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1.1         The Peptidylarginine Deiminase Family 

 The free amino acid form of citrulline was fi rst isolated from watermelon ( Citrullus 
vulgaris ) over 70 years ago (Curis et al.  2005 ), while the peptidyl form of citrulline 
was fi rst recognized within the hair follicle (Rogers  1962 ). Peptidylcitrulline is a 
noncoding amino acid that is generated through hydrolysis of peptidyl-arginine 
residues by Ca 2+ -dependent peptidylarginine deiminase (PAD) enzymes, with 
ammonia released as a reaction by-product (Fig.  1.1 ). This process is referred to as 
deimination or citrullination. The conversion of arginine to citrulline results in only 
a small increase in molecular mass (less than 1 Da) but also converts the positively 
charged guanidino group on an arginine residue into the neutrally charged ureido 
group on the citrulline amino acid. The small mass difference between arginine and 
citrulline residues has made identifying sites of deimination challenging, especially 
on proteins isolated from cellular sources (Hao et al.  2009 ).

   Although an approximate 1 Da change in mass may seem like a relatively minor 
difference, the conversion of charge from an arginine to a citrulline can have 
dramatic consequences on protein structure, proteolytic susceptibility, and protein–
protein interactions (Vossenaar et al.  2003 ). For example, fi laggrin is a highly basic 
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epidermal protein, essential for barrier function, and is fi rst synthesized as a larger 
pro-fi laggrin protein (Smith et al.  2006 ; Palmer et al.  2006 ). Deimination of fi lag-
grin by skin-resident PAD proteins facilitates its proteolytic processing into free 
amino acids and other derivatives that make up “natural moisturizing factor,” a mix-
ture of natural hygroscopic agents that maintain epidermal hydration (Chavanas 
et al.  2006 ; Kamata et al.  2009 ). Additionally, citrullination could alter substrate 
receptivity to other posttranslational modifi cations, since arginine residues can be 
found within many enzyme consensus motifs (Papin et al.  2005 ). For instance, con-
ventional protein kinase C enzymes can phosphorylate substrates containing serine 
or threonine with an arginine residue at the −3, −2, and +2 positions (Nishikawa 
et al.  1997 ). Thus, one could imagine that conversion of a consensus site arginine 
into a citrulline could impact a protein’s posttranslational modifi cation landscape. 
Not surprisingly, conversion of arginine residues to citrulline prevents methylation 
by members of the protein arginine methyltransferase (PRMT) family (Cuthbert 
et al.  2004 ; Wang et al.  2004 ). Finally, DNA-binding domains are often rich in 
positively charged arginine residues (Crane-Robinson et al.  2006 ), and therefore, 
citrullination could also regulate the association of transcription factors with their 
DNA response elements. 

 Since citrullination can lead to profound changes in protein function, it is not 
surprising that citrullination and the PAD enzymes have been implicated in numer-
ous diseases. PAD enzymes and citrullination have been associated with rheumatoid 
arthritis (RA), multiple sclerosis, Alzheimer’s disease, infl ammatory bowel disease, 
psoriasis, and cancer (Gyorgy et al.  2006 ; Chumanevich et al.  2011 ). This chapter 
provides a general overview of the PAD enzymes and their known functions. In 
addition, we discuss possible physiological pathways that may contribute to the 
generation of citrullinated self-antigens, which could then prime the development of 
anti-citrulline peptide autoantibodies (ACPA) in RA. 

  Fig. 1.1    The PAD enzymes catalyze hydrolytic deimination of protein substrates leading to the 
formation of peptidyl-citrulline and the release of ammonia       
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1.1.1     Introduction to the PAD Family 

 The enzymatic activity capable of generating peptidyl-citrulline was fi rst identifi ed 
in hair follicle extracts by Rogers and Taylor (Rogers and Taylor  1977 ). Since this 
discovery, fi ve PAD enzymes (1,2,3,4/5,6), which are encoded by the  PADI  loci, 
have been identifi ed in mammals, and they exhibit fairly high amino acid sequence 
homology (~41–55 %) (Fig.  1.2 ) (Chavanas et al.  2004 ). Mammalian  PADI  genes 
are co-localized within a single gene cluster, spanning a region of about 355 kb in 
length, on chromosome 1 in humans and on chromosome 4 in mice (Zhang et al. 
 2004 ). PAD5 was identifi ed in mice and was later revealed to be the orthologue of 
human PAD4 (Vossenaar et al.  2003 ). Paralogues of the PAD enzymes appear in 
birds, amphibians, and bony fi sh. Phylogenetic analysis suggests that the ancestor of 
the  PADI  locus appeared in the last common ancestor shared by teleosteans and 
mammals (Balandraud et al.  2005 ). The genome of the bacterium  Porphyromonas 

  Fig. 1.2    Sequence alignment of the human PAD isozymes. Multiple sequence alignment of the 
human PAD amino acid sequences was created using ClustalW software (Thompson et al.  1994 ), 
and Strap (  www.bioinformatics.org/strap    ) was used for the alignment layout. Calcium-binding 
residues and catalytic residues identifi ed in the PAD4 crystal structure are highlighted in  yellow  
and  blue , respectively (Arita et al.  2004 ). The PAD4 nuclear localization sequence in  underlined  
and in  bold  type       
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gingivalis , a pathogen associated with periodontitis, also encodes a PAD enzyme, 
although the  P. gingivalis  PAD or PPAD appears to be evolutionarily unrelated to 
eukaryotic PAD enzymes (Shirai et al.  2001 ).

1.1.2        Regulation of PAD Activity 

 Members of the PAD family require high Ca 2+  concentrations for their activity 
(Gyorgy et al.  2006 ). Not surprisingly then, treatment of cells with the Ca 2+  
 ionophores, such as ionomycin, can induce the production of peptidyl-citrulline 
(Vossenaar et al.  2004 ; Nakashima et al.  2002 ). The divalent calcium cation require-
ment is specifi c, because other metal ions were unable to substitute for Ca 2+  in an in 
vitro PAD activity assay where deimination of the arginine derivative  N -α-benozyl- 
l   -arginine ethyl ester (BAEE) was monitored by colorimetric change (Kearney et al. 
 2005 ). However, relatively little is known about physiological stimuli that induce 
this calcium-dependent PAD activity. Structural analysis of the PAD4 enzyme 
revealed fi ve Ca 2+ -binding sites that are fairly conserved amongst all PADs except 
PAD6 (Fig.  1.2 ) (Mechin et al.  2007 ; Arita et al.  2004 ). Binding of Ca 2+  leads to a 
conformation change, moving the key catalytic C645 residue to the enzyme active 
site, where it is thought to exert a nucleophilic attack on the guanidium carbon atom 
of the target arginine (Arita et al.  2004 ). The thiolate anion C645 is essential for 
PAD4 activity because mutation of this residue is suffi cient to abolish enzymatic 
activity (Knuckley et al.  2007 ). Notably, the haloacetamidine-bearing PAD inhib-
itors F- and Cl-amidine covalently bind to C645 and act as irreversible PAD inhibi-
tors (Knuckley et al.  2007 ). Using in vitro studies, the optimal Ca 2+  concentration for 
PAD2 and PAD4 is within the high micromolar to millimolar range (Kearney et al. 
 2005 ; Nakayama-Hamada et al.  2005 ). This level is far higher than the micromolar 
levels achieved following the opening of calcium release-activated channels (CRAC) 
after T cell receptor ligation, even higher than the sub-micromolar homeostatic 
intracellular Ca 2+  levels (Feske  2007 ). Since PAD proteins require high micromolar 
levels of Ca 2+ , one proposal is that cellular apoptosis exposes PAD proteins to high 
levels of extracellular Ca 2+ , which promotes PAD activity. However, apoptosis alone 
is not suffi cient to induce PAD activity, as the apoptosis-inducing agents camptoth-
ecin and staurosporine do not induce peptidyl-citrulline generation (Neeli et al. 
 2009 ). Perhaps, the PAD enzymes localize to a microenvironment within cells that 
has access to very high Ca 2+  levels. Another possibility is that posttranslational mod-
ifi cation of PAD enzymes or the association of the PAD enzymes with accessory 
proteins could lower the Ca 2+  threshold requirement for enzymatic activity. 

 The expression pattern of mammalian PAD family members is fairly tissue 
restricted, suggesting that PAD expression is tightly controlled (see below and 
Fig.  1.3 ) (Vossenaar et al.  2003 ). However, a few studies have addressed the tran-
scriptional regulation of the  PADI  genes. For example, PAD1 and PAD3 are both 
expressed in human skin and hair follicles (Mechin et al.  2007 ). PAD1 expression in 
normal human epidermal keratinocytes is regulated by Sp1, a transcription factor 
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known to regulate many genes, and by MZF1, a transcription factor with enriched 
expression in differentiated keratinocytes (Dong et al.  2008 ; Kamata et al.  2011 ). 
The transcription factors Sp1, Sp3, and NY-1 bind to the  PADI3  promoter and regu-
late its expression (Dong et al.  2006 ). PAD2 is expressed in many tissues and organs 
and is the most widely expressed mammalian PAD member (Vossenaar et al.  2003 ). 
In human keratinocytes, expression of the  PADI2  gene is controlled by a minimal 
GC-rich promoter, which is occupied by the ubiquitous transcription factors Sp1 
and Sp3 (Dong et al.  2005 ). PAD4 expression is largely restricted to immune cells, 
especially granulocytes, but has also been found in some tumor lines (Jones et al. 
 2009 ). Treatment of the MCF-7 breast cancer cell line with estrogen leads to 
increased levels of the PAD4 protein (Cuthbert et al.  2004 ). Furthermore, estrogen- 
induced expression of PAD4 is regulated by cooperative binding of the AP-1, Sp-1, 
Sp-3, and NF-Y transcription factors to the PAD4 minimal promoter (Dong et al. 
 2007 ). The addition of granulocyte-inducing differentiation agents of dimethyl 
sulfoxide, retinoic acid, and vitamin D 3  leads to the appearance of peptidyl-citrul-
line after several days in culture, but little is known about the factors that induce 
PAD4 expression in immune cells (Nakashima et al.  1999 ,  2002 ). PAD6 transcripts 
are primarily found in oocytes and embryos (Horibata et al.  2012 ), and the oocyte- 
specifi c, homeobox-containing transcription factor Nobox is critical for expression 
of PAD6 (Choi et al.  2010 ). One caveat to studies that focus on the expression of 

  Fig. 1.3    Tissue distribution of the PAD isozymes. The expression patterns of the mammalian 
 PADI  genes in the brain, skin, hair follicle, immune cells (thymus and spleen, in  pink ), ovary, 
uterus, skeletal muscle, and peripheral nerves are depicted       
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 PADI  transcripts is that, in some cell types, a disassociation has been occasionally 
observed between a particular PAD transcript and its protein levels (Vossenaar et al. 
 2004 ; Mechin et al.  2010 ). For example, PAD2 message was found in monocytes 
and macrophages, but the PAD2 mRNA appeared to be translated only in macro-
phages (Vossenaar et al.  2004 ). Conversely, the PAD4 protein was found in mac-
rophages, but PAD4 mRNA was not expressed in detectable levels in these cells 
(Vossenaar et al.  2004 ).

   Many PAD substrates have been described, including keratins, fi laggrin, vimen-
tin, myelin basic protein, fi brinogen, chemokines (CXCL8, CXCL10, CXCL11, 
CXCL12), p300, and histones (Jones et al.  2009 ). PAD1, PAD2, PAD3, and PAD4 
can also auto-deiminate, which impairs their activity, at least when detected by in 
vitro assays (Mechin et al.  2010 ; Andrade et al.  2010 ). However, only a handful of 
studies have addressed PAD-mediated substrate recognition. Although PAD family 
members display a great degree of sequence similarity, direct comparison of PAD2, 
PAD3, and PAD4 enzymes using HL-60 lysates revealed that each enzyme has 
distinct substrate preferences (Darrah et al.  2012 ). Only PAD4 was able to citrulli-
nate histone H3, while PAD2 was able to citrullinate β/γ actin (Darrah et al.  2012 ). 
Analysis of sites of PAD2 citrullination on β actin did not reveal a strict consensus 
sequence for citrullination, but arginines fl anked by proline residues were not 
favored (Darrah et al.  2012 ). Indeed, the amino acids immediately fl anking the argi-
nine appear to be critical in determining whether an arginine can be citrullinated. 
Sequences containing proline residues adjacent to the target arginine are also unfa-
vored for citrullination by PAD4 (Stensland et al.  2009 ). Interestingly, systematic 
examination of fi llagrin- and histone H3-derived peptides to reveal favorable and 
unfavorable amino acid substitutions surrounding the PAD4 target arginine residue 
yielded a list of some overlapping, but also many non-overlapping, amino acids 
(Stensland et al.  2009 ). Co-crystallization of PAD4 with histone H3-1, H3-2, and H4 
peptides demonstrated that PAD4 preferred sequences with a highly disordered con-
formation because the binding of PAD4 to these histone peptides induces a β-turn-
like conformation (Arita et al.  2004 ). Overall, PAD4 has a broad sequence specifi city, 
with a proposed consensus sequence of ϕXRXX, where ϕ denotes amino acids with 
a small side chain and X denotes any amino acid (Arita et al.  2004 ). Further studies 
to defi ne the PAD consensus sites will be useful to identify new PAD substrates and 
to understand the physiological functions of the PAD enzymes.  

1.1.3     Cross Talk Between PADs and Protein Arginine 
Methyltransferases 

 Arginine residues can also be subject to posttranslational modifi cation by members 
of the PRMT family. PRMTs catalyze the addition of a methyl group from 
 S -adenosylmethionine to guanidino nitrogen atoms on arginine residues (Bedford 
 2007 ). Three types of PRMTs have been subclassifi ed based on the symmetry of 
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their reaction products. Type I PRMTs (1,3,4—also known as Carm1—6,8) catalyze 
asymmetric methylation of arginine residues, and type II PRMT5 catalyzes sym-
metric transfer of methyl groups to arginine residues (Krause et al.  2007 ). Both type 
I and type II PRMTs catalyze mono-methylation as a reaction intermediate. The 
type III PRMT7 catalyzes arginine mono-methylation as its end product (Zurita-
Lopez et al.  2012 ). Modifi cation of arginine residues by both PRMT and PAD 
family members suggests an intimate regulatory relationship between the two fami-
lies. Interestingly, PRMT1 has been identifi ed as a possible PAD4 substrate using 
protein arrays (Guo et al.  2011 ). Arginine methylation had long been thought to be 
a permanent posttranslational modifi cation, since no demethylase had been identi-
fi ed. Two groups independently determined that, in addition to arginine, PAD4 
could also target mono-methylated arginines on histone proteins from cellular 
sources. Arginine dimethylation appeared to be a more stable modifi cation, as it is 
protective against PAD activity (Cuthbert et al.  2004 ). However, PAD4 acting as a 
demethylase has been called into question because chemically synthesized mono- 
methylated histone peptides containing potential target arginines are very poor sub-
strates for PAD4 using in vitro assays (Kearney et al.  2005 ; Hidaka et al.  2005 ). 
Perhaps, the conversion of mono-methyl arginine to citrulline by PAD enzymes is 
context dependent, requiring associated proteins or additional posttranslational 
modifi cations to occur effi ciently.   

1.2     General Overview of the PAD Family Members 

1.2.1     PAD1 

 PAD1 is cytoplasmic and expressed in all living layers of the epidermis (see Chap.   7    ), 
with graded expression increasing in intensity from the basal layer to the granular 
layer (Nachat et al.  2005a ). In hair follicles (see Chap.   8    ), PAD1 is expressed in the 
cuticle and in the inner root sheath (Nachat et al.  2005b ). Due to its localization, 
PAD1 is thought to be the primary enzyme responsible for fi laggrin and keratin K1 
citrullination in the skin epidermis (Senshu et al.  1996 ). The loss of charge due to 
citrullination leads to disassembly of the cytokeratin–fi laggrin complex and facili-
tates break down of fi laggrin to form “natural moisturizing factor” and maintain 
epidermal hydration (Chavanas et al.  2006 ; Kamata et al.  2009 ). PAD1 is linked to 
skin disease, because keratin K1 exhibits decreased citrullination levels in the epi-
dermis of psoriasis patients (Ishida-Yamamoto et al.  2000 ).  

1.2.2     PAD2 

 Of the fi ve PAD enzymes, PAD2 is the most broadly expressed isoform (Vossenaar 
et al.  2003 ). PAD2 is also known as “skeletal muscle PAD,” since it was fi rst 
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isolated in large quantities from rabbit skeletal muscle (Takahara et al.  1986 ). PAD2 
mRNA and protein have been detected within the skin epidermis, peripheral nerves, 
and several hematopoietic cell types (Vossenaar et al.  2004 ; Ying et al.  2009 ; Nagata 
and Senshu  1990 ; Keilhoff et al.  2008 ). Genes regulated by the NFκB pathway are 
involved in a wide range of physiological responses, including cell death, develop-
mental processes, and infl ammation (Perkins  2007 ). PAD2 has also been shown to 
target IKKγ, a kinase upstream of NFκB activation, and citrullination of IKKγ 
seems to suppress NFkB activation (Lee et al.  2010 ). Although PAD2 is expressed 
across many tissue types and has been shown to regulate NFκB-mediated signal 
transduction, it is important to note that PAD2 knockout mice are viable and fertile 
(Raijmakers et al.  2006 ), as verifi ed by our own unpublished observations. 

 PAD2 is also expressed in tissues of the reproductive system, including the 
uterus, pituitary gland, and mammary epithelial cells (Cherrington et al.  2012 ; 
Senshu et al.  1989 ; Takahara et al.  1992 ). Although PAD2 has been described as a 
cytoplasmic protein, a fraction of PAD2 was also found to reside in the nucleus of 
mammary epithelial cells, where it is associated with chromatin and was discovered 
to citrullinate histone H3 at arginine position 26 (Cherrington et al.  2012 ; Zhang 
et al.  2012 ) (Nakashima et al.  2002 ). Interference with PAD2 expression using 
siRNA in the MCF-7 breast cancer cell line impairs estrogen receptor α (ERα)-
driven gene expression, supporting the notion that PAD2 facilitates ERα-driven 
transcription (Cherrington et al.  2012 ; Zhang et al.  2012 ). Interestingly, high con-
centrations (millimolar amounts) of the cancer chemotherapeutic agent paclitaxel, 
which is used to treat many neoplasms including breast and ovarian cancers, can 
inhibit the enzymatic activity of PAD2 (Pritzker and Moscarello  1998 ). In fact, 
MCF-7 cells transfected with PAD2 siRNA exhibited a reduced proliferation rate in 
comparison to control cells (Cherrington et al.  2012 ). These studies suggest that 
PAD2 may be a target candidate for anticancer therapies. (See Chap.   17     for more 
information on this topic.) 

 Protein citrullination in the brain and spinal cord is a hallmark of multiple scle-
rosis (MS) (Gyorgy et al.  2006 ) and in the murine model of MS known as experi-
mental autoimmune encephalomyelitis (EAE) (Kidd et al.  2008 ). In EAE and MS, 
MBP and glial fi brillary acidic protein (GFAP) are hypercitrullinated (Raijmakers 
et al.  2006 ; Nicholas et al.  2004 ; Moscarello et al.  2002 ). The current model for the 
role of citrullination in EAE and MS is that citrullination of the myelin protein com-
ponents interferes with their association thought to directly contribute to myelin 
instability and degradation (Gyorgy et al.  2006 ). PAD activity is up-regulated in 
DM20 transgenic mice expressing extra copies of the myelin proteolipid protein 
DM20, and these mice develop spontaneous demyelination (Moscarello et al.  2002 ). 
Expression of PAD2 has also been documented in the CNS, including microglia 
(Asaga et al.  2002 ), astrocytes (Asaga et al.  2002 ; Sambandam et al.  2004 ), and 
oligodendrocytes (Akiyama et al.  1999 ). Indeed, PAD2 transgenic mice over- 
expressing PAD2 under the MBP promoter exhibit increased MBP citrullination 
and spontaneous demyelinating disease (Musse et al.  2008 ). While protein citrulli-
nation in the CNS of EAE animals is entirely dependent on the presence of PAD2, 
PAD2-defi cient mice remain susceptible to EAE (Raijmakers et al.  2006 ). These 
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fi ndings indicate that the role of PAD2 in EAE and MS is likely complex, and 
possibly, in the absence of PAD2, other PAD family members, like PAD4, can 
participate in disease pathogenesis. A more detailed discussion on the potential role 
of deimination in MS and EAE is presented in Chaps.   10     and   11    .  

1.2.3     PAD3 

 PAD3 expression is principally limited to the medullary and inner root sheath of the 
hair follicle with a localization overlapping that of its substrate trichohyalin (THH) 
(Nachat et al.  2005b ). THH is a high-molecular-weight, α-helix-rich, structural 
protein of the hair follicle (see Chap.   8    ). After it is fi rst synthesized, THH resides 
within soluble vacuoles, where it is stabilized by interactions between its α-helices 
(Gyorgy et al.  2006 ). Citrullination of THH is thought to promote its solubility and 
facilitate its cross-linking with cytokeratins and other THH molecules by transglu-
taminase, leading to directional hair growth (Gyorgy et al.  2006 ). PAD3 is also 
found in the granular and lower stratum corneum of the skin epidermis (see Chap.   7    ), 
where it may serve to collaborate with PAD1 to citrullinate fi laggrin (Nachat et al. 
 2005a ). Finally, the PAD3 transcript and protein are found in cells of the peripheral 
nervous system (Keilhoff et al.  2008 ) (see Chap.   9    ).  

1.2.4     PAD4 

 PAD4 has been implicated in regulating infl ammation (Nakayama-Hamada et al. 
 2005 ; Foulquier et al.  2007 ) and exhibits an expression pattern largely restricted to 
immune cell types, particularly macrophages and granulocytes (Foulquier et al. 
 2007 ; Asaga et al.  2001 ). Indeed, the addition of the granulocyte-inducing differen-
tiation agents such as dimethylsulfoxide (DMSO) to the human promyelocytic 
HL-60 cell line leads to the acquisition of mature neutrophil properties and to the 
expression of PAD4 (Foulquier et al.  2007 ). Importantly, animals homozygous for 
the PAD deletion are viable, are fertile, and have no gross anatomical abnormalities 
(Hemmers et al.  2011 ). In addition, we have observed no perturbations in the 
development of any of the analyzed immune subsets in the absence of PAD4 (our 
unpublished observations). 

 Neutrophils are a critical component of the innate antimicrobial immune response 
(Nathan  2006 ; Borregaard  2010 ). The primary mission of the neutrophils is to seek 
and destroy pathogens. Upon recruitment to the site of infection, neutrophils can kill 
invading pathogens by phagocytosis, by release of preformed microbicidal granules, 
and by generation of reactive oxygen species (Flannagan et al.  2009 ; Nauseef  2007 ). 
Alternatively, neutrophils can kill extracellular pathogens by weaponizing their 
nuclear contents and releasing neutrophil extracellular traps (NETs) (Brinkmann 
et al.  2004 ). 
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 NET structures are composed of decondensed chromatin decorated with 
 antimicrobial mediators such as defensins, histones, neutrophil elastase, and myelo-
peroxidase (Urban et al.  2009 ; Wartha et al.  2007 ). In response to infl ammatory 
stimuli, neutrophils can decondense their chromatin and actively expel their DNA, 
producing NETs that are decorated with granular and nuclear proteins, including 
citrullinated histones (Brinkmann and Zychlinsky  2007 ; Wang et al.  2009 ). Work 
from our lab and others have shown that PAD4 is essential for the production of 
NETs and NET-associated histone citrullination (Hemmers et al.  2011 ; Wang et al. 
 2009 ; Buono et al.  2005 ). In contrast, neutrophil phagocytic and chemotactic 
responses are unimpaired in PAD4-defi cient mice (Hemmers et al.  2011 ; Li et al. 
 2010 ). PAD4-mediated histone citrullination is a hallmark of NET formation and is 
thought to play a mechanical role in NET confi guration, where the conversion of 
positively charged arginine residues into the neutral citrulline amino acid by PAD4 
promotes chromatin decondensation (Wang et al.  2009 ). PAD4-mediated NET for-
mation is critical for controlling at least a subset of bacterial infections, because 
PAD4- defi cient mice are more susceptible to infectious disease in a necrotizing 
fasciitis model (Buono et al.  2005 ). Through an unknown mechanism, the formation 
of NETs is coupled with the phagocytosis pathway because both myeloperoxidase 
and neutrophil elastase are essential for NET formation, though their exact function 
in NET formation is unclear. NET-mediated killing has been described for gram- 
positive and gram-negative bacteria as well as fungi. Targets include  Staphylococcus 
aureus , Group A streptococci,  Salmonella enterica , and  Candida albicans  
(Brinkmann et al.  2004 ; Urban et al.  2009 ; Ermert et al.  2009 ). Proteomic studies 
have identifi ed that PAD4 can be found in neutrophil-specifi c granules (Lominadze 
et al.  2005 ); however, it is still not known if PAD4 also contributes to neutrophil 
function and NET generation through other substrates. 

 Using in vitro studies, incubation of neutrophils with PMA, ionomycin, H 2 O 2 , 
lipopolysaccharide (LPS), and bacteria induces PAD4-mediated histone citrullina-
tion and NET formation (Hemmers et al.  2011 ; Wang et al.  2009 ; Buono et al.  2005 ; 
Neeli et al.  2008 ). Additionally, histone citrullination is sensitive to NADPH inhibi-
tors, suggesting that PAD4 activation is downstream of ROS generation, but the 
precise signaling pathways by which ROS potentially activates PAD4 are unknown 
(Neeli et al.  2009 ; Denis et al.  2009 ). In contrast to published reports, we have been 
unable to demonstrate consistently that LPS stimulation induces PAD4 activity in 
murine bone marrow-derived neutrophils (BMDN) (Fig.  1.4 ), which is in line with 
several other studies reporting that LPS is incapable of inducing NET formation 
(Clark et al.  2007 ; Remijsen et al.  2011 ). We also detected citrullinated histone H4 
in BMDN that were purifi ed by gradient separation, but LPS stimulation did not 
increase histone H4 citrullination over the unstimulated, Ca 2+ -incubated control 
sample (Fig.  1.4a ). We speculated that the histone H4 citrullination we detected in 
BMDN, isolated using density gradient separation, was linked to the purifi cation 
process. Thus, we purifi ed BMDN using a gentler, magnetic bead separation 
method, where we could isolate largely untouched neutrophils via negative selection. 
Using these cells, PMA/ionomycin stimulation induced histone H4 citrullination, 
but LPS did not (Fig.  1.4b ). To insure that our LPS preparation was properly 
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stimulating our neutrophils, we examined the activation of p38 by immunoblotting 
for phospho-p38 (Fig.  1.4c ). These results do differ from previous studies, in terms 
of culture conditions and neutrophil populations used. In an earlier study with 
murine BMDN, the untreated negative control was prepared just after cell separa-
tion rather than incubating the untreated control samples in the presence of CaCl 2  
for the entire culture period, as we have done (Li et al.  2010 ). Radic and colleagues 
performed their studies on LPS-induced histone citrullination using human neutro-
phils isolated from peripheral blood (Neeli et al.  2008 ,  2009 ). It is important to note 
that there are differences in the effi ciency and kinetics of NET formation in human 
and murine neutrophils (Ermert et al.  2009 ). Thus, it is important to regard the 
sample preparation and stimulation conditions when comparing the results from 
different studies on LPS-stimulated neutrophils and histone citrullination. Perhaps, 
LPS binding to TLR4 provides a second signal that, by itself, is not suffi cient to 
activate PAD4 in neutrophils. As a result, our fi ndings suggest that another innate 
immunity sensor may be more relevant for activation of PAD4 in neutrophils.

   PAD4 is unique in that it contains a classical nuclear localization sequence (NLS) 
and therefore can be found primarily within the nucleus, where it is a well- 
documented transcriptional regulator (Nakashima et al.  2002 ; Jones et al.  2009 ). In 
fact, PAD4 has been shown to associate with the transcriptional regulators HDAC1 
and p300/CBP proteins (Denis et al.  2009 ; Lee et al.  2005 ). In general, PAD4 and 
PAD4-mediated histone deimination have been linked with transcriptional repres-
sion (Cuthbert et al.  2004 ; Wang et al.  2004 ). However, the interaction between 
PAD4 and p300 may also promote p300 activity and presumably enhance transcrip-
tion (Jones et al.  2009 ). PAD4 is also recruited by p53 to repress the expression of 
select p53 target genes, and inhibition of PAD4 by chemical inhibitors or depletion 
via siRNA leads to cell cycle arrest and apoptosis (Yao et al.  2008 ; Li et al.  2008 ). 
These results and the expression of PAD4 in many tumor cells have led some to 

  Fig. 1.4    LPS stimulation alone is not suffi cient to induce PAD4-mediated histone H4 citrulline 3 
generation in murine neutrophils. Murine bone marrow-derived neutrophils (BMDN) were iso-
lated by density gradient sedimentation ( a ) or by negative selection using magnetic bead separa-
tion ( b ) and ( c ). BMDN were stimulated with LPS (1 μg/mL) in the presence of 2 mM of CaCl 2  in 
Lock’s buffer (10 mM Hepes pH 7.4, 150 mM NaCl, 5 mM KCl, 0.1 % glucose) for the indicated 
times. As a control, cells were incubated in Lock’s buffer in the absence (−Ca 2+ ) or in the presence 
(+Ca 2+ ) for 3 h. Cells were stimulated with PMA/ionomycin (P/I) as a control. ( c ) The activation 
of the TLR4 signaling pathway by LPS was determined by examining the lysates from ( b ) for 
phospho-p38       
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speculate that PAD4 may be a target for cancer therapeutics (Chang and Han  2006 ; 
Slack et al.  2011 ). The potential regulation of cellular transformation is likely com-
plex. Indeed, PAD4 also targets the tumor suppressor and p53-binding partner 
inhibitor of growth 4 (ING4). Citrullination of ING4 increases its susceptibility, 
thereby inhibiting p53-driven gene expression. Thus, more investigation will be 
necessary to understand the function of PAD4 in cellular growth and survival 
pathways.  

1.2.5     PAD6 

 PAD6 was fi rst identifi ed as a highly abundant protein found in murine oocytes and 
embryos (Fig.  1.3 ). Hence, its original moniker was ePAD for “egg or embryonic 
PAD” (Wright et al.  2003 ). However, transcripts for the human PAD6 orthologue 
were also detected in ovary, testis, small intestine, spleen, lung, liver, skeletal 
muscle, fetal tissue, and peripheral blood leukocytes (Chavanas et al.  2004 ; Zhang 
et al.  2004 ). On the amino acid level, PAD6 shares ~42 % homology with the rest of 
the PAD family (Chavanas et al.  2004 ) and is missing several Ca 2+ -binding residues 
that are conserved in the other PAD family members (Fig.  1.2 ) (Arita et al.  2004 ). 
In fact, evidence of PAD6 enzymatic activity in vitro has yet to be demonstrated 
(Snow et al.  2008 ). 

 Expression of PAD6 within the ovary is regulated by the oocyte-specifi c tran-
scription factor, Nobox, which binds to regulatory elements within the PAD6 pro-
moter and drives PAD6 expression during oogenesis (Choi et al.  2010 ). Although 
male PAD6−/− mice are fertile, PAD6 is a maternal effect gene and essential for 
female fertility. Zygotes derived from fertilized PAD6−/− oocytes arrest at the two- 
cell stage of embryonic development, prior to implantation (Esposito et al.  2007 ). In 
the oocyte and zygote, PAD6 localizes to cytoplasmic lattice structures and is essen-
tial for lattice formation (Esposito et al.  2007 ; Yurttas et al.  2008 ). PAD6-containing 
cytoplasmic lattices seem to be important for de novo protein synthesis, embryonic 
gene activation, and microtubule-mediated organelle reorganization within the 
zygote (Yurttas et al.  2008 ; Kan et al.  2011 ). An antibody against histone H4, with 
a citrullinated moiety at position 3, recognized a nonnuclear and unidentifi ed deimi-
nated protein within oocytes, and this reactivity was not present in PAD6−/− oocytes 
(Esposito et al.  2007 ). Since the protein expression profi le between wild-type and 
PAD6−/− oocytes is similar (Yurttas et al.  2008 ), these fi ndings suggest that PAD6 
is active in vivo and either directly deiminates this substrate or PAD6 is required to 
activate another PAD present in oocytes. Interestingly, PAD6 is phosphorylated in 
the mature egg, and PAD6 phosphorylation is required for its interaction with 
tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein 
(YWHA), a molecule known to aid oocyte maturation in amphibians (Snow et al. 
 2008 ). Perhaps, the association with phosphorylation-dependent binding partners or 
a phosphorylation-induced conformational change facilitates enzymatic activity of 
PAD6 in vivo. In fact, the recombinant form of the arginine methyltransferase 
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PRMT5 is several hundredfold times less active than PRMT5 isolated from mam-
malian cells, likely due to the association of cellular factors that can promote 
PRMT5 enzymatic activity (Rho et al.  2001 ). Further enzymology and crystallography 
studies of PAD6 will be useful in determining whether PAD6 is an active deiminase 
and, if so, whether Ca 2+  is required for its activity. Although it is unclear whether 
PAD6 is an enzymatically active PAD family member, collectively these fi ndings 
demonstrate that PAD6 is essential for mammalian development.   

1.3     PADs and RA 

1.3.1     Anti-citrullinated Autoantibodies and RA 

 RA is a chronic, systemic infl ammatory disease affecting approximately 2 % of the 
world population and is discussed in great detail in Chaps.   2    –  6    . Briefl y, this disorder 
is characterized by leukocyte invasion of the normally acellular synovial fl uid and 
membrane, which thereby activates resident macrophages, mast cells, and synovio-
cytes, resulting in cell division and thickening of the joint lining (Firestein  2003 ). 
Plasma and synovial biopsy specimen from patients with RA contain high levels of 
citrullinated proteins (Chang et al.  2005 ; Makrygiannakis et al.  2006 ). In fact, anti- 
citrullinated peptide antibodies (ACPA) exhibit high specifi city and sensitivity as 
diagnostic markers of the disease, suggesting that RA patients have defects in tolerance 
generated to citrullinated epitopes    (Suzuki et al.  2007 ). Furthermore, the presence 
of intracellular and extracellular synovial citrullinated proteins correlates with 
infl ammatory arthritis, as citrullinated proteins are found in RA patients but not in 
osteoarthritis patients (Foulquier et al.  2007 ; Kinloch et al.  2008 ; Lundberg et al. 
 2005 ). ACPA also develop in the murine CIA model of RA, and immunization with 
citrullinated collagen or administration of ACPA contributes to disease pathogenesis 
in mouse models (Lundberg et al.  2005 ; Kuhn et al.  2006 ). 

 It is now well known that PAD enzymes are activated during the infl ammation 
process (Klareskog et al.  2008 ). Indeed, the presence of citrullinated proteins in the 
affected tissues of patients with RA, infl ammatory bowel disease, and polymyositis, 
but not in healthy controls, supports the notion that deimination is linked with 
infl ammation (Makrygiannakis et al.  2006 ). So far, PAD2 and PAD4 have been the 
only PADs detected in hematopoietic cells and in RA synovium (Nakayama- 
Hamada et al.  2005 ; Foulquier et al.  2007 ). Most PAD2- and PAD4-expressing cells 
within the RA synovium are positive for CD68, a marker of macrophages, neutro-
phils, and mast cells (Foulquier et al.  2007 ; Chang et al.  2005 ). Though variants of 
PAD4 are linked to RA in several Japanese and Korean cohorts, this association has 
not held true in most North American and European study groups (van der Helm- van 
Mil and Huizinga  2008 ). Despite the confl icting data regarding disease- contributing 
PAD4 haplotypes amongst different ethnic groups, the prevalence of ACPA in all 
ethnic groups supports the notion that aberrant PAD activity may contribute to RA 
pathogenesis (Klareskog et al.  2008 ). 
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 It is possible not only that PAD enzymes could contribute to RA through self- 
antigen generation but also that the action of PAD enzymes could also contribute to 
the effector mechanisms of disease, such as immune cell recruitment and joint 
destruction. Recently, a subclass of ACPA that was especially reactive to citrulli-
nated vimentin was also shown to stimulate osteoclastogenesis and bone resorptive 
activity, suggesting that ACPA might directly contribute to RA disease pathogene-
sis (Harre et al.  2012 ). The F 1  generation between the KRN TCR transgenic mouse 
specifi c for bovine RNase (Stensland et al.  2009 ; Bedford  2007 ; Krause et al.  2007 ; 
Zurita-Lopez et al.  2012 ; Guo et al.  2011 ; Hidaka et al.  2005 ; Nachat et al.  2005a , 
 b ; Senshu et al.  1996 ; Ishida-Yamamoto et al.  2000 ; Takahara et al.  1986 ; Ying 
et al.  2009 ; Nagata and Senshu  1990 ; Keilhoff et al.  2008 ; Perkins  2007 ) I-A k  and 
the nonobese diabetic (NOD) background spontaneously develop a progressive, 
infl ammatory joint disease that is very similar to human RA (Kouskoff et al.  1996 ). 
The autoantigen in this model is glucose-6-phosphate isomerase (GPI), a ubiqui-
tous cytoplasmic enzyme. Serum or purifi ed anti-GPI autoantibodies are suffi cient 
to transfer disease to healthy, wild-type mice, providing a model for the RA effector 
phase (Maccioni et al.  2002 ; Matsumoto et al.  1999 ). The region of murine chromo-
some 4 containing all PAD genes is linked to arthritis severity in the K/B×N model, 
with the highest associated SNPs being within the  PAD2  gene (Johnsen et al.  2011 ). 
Indeed, increased splenic expression of both PAD2 and PAD4 correlated with dis-
ease severity in the K/B×N model (Johnsen et al.  2011 ). Using PAD4-defi cient 
mice generated in our laboratory, we found that K/B×N serum transfer arthritis is 
independent of PAD4 (Rohrbach et al.  2012 ). Perhaps the loss of PAD2 and PAD4 
together may produce a more apparent phenotype in the K/B×N model. However, 
Willis et al. showed that the PAD inhibitor Cl-amidine provided therapeutic benefi t 
in the collagen-induced arthritis model but had no benefi t when arthritic disease 
was induced by the administration of anti-collagen antibodies (another model of the 
arthritis effector phase). Since the  Padi  locus is linked to disease severity in the K/
B×N serum transfer model, it may be necessary to eliminate several PAD family 
members, either by targeting multiple locations within the PAD locus or by com-
bining treatment with specifi c PAD inhibitors with targeted PAD alleles. Further 
studies will be necessary to fully dissect the role of the PAD enzymes in the effector 
phase of arthritis.  

1.3.2     Citrullinated Epitope Generation 

 ACPAs can appear before the onset of disease and correlate with the most erosive 
form of RA (Raptopoulou et al.  2007 ). Several candidate anti-citrulline autoantigens 
have been identifi ed, including citrullinated fi llagrin, fi brin, vimentin, and α-
enolase (Klareskog et al.  2008 ). There is a strong association between ACPA and 
the RA susceptibility major histocompatibility complex (MHC) II  HLA-DRB1  
alleles (Klareskog et al.  2008 ). Indeed, conversion of arginine to citrulline increased 
 peptide–MHC binding affi nity in one of the  HLA-DRB1  genes (Fig.  1.5 ) 
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(Klareskog et al.  2008 ). Though autoreactivity to protein citrullination is strongly 
associated with RA, the mechanism by which a healthy immune system tolerates 
citrullinated epitopes is unknown.

   On average, each protein encoded by the human genome bears approximately 
2.5 posttranslational modifi cations (Papin et al.  2005 ). To maintain tolerance, the 
immune system must consider the added diversity of potential self-antigens by post-
translational modifi cations (Doyle and Mamula  2012 ). Since citrullination leads to 
a loss of a positive charge and potentially changes protease cleavage sites, 
infl ammation- induced protein citrullination could result in the presentation of new 
self-epitopes (Fig.  1.5 ) (Vossenaar et al.  2003 ). In fact, deimination of fi laggrin 
increases its susceptibility by the protease bleomycin hydrolase, an enzyme that 
also contributes to peptide generation for antigen presentation by MHC I (Kamata 
et al.  2009 ; Stoltze et al.  2000 ). Unanue and colleagues have elegantly shown that a 
CD4+ T cell response to citrullinated epitopes naturally develops following 

  Fig. 1.5    Potential pathways that may contribute to the generation of citrullinated self-antigens. 
Citrullinated (cit) peptides could be shuttled to the MHC I or the MHC II antigen presentation 
compartments. ( a ) PAD-mediated protein citrullination could change the susceptibility to, or 
pattern of, cleavage by proteases. Cleaved peptides could then be shuttled into the ER for loading 
onto MHC I. ( b ) Extracellular proteins that are taken up by the lysosome could be citrullinated 
following fusion with the autophagosome, which is possible due to PAD residence in the autopha-
gosome. Citrullinated proteins could then be cleaved and presented via the MHC II pathway. 
( c ) NET formation, which can be triggered by immune complex recognition via Fcγ receptors, 
could allow for the release of active PAD enzymes and citrullinated self-proteins       

 

1 Physiological Pathways of PAD Activation and Citrullinated Epitope Generation



16

immunization with the exogenous non-citrullinated antigen hen egg lysozyme 
(HEL) (Ireland et al.  2006 ). Autophagy is a process by which cytoplasmic proteins 
are engulfed by the membrane phagophore to be shuttled to the lysosome for 
degradation. One outcome of autophagy is the generation of peptides for MHC 
presentation (Kuballa et al.  2012 ). The presentation of citrullinated epitopes, at least 
from exogenous sources, is blocked by chemical inhibition of autophagy (Ireland 
and Unanue  2011 ). Investigation into intracellular and extracellular pathways that 
lead to the generation of citrullinated self-antigens and their presentation by MHC I 
and MHC II will be important for understanding the role of ACPA in RA. 

 Chronic joint infl ammation in RA involves the infl ux of large number of infl am-
matory cells, including macrophages, mast cells, T cells, B cells, and neutrophils 
(Firestein  2003 ). NET formation by neutrophils, although critical for the full activa-
tion of the innate immune response (Buono et al.  2005 ), has also been implicated in 
infl ammatory disease pathogenesis, including the autoimmune disorder lupus 
(Garcia-Romo et al.  2011 ), cystic fi brosis (Manzenreiter et al.  2012 ; Papayannopoulos 
et al.  2011 ; Marcos et al.  2010 ), sepsis (Clark et al.  2007 ), and thrombosis (Fuchs 
et al.  2007 ). Since PAD2, PAD4, and citrullinated proteins are found in the synovial 
fl uid of RA patients (Kinloch et al.  2008 ), these enzymes can presumably act on 
extracellular proteins. For example, collagen and fi brinogen are both PAD sub-
strates (Zhao et al.  2008 ; Yoshida et al.  2006 ), but the mechanism by which PAD 
molecules gain access to the extracellular space is unknown. Interestingly, it has 
been suggested that NETs offer a possible mechanism by which PAD4 may be liber-
ated from the cell to generate citrullinated antigens and exacerbate infl ammation 
(Jones et al.  2009 ; Dwivedi et al.  2012 ). Recently, Dwievedi et al. ( 2012 ) described 
hypercitrullination in neutrophils from arthritic patients as well as the specifi c reac-
tivity of arthritic serum to activated neutrophils and citrullinated histones. The 
stimulus that induces PAD activity during autoimmune-mediated infl ammation is 
currently unknown. 

 Because PAD4 activation requires Ca 2+  and ROS generation, signaling through 
Fc receptors, which induce phagosome/granule fusion as well as NADPH oxidase 
assembly, may provide the necessary signals to induce PAD4 activity (Nimmerjahn 
and Ravetch  2008 ). This possibility would suggest that the relevant stimulus for 
PAD4 activation during an autoimmune response could be immune complex driven. 
Indeed, we have recently found that PAD4 activity and NETs are readily detected 
within the affected arthritic joint in a murine model of arthritis, which is induced by 
immune complexes (Rohrbach et al.  2012 ). In fact, the presence of deiminated 
histones in this model corresponded primarily to the infi ltrating cells of the joint 
sublining, which is consistent with the expression pattern of PAD4 found in RA 
patients (Nakayama-Hamada et al.  2005 ; Rohrbach et al.  2012 ; Stahl et al.  2010 ). In 
a recent study, the interaction of neutrophil FcγRIIA with immune complexes 
induces NET formation (Chen et al.  2012 ). Furthermore, in autoimmune small-
vessel vasculitis, anti-neutrophil cytoplasm antibodies (ANCA) triggered the 
formation of NETs, which promoted necrotic infl ammation of blood vessels in this 
condition (Kessenbrock et al.  2009 ). Systemic lupus erythematous (SLE) is a systemic 
autoimmune disease characterized by the formation of pathogenic immune complexes. 
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When activated by autoantibodies, neutrophils isolated from SLE patients also 
produce NETs, exposing immune-stimulatory proteins and potential autoantigens, 
leading to the induction of type I interferons by plasmacytoid dendritic cells (Garcia- 
Romo et al.  2011 ; Hakkim et al.  2010 ; Villanueva et al.  2011 ). Collectively, these 
results support the notion that NET production can contribute to disease pathogen-
esis in infl ammatory conditions and that immune complexes may drive NET forma-
tion during infl ammation (Fig.  1.5 ). In a chronic setting, NETs might play a role in 
propagating an infl amed state, similar to what has been reported for NETs in chronic 
lung infl ammation (Marcos et al.  2010 ). This is of special interest, since PAD4 
dysregulation has been implicated in diseases like rheumatoid arthritis (Anzilotti 
et al.  2010 ; Suzuki et al.  2003 ), multiple sclerosis (Wood et al.  2008 ), and malignant 
tumors (Chang and Han  2006 ).   

1.4     Conclusion 

 PAD enzymes contribute to RA through self-antigen generation, but PAD enzymes 
could also contribute to the effector mechanisms of this disease. In addition to RA, 
PAD enzymes and citrullination are associated with multiple sclerosis, Alzheimer’s 
disease, psoriasis, and cancer (Gyorgy et al.  2006 ). Thus, the generation of isozyme- 
specifi c inhibitors and additional mouse models will be important to fully appreci-
ate the physiological functions of PAD enzymes. Understanding the regulation of 
PAD activity may have broader implications in understanding the infl ammation- 
linked disease states and may also shed light on the etiology of anti-citrulline 
autoantibodies.     
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