of proliferation and MCP-1 secretion in synoviocytes
from patients with rheumatoid arthritis. Ann Rheum Dis
2011;70 Suppl 1:i88-91.

Stanczyk J, Ospelt C, Karouzakis E, Filer A, Raza K,
Kolling C, et al. Altered expression of microRNA-203 in
rheumatoid arthritis synovial fibroblasts and its role in fi-
broblast activation. Arthritis Rheum 2011;63:373-81.
Stanczyk J, Pedrioli DM, Brentano F, Sanchez-Pernaute
O, Kolling C, Gay RE, et al. Altered expression of Micro-
RNA in synovial fibroblasts and synovial tissue in rheu-
matoid arthritis. Arthritis Rheum 2008;58:1001-9.
Alevizos 1, Illei GG. MicroRNAs in Sjogren’s syndrome
as a prototypic autoimmune disease. Autoimmun Rev
2010;9:618-21.

Barreto G, Schafer A, Marhold J, Stach D, Swaminathan
SK, Handa V, et al. Gadd45a promotes epigenetic gene
activation by repair-mediated DNA demethylation. Nature
2007;445:671-5.

Fritz EL, Papavasiliou FN. Cytidine deaminases: AIDing
DNA demethylation? Genes Dev 2010;24:2107-14.

Lee BH, Yegnasubramanian S, Lin X, Nelson WG.



148

40.

41.

42.

43.

44.

45.

46.

Procainamide is a specific inhibitor of DNA methyl-
transferase 1. J Biol Chem 2005;280:40749-56.

Deng C, Lu Q, Zhang Z, Rao T, Attwood J, Yung R,
et al. Hydralazine may induce autoimmunity by inhibiting
extracellular signal-regulated kinase pathway signaling.
Arthritis Rheum 2003;48:746-56.

Yung R, Chang S, Hemati N, Johnson K, Richardson B.
Mechanisms of drug-induced lupus. IV. Comparison of
procainamide and hydralazine with analogs in vitro and
in vivo. Arthritis Rheum 1997;40:1436-43.

Fu LH, Ma CL, Cong B, Li SJ, Chen HY, Zhang JG.
Hypomethylation of proximal CpG motif of interleukin-10
promoter regulates its expression in human rheumatoid
arthritis. Acta Pharmacol Sin 2011;32:1373-80.

Bruns A, Blass S, Hausdorf G, Burmester GR, Hiepe F.
Nucleosomes are major T and B cell autoantigens in sys-
temic lupus erythematosus. Arthritis Rheum 2000;43:2307-
15.

Dai Y, Zhang L, Hu C, Zhang Y. Genome-wide analysis
of histone H3 lysine 4 trimethylation by ChIP-chip in pe-
ripheral blood mononuclear cells of systemic lupus eryth-
ematosus patients. Clin Exp Rheumatol 2010;28:158-68.
Zhang Z, Song L, Maurer K, Petri MA, Sullivan KE.
Global H4 acetylation analysis by ChIP-chip in systemic
lupus erythematosus monocytes. Genes Immun 2010;11:
124-33.

Manabe H, Nasu Y, Komiyama T, Furumatsu T, Kita-

47.

48.

49.

50.

51.

mura A, Miyazawa S, et al. Inhibition of histone deacety-
lase down-regulates the expression of hypoxia-induced
vascular endothelial growth factor by rheumatoid synovial
fibroblasts. Inflamm Res 2008;57:4-10.

Nasu Y, Nishida K, Miyazawa S, Komiyama T, Kadota
Y, Abe N, et al. Trichostatin A, a histone deacetylase in-
hibitor, suppresses synovial inflammation and subsequent
cartilage destruction in a collagen antibody-induced arthri-
tis mouse model. Osteoarthritis Cartilage 2008;16:723-32.
Grabiec AM, Korchynskyi O, Tak PP, Reedquist KA.
Histone deacetylase inhibitors suppress rheumatoid arthri-
tis fibroblast-like synoviocyte and macrophage IL-6 pro-
duction by accelerating mRNA decay. Ann Rheum Dis
2012;71:424-31.

Angelov D, Molla A, Perche PY, Hans F, Coté J,
Khochbin S, et al. The histone variant macroH2A inter-
feres with transcription factor binding and SWI/SNF nu-
cleosome remodeling. Mol Cell 2003;11:1033-41.

Li J, Wan Y, Guo Q, Zou L, Zhang J, Fang Y, et al.
Altered microRNA expression profile with miR-146a up-
regulation in CD4+ T cells from patients with rheumatoid
arthritis. Arthritis Res Ther 2010;12:R81.

Niimoto T, Nakasa T, Ishikawa M, Okuhara A, Izumi B,
Deie M, et al. MicroRNA-146a expresses in interleukin-
17 producing T cells in rheumatoid arthritis patients.
BMC Musculoskelet Disord 2010;11:209.



