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Introduction

Prion. Prions are unique unconventional infectious pathogens 
propagated by alternatively folded cellular prion proteins (PrPC) 
that give rise to a devastating neurodegenerative disease in 
humans and animals. The disease-associated misfolded form of 
prion proteins (termed PrPSc) is characterized by β-sheet enrich-
ment and proteinase-K resistance relative to PrPC. In particular, 
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The post-translational citrullination (deimination) process 
is mediated by peptidylarginine deiminases (PADs), which 
convert peptidylarginine into peptidylcitrulline in the presence 
of high calcium concentrations. Over the past decade, PADs 
and protein citrullination have been commonly implicated 
as abnormal pathological features in neurodegeneration 
and inflammatory responses associated with diseases such 
as multiple sclerosis, Alzheimer disease and rheumatoid 
arthritis. Based on this evidence, we investigated the roles of 
PADs and citrullination in the pathogenesis of prion diseases. 
Prion diseases (also known as transmissible spongiform 
encephalopathies) are fatal neurodegenerative diseases that 
are pathologically well characterized as the accumulation 
of disease-associated misfolded prion proteins, spongiform 
changes, glial cell activation and neuronal loss. We previously 
demonstrated that the upregulation of PAD2, mainly found 
in reactive astrocytes of infected brains, leads to excessive 
citrullination, which is correlated with disease progression. 
Further, we demonstrated that various cytoskeletal and energy 
metabolism-associated proteins are particularly vulnerable to 
citrullination. Our recent in vivo and in vitro studies elicited 
altered functions of enolase as the result of citrullination; these 
altered functions included reduced enzyme activity, increased 
protease sensitivity and enhanced plasminogen-binding 
affinity. These findings suggest that PAD2 and citrullinated 
proteins may play a key role in the brain pathology of 
prion diseases. By extension, we believe that abnormal 
increases in protein citrullination may be strong evidence of 
neurodegeneration.
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PrPSc forms are transmissible particles that can be transmitted 
directly between animals and humans.

In humans, prion diseases (also known as transmissible 
spongiform encephalopathies) include the following: autosomal 
dominant inherited fatal familial insomnia (FFI); Gerstmann-
Sträussler-Scheinker syndrome (GSS); familial Creutzfeldt-
Jakob disease (fCJD); sporadic CJD (sCJD), which is caused by 
an unknown etiological factor; variant CJD (vCJD), which is 
caused by transmission material from cases of bovine spongiform 
encephalopathies; iatrogenic CJD (iCJD), which is caused by 
prion-contaminated surgical instrument or gonadotropin prep-
arations; and kuru, which is transmitted by ritualistic anthro-
pophagy.1,2 Genetic mutation-derived prion diseases are caused 
by a point mutation in a codon of the PrP gene (PRNP) located 
on chromosome 20 in humans. In addition, the PRNP polymor-
phism at position 129 of PrP, which may be either methionine 
or valine, contributes to the onset, progression and symptoms of 
the disease.3 The most common type of human prion disease is 
sCJD, which accounts for more than 90% of human prion cases. 
The annual incidence of all prion diseases is approximately 1 per 
every 1 million individuals.3

Prion infections affect the central nervous system (CNS), 
resulting in spongiform changes, neuronal cell loss, microglia 
activation, reactive astrocytosis and the accumulation of PrPSc. 
Recent studies have demonstrated that accumulated citrullinated 
proteins and abnormal activation of peptidylarginine deiminase 
2 (PAD2) may play a role in the pathogenesis of prion diseases.4,5 
In addition, citrullinated proteins including glial fibrillary acidic 
protein (GFAP), myelin basic protein (MBP), and several newly 
identified proteins were found in prion disease and other neuro-
degenerative diseases.4-6

PADs and citrullination. The post-translational citrullina-
tion process is defined as the modification of an arginine residue 
to a citrulline residue in proteins, and this process is mediated 
by calcium (Ca2+)-dependent PAD enzymes (Fig. 1). This pro-
cess causes changes in target proteins in a variety of ways that 
affect structure and/or function (an irreversible modification): 
the changes include loss of positive charge, a conformational 
change, altered protease susceptibility and affinity to protein-
protein interaction. One of the fascinating facts is that Ca2+, an 
essential prerequisite for PAD activation, requires approximately 
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PADs and citrullination in human diseases. Increased PAD 
expression and protein citrullination are commonly observed in 
several neurodegenerative diseases, including MS, AD, optic glau-
coma and Parkinson disease, and in psoriasis, rheumatoid arthritis 
(RA) and cancer.4-7,20,31-34 In AD patients, the abnormal accumula-
tion of citrullinated proteins and increased PAD2 expression are 
seen in the hippocampus, where vimentin and GFAP have been 
identified as PAD substrates.6 Citrullinated proteins have also 
been observed in the cytoplasm of the substantia nigra dopamine 
neurons in Parkinson disease patients.35 Nevertheless, the role of 
PAD and citrullination are poorly understood in these diseases, 
despite the fact that presence of PAD and citrullination have been 
studied extensively, particularly in RA and MS.

RA is a chronic inflammatory disorder that is characterized by 
progressive articular damage affecting synovial-lined diarthro-
dial joints.40 In this disease, upregulated expression of PAD2 and 
PAD4 as well as increased citrullinated proteins are key aspects 
of the abnormalities seen in the synovial tissue.41-43 Over the past 
10 years, many research groups have demonstrated that antibod-
ies against citrullinated proteins (ACPAs) are present in ~70% 
of RA patients and that the presence of ACPAs is highly specific 
for RA. In addition, ACPA-positive patients were shown to have 
a more severe disease course than RA patients without ACPAs.34 
A recent study suggests that autoantibody production in response 
to citrullinated vimentin directly induces bone loss by increasing 
osteoclastogenesis.44

The 18.5 kDa isoform of MBP, which is a major component 
of the myelin sheath, generally undergoes the citrullination of 
6 of its 19 total arginine residues. While the citrullinated form 
normally accounts for approximately 20% of the total MBP in 
a healthy human brain, in MS patients, the proportion has been 
found to be increased to 45%.33 In the case of fulminant MS 

100-fold higher level than the normal cytosolic Ca2+ concentra-
tion (~10-8–10-6 M). Moreover, in vitro, PAD2 is known to be 
activated at millimolar Ca2+ concentrations.7

The five PAD genes (types 1–4 and 6) in humans, mice and 
rats are located in a single gene cluster on chromosomes 1p36.1, 
4E1 and 5q36, respectively. The five isotypes in mammals display 
70–95% amino acid identity.7 The five Ca2+-binding sites (non-
EF-hand motif) exist in PAD4 and are conserved in other iso-
forms,8,9 hence, all PADs are thought to contain five Ca2+-binding 
sites.9 PADs are distinct with regard to substrate and tissue speci-
ficity. PAD1 is expressed in the epidermis, uterus and hair fol-
licles.10,11 It is detected in the entire epidermis with an increasing 
gradient from the basal layer to the granular layer. Keratins K1 and 
K10 are known substrates of PAD1 during keratinocyte terminal 
differentiation. Keratin citrullination is essential for the normal 
cornification process of the epidermis. PAD2 is widely distributed 
in mammals; it exists in the pancreas, skeletal muscle, breast, 
colon, eyes, spleen, kidneys, uterus, macrophages and CNS.7 
During the development of normal mice, the expression of PAD2 
protein is gradually increased from 18-day embryos to 2 months 
of age, and is decreased to low levels from 3 months onward.12,13 
In the CNS, the dynamic Ca2+ signaling to which astrocytes are 
exposed may foster PAD2 activation and protein citrullination. 
Astrocyte-specific GFAP is one of the most susceptible substrates 
of PAD2, thereby citrullinated forms of GFAP are abundantly 
detected in patients with multiple sclerosis (MS), Alzheimer dis-
ease (AD) and prion diseases.4-6,14 Citrullinated GFAP has been 
shown to induce the disassembly of the intermediate filament.15 
PAD2-transgenic mice develop astrocyte and microglial activa-
tion, MBP citrullination and myelin loss.16 PAD3, along with 
PAD1 and PAD2, is expressed in the epidermis and hair follicles, 
where it citrullinates filaggrin, keratin K1 and K10.7 In progenitor 
and neural cells during development, regulated PAD3 expression 
is responsible for protein citrullination in response to spinal cord 
injury, and it is therefore suggested that PAD3 contributes to the 
loss of regenerative ability.17 Distinctively, PAD4 (human PAD5 
is the human homolog of mouse PAD4) primarily acts in the 
nucleus because it has a classical monopartite nuclear localization 
signal (56-PPAKKKST-63) at the N-terminal domain,8 resulting 
in localization in cell nuclei, where the enzyme citrullinates his-
tones.18,19 In the nucleus, one of the important functions of PAD4 
is to citrullinate histones which regulate gene transcription, this 
includes not only the arginine residues but also monomethylated 
arginines. Therefore, PAD4 counteracts the functions of protein 
Arg methyltransferases. In addition, PAD4 is highly expressed in 
various cancer cells20 and it is associated with the inhibition of p53 
target gene, repressing its expression,21-24 this suggests that PAD4 
is a strategic target for cancer therapy. Interestingly, histone citrul-
lination by PAD4 mediates histone decondensation and neutro-
phil extracellular trap formation.25 PAD4−/− mice are susceptible 
to bacterial infection, suggesting that PAD4 has a role in antibac-
terial innate immunity.26 Finally, PAD6 is expressed only in male 
and female germ cells.27 It participates in oocyte cytoskeletal sheet 
formation and female fertility,28 is a critical factor for cytoplasmic 
lattice formation in growing oocytes,29 and regulates microtubule-
mediated organelle positioning and movement.30

Figure 1. An outline of the protein citrullination (deimination) process. 
Calcium-dependent peptidylarginine deiminases (PADs) convert pepti-
dylarginine into peptidylcitrulline, resulting in altered protein function.
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believe that PAD isotypes have distinct substrate specificities,45-47 
which results in the prevalent citrullination of certain protein 
groups. In accordance with the results from scrapie-infected mice, 
increased PAD2 expression, abundant protein citrullination and 
reactive astrocytes were associated with CJD patients.5

PAD activation requires a high Ca2+ concentration in vitro. 
Previous findings, including our own, demonstrated that the lev-
els of PAD2 and citrullinated proteins are markedly increased in 
reactive astrocytes. Physiologically, astrocytes are the predominant 
cell type in the brain, and reactive astrocytes increase in number 
dramatically during CNS injuries. The elevation of intracellular 
Ca2+ in astrocytes depends largely on a release from the internal 
store. This release can be a response to neuronal activity, and 
can also be propagated through Ca2+ signaling from neighbor-
ing astrocytes through various mechanisms involving a number 
of channels and receptors such as voltage-gated Ca2+channels, 
α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid recep-
tors, N-methyl-d-aspartate receptors, and ionotropic glutamate 
and purine receptors.48-50 Astrocyte-released gliotransmitters 
connect astrocytes with neurons and other astrocytes for neuro-
nal communication and are typically induced by Ca2+ signaling. 
Moreover, Ca2+ may play a regulatory role in PAD2 transcription.51 
Therefore, upregulated PAD2 expression, increased PAD2 activa-
tion, and increased protein citrullination may be inevitable conse-
quences of astrocyte excitation associated with neurodegeneration.

An altered glycolytic energy metabolism balance is one of the 
main signs of neurodegeneration. In a recent study, we evaluated 
for the first time whether PADs can regulate energy metabolism 
and change the biochemical properties of enolase 1 (ENO1) and 
neuron-specific enolase (NSE). Enolases participate in glycolysis 
and gluconeogenesis and are known as multifunctional proteins.52 
Furthermore, citrullinated forms of enolase are identified consis-
tently in the CNS during neurodegeneration and in the synovial 
tissue of RA patients. We began the study of enolase citrullination 
by developing three types of mouse IgG1 monoclonal antibodies 
with specificity to ENO1Cit9 (anti-CE1 antibody), NSECit429 (anti-
CE2 antibody) and both ENO1Cit9 and NSECit9 (anti-CE1/2 anti-
body).53 Using these antibodies, we demonstrated that the levels of 
citrullinated ENO1 and NSE were increased in the frontal cortex 
of CJD and AD patients regardless of the expression levels of these 
proteins. In a biochemical study, the glycolytic enzyme activities 
of ENO1 and NSE were found to be inhibited by citrullination, 
and enolase was more inactive in CJD and AD patients than in 
controls.53 The data indicate that citrullination by PADs can lead 
to the irreversible inactivation of enolase activity, thereby down-
regulating the energy metabolism balance in neurodegenerative 
diseases. Additionally, we found that citrullinated enolase under-
goes calpain-1-mediated degradation. Calpain is a Ca2+-dependent 
cysteine protease whose activation is associated with impaired 
intracellular Ca2+ homeostasis and is provoked in the brains of 
patients with AD and prion diseases.54 Obviously, Ca2+ is corre-
lated with PAD and calpain activation; therefore, citrullination 
and protein degradation may coincide. A well-known function of 
enolase is the binding of plasminogen, which enhances the activa-
tion of plasminogen55 and facilitates the invasion and dissemina-
tion of pathogens into host cells.56 In addition, plasminogen has 

(Marburg variant), more than 80% of the MBP containing 18 
citrulline residues was citrullinated.36 However, in other neuro-
logical disorders, including AD, Parkinson disease, Huntington 
disease and amyotrophic lateral sclerosis, the citrullinated form 
remained at 20% of the total.33 A biochemical study revealed that 
the rates of digestion of human MBPs containing 6 citrulline 
residues and 18 citrulline residues by cathepsin D were 4-fold 
and 45-fold, respectively, more rapid than the rate of digestion of 
non-citrullinated MBP.37 Increasing the number of citrulline resi-
dues in MBP results in a more open conformation, decreases the 
charge and allows better access of the Phe-Phe linkages to cathep-
sin D,38 thus, yielding much less compact protein-lipid complexes 
leading to a looser structure of the myelin sheath.39 It is currently 
hypothesized that citrullinated MBP is involved in an important 
novel pathway in the pathogenesis of MS.37

PADs and Citrullination in Prion Diseases

As mentioned above, increased PAD expression and activation and 
an abnormal increase in citrullination are commonly involved in 
disease pathophysiology in a number of human diseases. Therefore, 
we postulated that this phenomenon also contributes to the patho-
genesis of prion diseases. To assess the concept, we investigated for 
the first time the PAD2 expression and protein citrullination in 
the brains of scrapie-infected mice, a prion disease model. PAD2 
expression was shown to be increased in several brain regions 
including cerebral cortex, hippocampus, striatum and brain stem 
(but not in cerebellum) of scrapie-infected mice compared with 
controls. In addition, PAD activity gradually elevated in tandem 
with the progression of disease status.4 In a manner dependent on 
the upregulation of PAD2 expression and activity, brain proteins 
were markedly citrullinated in all brain regions of scrapie-infected 
mice,4 and a large number of citrullinated proteins were detected 
in the membrane fractions including microsomes and mitochon-
dria, although PAD2 is mainly present in cytosol.31 This result 
suggests that PAD2 and citrullination are involved in abnormal 
pathological phenotypes in prion diseases similar to findings in 
other neurodegenerative diseases. In the case of humans, most 
results were shown to be parallel to those obtained in this animal 
model: PAD2 expression and protein citrullination were elevated 
in frontal cortex of CJD patients, and PAD enzyme activity in 
CJD patients was higher than in non-CJD patients.5 These results 
support our finding that the upregulated expression and activation 
of PAD2 and abnormally increased citrullination occurred in mice 
affected by prions. Interestingly, the amount of citrullinated pro-
teins is displayed as random patterns in each brain region. Some 
cases showed very high levels of citrullination in thalamus and 
midbrain compared with frontal cortex, although PAD2 expres-
sion is similar or lower in these two brain regions compared with 
frontal cortex (unpublished data). This result suggests that exces-
sive citrullination is more directly relevant to the activation status 
of PAD enzyme rather than the expression level of PAD. In a pro-
teomic analysis to identify citrullinated proteins in prion diseases, 
various cytoskeletal and energy metabolism-associated proteins 
were identified as citrullinated candidates including GFAP, MBP, 
vimentin, enolase, aldolase and phosphoglycerate kinase.4,5 We 
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caused by irreversible citrullination may herald cell injury or 
death and may contribute to inflammatory and neurodegen-
erative disorders. In addition, abnormally increased levels of 
citrullination are reflected by acute and/or progressive diseases. 
Our findings and other research data suggest that citrullination 
may participate in the initiation and progression of degenera-
tive diseases, including prion diseases. Although 14-3-3 and tau 
proteins are the most reliable diagnostic measures of prion dis-
eases in cerebrospinal fluid, these markers have low specificity 
for the diagnosis of prion diseases.3 Therefore, specific antibodies 
against citrullinated proteins will be helpful for diagnosing the 
abnormal status of various neurodegenerative diseases, including 
prion group. We conclude that PAD-mediated citrullination is 
an undeniable factor associated with neurodegeneration, and this 
knowledge would be helpful for the development of diagnostic/
therapeutic strategies in dealing with these diseases.
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been implicated in wound healing and inflammation through its 
involvement in cell proliferation and migration, and microglial 
plasminogen has a neurotrophic effect on neurons.52 Interestingly, 
we found that citrullination effectively enhanced the enolase-plas-
minogen binding affinity. Therefore we hypothesize that citrul-
linated enolase regulates neurotrophic activity with or without 
plasminogen in neurodegenerative diseases. Our findings suggest 
that citrullination modulates the abnormal physiological role of 
enolase under degenerative conditions.

It is currently unknown whether prion proteins (either PrPC or 
PrPSc) are a substrate of PADs in either normal or disease states. 
Young et al.57 reported that, in vitro, PrP citrullination (ovine 
PrP) resulted in an increase in β-sheet secondary structures, a 
higher proportion of amyloid structures, greater resistance to 
trypsin digestion, and greater PK resistance in the presence of 
copper relative to non-citrullinated PrP. The templating ability 
of citrullinated PrP confers a conformational change and high 
PK resistance to non-citrullinated PrP. Although this study was 
performed in vitro, it is sufficient for understanding the modifi-
cation effects of PrP by PADs and for proposing a potential role 
of PADs in prion diseases.

Concluding Remarks

Disrupting Ca2+ homeostasis leads to excessive posttranslational 
citrullination of proteins by activated PADs. The imbalance 
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