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I Review Article I

Peptidylarginine Deiminase and Citrullination:
Potential Therapeutic Targets for Inflammatory Diseases

Byungki Jang and Sung Jae Shin®

Department of Microbiology and Institute for Immunology and Immunological Diseases, Yonsei University College of
Medicine, Seoul, Korea

The multiple post-translational modifications of proteins display specific gain- or loss-of-function under normal and
abnormal conditions. These modifications are precisely regulated by post-translational modification enzymes. The altered

molecular status perturbs the pattern of gene expression and decides on a direction to signal transduction cascades as

well as intrinsic properties of the proteins. Ultimately, it strictly maintains intracellular environment or results in disease

manifestations. Recently, it has become that enzyme-dependent modification of arginine residue to citrulline exerts an

important role in the induction of autoimmunity including rheumatoid arthritis, multiple sclerosis, and cancer. The

modification of arginine residue to citrulline on proteins is called 'citrullination' or 'deimination’ and is regulated by the
calcium-dependent enzyme peptidylarginine deiminase (PAD). Now many effective PAD inhibitors (for example,
Cl-amidine) have developed that ameliorates disease phenotypes. In this review, we discuss crucial roles of PAD enzyme
and citrullination, the effectiveness of PAD inhibitors, and the implication in pathology.
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1. Peptidylarginine deiminase (PAD)

FH <+ FulE] 2 38 A (theumatoid arthritis), THE/d 73}
Z(multiple sclerosis) ~Z2]3L Y(cancer)¥} 2 Ap7FH A=A
Slojl Al FE2 0% PAD (EC 3.5.3.15) &48} o] 849
Ao o5 HolHor WIH ANEEUstE A
(citrullinated proteins S=+i= deiminated proteins)] ZH&
g FAo] BuFHA} (1~5). A|EEH(citrulline)> H]Z
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3}l protein-arginyl deiminase B peptidylarginine deiminase
= gk
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CH, CH,
- éH i =N éH - Substrate Loss of (+) charge
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Figure 1. Peptidylarginine deiminase (PAD) and citrullination. (A) The conversion of peptidylarginine to peptidylcitrulline is a
posttranslational process driven by peptidylarginine deiminase (PAD) in a calcium (Ca2+) dependent manner. Ca®" is an essential cofactor
for the activation of PAD, effective Ca®" concentration is approximately 100-fold higher than physiological cytosolic Ca*" concentration.
(B) Citrullination loss of target positive charge, alters protein structure and susceptibility of protease, changes natural functions, and become
autoantigen. (C) Histone citrullination is involved in chromatin decondensation and formation of neutrophil extracellular traps. Citrullinated
histones regulate gene transcription including p53- and estrogen receptor a-targeted. (D) PAD and citrullinated proteins are implicated in
human diseases including cancer, theumatoid arthritis, skin physiology, and neurodegeneration.
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oF 74~78 kDa2] F7|Z 70~95%°] homologys Ztal, B Z}&sle] Tofsl= AoR d#A 9t} PAD2E UIF-i
€ isoforme Zgoll o3l S-S 2t FoRE ERIH 9 BE 2A(E Bl ¥, <5, v, =5 28 v
t} (1). S°l8HASE in vitro A7-914 PADE 1~2.5 mM<] el st e A7 Agke] Wz oA Wo]
s Zge o) Ha 48 YehdY, AlZgF Z7VskaL oo wEl A|EEYstE glial fibrillary acidic
1 dubx o2 100 nM JEQ1 MEZ Z4r §%7F ¢F proteint} myelin basic protein (MBP)#} 22 %% thul
1008 71 v A4S yepdtia d##]a At (8). Zo] 3} A}l PAD3E PADIY PAD29} P A 2
PADQ] 7]4-L- of27| o] ke 4 HElo|= A0 E9) 9} B (hair follicles)oll Al =2 &5, S100A32}
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1, NOs¢} 2] O}Eﬂﬂ w4 FAE AlEEYoR W Agtd S AEEYSE AT 9~11). Solatle
YA 7|A] = F3lt). &, PADE LEEe Zg o] & PAD4+ nuclear localization signal A2 7143 3lo] &

o 2 A 3lE o] 7]7J T}l
2 NEZUOT WA=
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A7) B 1 Da WA Sk @l 2 wE), o] 7 Ha dvk (13~17), FEE PADAE 3]2E whde
2 ohld-dad A3 %‘ o] o] oA | decondensation™} neutrophil extracellular formation NET) &
3} ti(Fig. 1B) (1). el T8 A4S st FtEgol A W T

-

570¢] PAD isoforme Z%] 9 A3 Ho]2 o g el 3 dgks dvhar B aE At (18, 19). H kol PAD2
thar 434 QJtkTable 1) (1). PADIS GAA S as 3 doflq Basly 3]2E H39 Arg269] AJEEW
& A ¥H-S-(Reverse Transcription Polymerase Chain Reaction, 3}5 E3 A& (chromatin)2] decondensation¥} estrogen
RT-PCR)T} EST (expressed sequence tag) 23}l ]3| o receptor ol 93 ZHE = FAAle] FAHS FEgta
o] A A AEEY dulEe F2 97 27 2 F THFig. 1C) (20). THAI .2 PADG= A 4] Al 30l A
(epidermis)2} AF-g(uterus)ol A E&Hdt= oz LA sk, HEAE(oocyte)®] AMEZA A3 Y] A
itk AE A Al ¥ (keratinocytes)®] "2 THE-SHterminal 2of| Frojdtiar AdHA AT (21,22).
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Table 1. Peptidylarginine deiminase: protein expression and related diseases.

PADtype  Expression: protein Disease Target

Epidermis, anagen hair follicle, keratinocytes,

PADI1 2. Skin disorders Keratins
arrector pili muscles, sweat glands
. . . e Alzheimer's disease, Creutzfeldt-Jakob
Epidermis, keratinocytes, arrector pili muscles, . . - . . .
disease, multiple sclerosis, glaucoma,  Histone H3, vimentin, enolase,
sweat glands, lung bronchoalveolar lavages . o o . ; .
PAD2 rheumatoid arthritis, Paget's disease myelin basic protein, glial
(BAL), lymphocytes, macrophages, monocytes, . . ; e g .
- . Experimental autoimmune fibrillary acidic protein, tubulin
neutrophils, oligodendrocytes, Schwann cells oo
encephalomyelitis
PAD3 Epidermis, anagen hair follicle, hair cuticle, Skin disorders Keratins, S100A3

keratinocytes, neutrophils, Schwann cells

Lung BAL, bone marrow, CD34+ cells,
PAD4 granulocytes, HL-60, lymphocytes,
macrophages, monocytes

Apoptosis, cancer, multiple sclerosis,

rheumatoid arthritis Histone H3/H4, OKL38

PAD6 Embryo, oocyte Rheumatoid arthritis Unknown
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g3 AAAZ Fro|=AE-ofy A IHCreutzfeldt-
Jakob disease), &=3teo]™ 23K Alzheimer's disease) L]
Il thg AR AR AdEIQl kel IE Y,
3] 7721 A (psoriasis), ¥ #] 21d 7| & Z(chronic obstructive
pulmonary disease) 1|3l & (cancer) 2] AEo} ==
oA Ty @ A" ozy Ao WYL ML 5
2 olshA7)E IAbE AZbE AL gl RbA 9] o) A
Al G o) AEEYUS = = G4 2 24 dA4
sh, A ESdstE PJuje] hae 9Fde) o
| ¥ A thFig. 1D) (2,23~28).

A7pa St 5 skl FetElsAd ¥ Aol A PAD2
S} PAD4 12]al A|EERISE whd o] H42
N(synovial fluids)¥} FHEz2 oA #ZHT}E (3~5). 1|
2 71 PADY| ]3] A EEWstE gl 5o 2prhe)
Yoz olaxo] takal 217} E(ACPA; antibodies to
citrullinated protein antigens)©| AJd € th= Aotk dA &
& = dH oA anti-CCP (cyclic citrulline peptide) ELISA
HAES &3 ACPAS] HE2 st 183 et qf
A=A AFEE AL T (25). ACPAE FvtEl~A B
At A 60~80% HIEE HEEM, 23 5ol o
98%¢l| o]=i1, H]AZE Aol A= oF 2% FER A
o7 gro How WuEa guh EI ACPA U4
7o) g Agke] At o Az A e, 48
S gd ARE o] FAVE HEYHE Aoe® yehd
I TS A7 elF Thed Aem BTt (25).
<+ HBaol| 231 anti-citrullinated vimentin antibody+=
osteoclastogenesis<} B =A& FEgTIA HI1EQITh
(29).

Porphyromonas gingivalis (P. gingivalis)= T34 T2
s g Ao EA v AT W U e
Aol Q). 719 P gingivaliso)| 4] T& = PPAD+
46 kDa®| =17]15 71zl @Az ol 54 A}
(virulence factor)® WA Q=H|, 1 o]f= o] FEA|

o8} FrhH o AYEE greks T4 el g
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PPADE ZH4S BEoxz de 7 a4 et (1).

Eo|SHAI% P gingivalis®} @2 Fusobacterium nucleatum,
Aggregatibacter actinomycetemcomitans, Prevotella intermedia,
Prevotella nucleatum, Capnocytophaga gingivalis, Capnocyto-
phaga ochracea, Streptococcus constellatus, Streptococcus
gordonii, Streptococcus sanguinis, Streptococcus salivarius &
I e ARt E A EEstE ddSo] HEy
A etk (32). SVIEAIE FrbE 2 B SRl A
Z &ejzl ACPA F o-enolase®] N Bt 971 AlEE
A3}E el CEP-1 (citrullinated enolase peptide-1)< P,
gingivalis®] CEP-13} 82% A=e] ME FAMIS Kol
AA A A CEP-1 Aol 23l P gingivalis2] CEP-19]
AEdAh Y29 P gingivalis] T A E o] HgAo =
PPAD®] o3l A EERISE o] glom, PPAD= Abghe]
fibrinogen, a-enolase 1] 3L vimentin¥} 72 ©hulz gk
ANEEHS} AIZIY (31, 32). WEbA P gingivalisoll EA
o= AlEERISHE T E ) PPADN 9% 5 Tl
o] NEER-SH: Apietde] delz Friels dd Aol
A A7F H wkeS doT)= sl 28 gte s A
Zpe]ar glok

g3 g 27 A gtolzp T Aol o) iz Ao
3 i skl AAS Eesa e mdd
I Z(myelin sheath)E +d3sh= @<l MBPE PAD7}
AR 5 45%F ANEEHSA 7], 54 FEIQ] Marburg
A= 80~90%7H4 AlEE-stE Tl Wiy et
). 6719] o}=71d X717} A EEWskE MBPE o] ol
A4S B8l @491 cathepsin Dol 2]+ TIzkAo] F7}
atod 4] A% w2 S22 BaE e, 18719 ol2rd
2717y NEZH3E MBPE 458 A% w27 135
o] A= Wy 2 FAE AE Hshs AoR A4
war

ke QHHE m okzd,

e

A& 5o fH<d(breast
cancer), AFaW9rt(endometrial carcinoma), TFAE
(hepatocellular carcinoma), 3| 1%}(lung adenocarcinoma) -5
oA FEE PAD2 Ei= PAD4Z} BEEHIL (5), T
AA| AR OKL38, ING4 L8]l p530l o8 %4
= p21, GADD45, PUMA 2] f+71A7F PAD4ol| 2]3]
A o] gAY (13~17). 53] olgldt oA 7]%e
PAD4e] ©J3t s|~E wild, 53] 84 H39h H4C
N ek $1x]9] of=27|d x7]o] A EEHS]ol| ok Z1o

2 938 A 3l(Fig. 1C), Cl-amidine %=+ F-amidine™} 7
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Figure 2. Structures of Cl- and F-amidine, 2-Chloroacetamidine,
and YW3-56. Each PAD inhibitors irreversibly inactivates PAD
enzymes via the specific modification of Cys645, an active site
residue that is critical for catalysis.

PAD SlAA AL Fal ol Fdel WA S #
2930}, o]t PAD 24 o117} &
9 s AN,

L&
>
il
2,

3. PAD HHAIH 2 S&

4377}%1 PAD SAAe] iz = S S5

| PAD AAZ X% %) 3(Fig. 2
WA AT sERdS 3 AFlA P
Al gate] fradel g SAE°] AA = ATKTable 2)
(33~37).

1) Cl—amidine
[N-[(1S)-1-(aminocarbonyl)-4-[(2-chloro-1-
iminoethyl)amino]butyl]-benzamide]->- pan-PAD &} A #| =
PAD ©hije] g2 9121 Cyse4sell AFsto] w7k
Al BEEAIE F=gtt. F# A (collagen) = T
A mkg- oA Cl—amidinegl A 2l= 24 (synovial
membrane)} 3 o] AEE
A 3A = (clinical disease act1v1ty)g 50% T S5

g 2
OO
Do o

Cl-amidine

FES HRATA

163

™, 1gG2a% anti-mouse type II collagen antibodyS 244
Hojrgl= o B} (36). o5 53l &

A
54 WddelA PADZF Aw EPlo] E hsAde] AA
ezl

Xb‘ax]i'ﬁr(inﬂammatory bowel disease)S! ™EH
(cohtls)Oﬂfﬂ PAD2%} PAD42] 2dlo] mlf-9) Algle]

AN EA A FolsHA S7Fste] B F Tt} (27). Dextran
sulfate sodium (DSS)S. &2 FX% colitis "h$-2~ T Elof A
Cl-amidine®] f+13= DSSOll Jaff Eol= e dolE 3
EHalolom, S M AbE WAL, AR
M| AEAFE (apoptosis)= &3 colitis 5 3= JA|StaL B
TE AT FH o= New Zealand mixed 2328 (NZM) v}
25 o]&3 FFE A (lupus) LA Cl-amidine F
of ]3]l NET Fd-& oAletar " o] AprtakAe} B
Al(complement)d] FF& WFE oz Yl (37).
3 AFAEe] EEE
WolA2 oj&4d 3 E(endothelium-
dependent vasorelaxation)S 7|AAI AT} Bgk 3384
& frdell o3k 1 I
Zo] Rl ATt

2) 2—Chloroacetamidine

29| Clamidined =5
S7HA71

Z(arterial thrombosis)©] =3

oy Aske ARleA Mg S35 gz 4%
o= Auetst X aA 2 WEl QTE H| E(beta interferon),
=2 E]2hY  o}A|E| o] E(glatiramer acetate), I TR

(fingolimod) 18] W] E4FE E(mitoxantrone) 52| Y
ZHAAZE m=GE Aot oA kS AT = e
WS §lT) (38). PADC oJ3 A EE-sHE MBPO| U
sk Aol M o] o] yre Aol we} PAD AIAlE
1 gkstel] o]ate = AT7E Alm=EATE thEA st
= EdQl ND4 v}$-2x(70 copies of the cDNA for
DM20, a myelin phospholipid)°| 4] 2-chloroacetamidine
(2-CA; PAD 4] -9 Cys645 AHe] ]+ ND4 v}
§-29] AHFTS A HY (34). T3 myelin oligo-
dendrocyte glycoprotein (MOG) 35-55 peptide 2 f+5=38F 1k
A MOG-EAE (EAE, experimental autoimmune
encephalomyelitis) 2ol A] 2-CAE & <(spinal cord)2} =]
Z2]o|A] PAD &4 7iaet A H4=2] CD3™ T AX
7 oA ol PAD oAk A7hAS A
£l by A5 An Wl ol8u 4 A%
i

ofN

rulo ol OIN
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Table 2. Potent PAD inhibitors and in vivo test
Inhibitor 1Cs In vitro and Animal models Effects and Outcomes
Reduced total synovial and serum citrullination
Collagen-induced arthritis Low histological score and complement C3 deposition
Decreased IgG reactivity
Inhibition of NET formation
Reduced circulating autoantibodies and complement
. levels
Cl-amidine 59 £ 03uM New Zealand mixed 2328 model of Increased differentiation capacity of bone marrow
murine lupus - .
endothelial progenitor cells
Improved endothelium-dependent vasorelaxation
Delayed time to arterial thrombosis
Reduced the clinical signs and symptoms of colitis
DSS-induced colitis without toxic side effects
Apoptosis of inflammatory cells
F-amidine 216 £ 21 uM HL-60, MCE7, and HT-29 Decreased cell viability
cancer cell lines
Dramatic attenuation of disease phenotype at any stage
2-CA 144 mM ND4 mice model of multiple sclerosis Reduced P AD activity and c1trull} nation .
Suppression of T cell autoreactivity, clearing brain and
spinal cord infiltrates
Xenograft tumor model Cancer growth inhibition
Activation of tumor suppression genes
YW3-56 1~5 UM Inhibition of cancer cell growth
- ~5p . . i
1205 cell line Regulation of mTORCI activity through SESN2/DDIT

induction
Regulation of autophagy flux by inhibiting autophagic
vesicle breakdown by lysosomes

ICs is the concentration of the inhibitor that yields half-maximal activity. ICs, values were determined by recombinant PAD enzymes in

the presence of calcium and BAEE substrate (33~35).

3) YW3—-56

Z < AAE PAD GAAIQ] YW3-562 Ao A &}
O 7 PAD &S ASE W ol hAES] S
AAeH= Aoz HAuHITH (35). *‘E‘*—T%—(osteosarcoma)
AZNAM YW3-562 Al 25719k AlZANE A Fd4k
2 ps3d FAARY] HdS 2-se Ao®E e
mammalian target of rapamycin (mTOR) A& 9]
Al QIAFQI SESN2%} DDIT4 r7d7e] WS s}
mTOR complex 1 &3-S JAghT} B olyg} YW3-56
2 autophagy IS =31, xenograft tumor =2
A Bl golAes} § A (histone deacetylase) A A2
SAHA (vorinostat)9} H]5=3t o202 ox2 F7HE o
Ash= Ao etk

= =
712 BABE =R 1 FIA02 AY 43
Sws) 248 A28 o e AT ol 9

A Al A A H]J.(macrophages) 3% TH(neutrophils), 5
A2 A 3 (dendritic cells) 222l H] WA 3Z(mast cells)oll 4]
PAD28} PAD4¢] o] wiiEle] <lT} (1, 39). thalAl
F(Raw264.7 MEF)NA PAD22] &2 lipopoly-
saccharide®l 2]3] =% cyclooxygenase-22] &3} NF-

kB 2SS AoR HuHI (40). AEZH T
d @2l Toll-like receptor (TLR)= WU UAF &=
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Aol ofsf zp=5Eo] thFgh M

= FEAEHA @), NEEAS
fibrinogen< U2l A3E 2] TLR4%} Foy FEAE F
tumor necrosis factor A/ AF=F3h= o= T
42). 7+ A2 "W B3 8% AdS wade)
= MEEA 43), 25 Y HAG Az}l disl w7
-$-5Fe] NET FA Al PAD47} F23F w7 Q1x}9]o]
A (19). =g GFHEo] dojd uf PAD7}
98t = Al a3E UE 5 dthes A

g #d, 3, T, i Asks, 1
SHHAY F= ol PAD AAIS] AMEOE S ESY
t} (27, 34~37). o|lst AT AFE EGR 7]l AT
# HoZ

b =
_O‘L
:

rl

RFu ol

x

12
1
riel
9
>
z
N
N
re
i
i
2

= dA vk 2E A AFE F5he filaggrin,
enolase, S100A39} &2 WA =9 AEEHAS] ] <93
7% W3kE 9 A o (11, 44, 45), oA = e
714 gild S Oigk 7s ATE vFeith FHE AT
Koo wp2W PAD] 7|22 CXCLS, CXCLI0 5 Tt
3l Al Z7}2)(chemokines)o] AAE AL o] 52| SAS *

Astel 4 WY Wge 24 oz Az o)

SHEAIE A7 PADSF AA] ek A= o
&ek HeldslA] A Am Hger S84 He
A4S BolFQIth o] AL PADSH A|EE5LE vhal o)
&l A=A e BE wAAZ A= PAD AAI7}
BIE vER 7o) #E 3E gt o9k o
Bo] WM E =20 A PADS}H oAlAl] ek A=
njujgk Agog oro® pAD e F-Ajx} A 2Hg-
717 et AsshA, MEEH, WA e WY
A3 A AA 7] & S Hde Wk ofy
2} N84 B4 A8 e F8% Wuige] d
Aol

9,
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