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Abstract

PAD inhibitors was discussed.

As the main protein components of chromatin, histones play central roles in gene regulation as spools of winding
DNA. Histones are subject to various modifications, including phosphorylation, acetylation, glycosylation,
methylation, ubiquitination and citrullination, which affect gene transcription. Histone citrullination, a
posttranscriptional modification catalyzed by peptidyl arginine deiminase (PAD) enzymes, is involved in human
carcinogenesis. In this study, we highlighted the functions of histone citrullination in physiological regulation and
tumors. Additionally, because histone citrullination involves forming neutrophil extracellular traps (NETs), the
relationship between NETs and tumors was illustrated. Finally, the clinical application of histone citrullination and
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Background

Nucleosomes are the fundamental units of chromatin,
comprising central histones and packaged DNA [1-3].
Most of the four core histone proteins (H2A, H2B, H3,
and H4) consist of an a-helical C-terminal domain that
allows histone-histone interactions to form the octa-
meric column-like structure onto which the DNA is
wrapped [4]. The remaining 25% of the core histones
consists of the largely structurally undefined but evolu-
tionarily conserved “tail” domains. The “tail” domains
are readily accessible to enzymes that perform important
posttranslational modifications (PTMs) for epigenetic
regulation. The citrullination of linker histone (H1) was
also identified as a regulator of chromatin decondensa-
tion [5]. Compared with canonical histone, histone vari-
ants can affect nucleosome stability and help create
functionally distinct chromatin domains. A recent study
identified the first Drosophila H1 histone variant, called
dBigH1, which regulates zygotic genome activation [6].
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Following DNA damage, the H2A variant H2A.X can be
phosphorylated at serine 139, facilitating recruitment of
the DNA damage repair machinery [7]. H2A.B appeared
late in evolution in mice and humans, and RNA Pol II
might be recruited to splicing speckles by H2A.B to fa-
cilitate high transcription levels [8]. A particular mam-
malian H3 variant, called cenH3, replaces H3 at
centromeric regions and is important for centromere
propagation and maintenance [9]. Additionally, H3.3
(H3 variant) incorporation induces an open chromatin
conformation and increases transcription by damaging
high-order chromatin formation [10]. Furthermore, the
phosphorylation of the histone H2A variant (H2AX) par-
ticipates in the DNA damage response and DNA
double-strand breaks [11]. Given the close relationship
between histone and DNA, histone modifications have
considerable impacts on DNA-template processes, such
as transcription, replication, repair and recombination
[12, 13]. Certain covalent PTMs can modify the charge
density of histones and DNA, affecting the structure of
chromatin and transcription process. However, modifi-
cations can also change the structure or function of
chromatin by recognizing specific binding proteins [14].
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The PTMs of histones are associated with many dis-
eases, highlighting the importance of the mechanisms
and functions of histone modifications [15, 16].
Citrullination is a PTM catalyzed by the peptidyl ar-
ginine deiminase (PAD) enzyme family [17], which in-
cludes 5 isoenzymes (PAD1-4 and PAD6) with various
tissue-specific targets. This process depends on an in-
creased calcium concentration [18]. Under physiological
conditions, the activity of the PAD enzyme is low. How-
ever, under pathological conditions, PAD enzymes can
citrullinate many structural proteins, including vimentin,
keratin and filaggrin [19, 20], and some histones such as
H1, H2A, H3 and H4 [5, 21, 22]. Further studies have
demonstrated the role of histone citrullination in auto-
immune diseases. For example, the most specific anti-
body to rheumatoid arthritis (RA) is the antibody against
citrullinated protein (ACPA) [23], which can be detected
early, reflects the outcome of RA and serves as a useful
diagnostic and prognostic tool for RA [24]. More than
90% of RA patients have anti-citrullinated H2B anti-
bodies caused by respiratory infections [25]. The im-
mune complexes containing citrullinated histones can
activate the cytokine production of macrophages and
proliferation of neutrophils. Several lines of evidence
that link neutrophil extracellular traps (NETs) to RA,
such as the sera from RA patients with Felty’s syndrome,
can bind to CitH3 and NETs or CitH4 contained in
NETs. Additionally, human monoclonal antibodies pro-
duced by RA synovial B cells decorate NETs and bind to
the citrullinated histones [26]. PAD4 may contribute to
the pathogenesis of RA by inducing NETs through
citrullinated histones. Consistent with this theory,
PAD4-deficient mice reduce the formation of NETs,
autoantibodies, and arthritis, indicating the indispensable
role of histone citrullination in the pathogenesis of RA.
Additionally, neutrophils are involved in the develop-
ment of systemic lupus erythematosus (SLE) by produ-
cing NETs, which contain dsDNA and nucleoprotein
[27]. Interestingly, although NETs are associated with
the development of both RA and SLE, SLE patients pro-
duced various components of NET proteins, including
histones H1.0, H2B and H4 [28]. Furthermore, histone
citrullination and NETs are found in the crypt abscess of
the colon in patients with ulcerative colitis [29]. Add-
itionally, PAD4 was reported to increase the histone
citrullination of nucleosomes in normal white matter
(NAWM) of multiple sclerosis (MS) patients and demye-
linating animal models. PAD4-mediated histone citrulli-
nation could lead to irreversible changes in
oligodendrocytes, resulting in the apoptosis of MS oligo-
dendrocytes [30]. Furthermore, smoking has been shown
to alter histone modification, DNA methylation patterns
and miRNA expression, increasing the susceptibility to
MS through epigenetic modification [31]. Many
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autoimmune diseases are associated with increased PAD
and citrullination. However, researchers have found that
citrullination also plays an important role in the devel-
opment of tumors in recent years. In this study, the role
of histone citrullination in tumors was elucidated. Add-
itionally, considering the role of citrullination by PAD in
physiological and pathological processes, PAD inhibitors
have been studied and applied. Many PAD inhibitors are
used to treat PAD disorders in the skin, joints, colon
and immune system [32-35]. Compared with the parent
F-amidine and Cl-amidine, the second generation of BB-
Cl-amidine has better isozyme specificity, stability, and
bioactivity in vivo.

In general, histone citrullination has received increas-
ing attention because of its significance in both patho-
logical and physiological conditions. Abnormal
citrullination and histone citrullination regulation can
provide new targets to treat various diseases.

Peptidyl arginine deiminase family and
citrullination

PAD family

PAD was first reported in 1977 as the citrullination en-
zyme during hair growth, and its substrate is the protein
trichohyalin [36]. Five PAD enzymes have been identi-
fied in the human body: PAD1, PAD2, PAD3, PAD4 and
PADG6 [37-39]. PAD enzymes have a specific tissue dis-
tribution and various catalytic substrates (Table 1) [59].
Both PAD1 and PAD3 are distributed in the hair follicles
and epidermis [60]. Additionally, a high level of PAD1
was expressed in the uterus [39, 40]. PAD2 and PAD4
are widely distributed throughout tissues. For example,
PAD?2 is located in the spleen, central nervous system,
skeletal muscles, and leukocytes [44, 61-63]. However,
PAD4 is found in inflammatory cells (neutrophils and
macrophages), breast cells, and tumor cells [35, 64, 65].
PADSG is located in early embryos, eggs and ovaries [38,
65, 66]. Recently, the structure of PAD has been further
studied. All the mammalian PAD isoenzymes have 70—
95% homology in the amino acid sequence, with ap-
proximately 663 amino acids and a molecular weight of
74kDa [50, 67-69]. The structures of PADI1, PAD2,
PAD3 and PAD4 have been identified (Fig. 1). PAD2,
PAD3 and PAD4 are homodimers, whereas PAD1 is a
monomer in solution. Crystallization and preliminary X-
ray crystallographic analysis of human PAD3 have been
studied, and the structures of PAD family have been
uncovered more comprehensively [70].

Citrullination

Citrullination is the Ca**-driven enzymatic conversion
of arginine residues to citrulline, catalyzed by the PAD
family [17]. Citrullination or deimination indicates modi-
fication of the primary ketimine group (=NH) to a
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Table 1 Overview of PAD expression
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Enzyme Location

Substrates

PAD1 Epidermis, uterus [40, 41] Keratin, filaggrin [20]
PAD2 Brain, uterus, spinal cord, salivary gland, macrophages, pituitary gland, sweat Myelin basic protein [44], vimentin [45], actin, histones [46]
gland, spleen, pancreas, bone marrow, oligodendrocytes, yolk-sac (leucocytes)
[41-43]
PAD3 Hair follicles [41] Filaggrin, trichohyalin [20], apoptosis-inducing factor,
vimentin [47]
PAD4 Eosinophils, neutrophils, granulocytes [48, 49] Histones [50, 51], Collagen, ING4 [52], p300 [53],
nucleophosmin [54], p21 [55], Lamin C [56], RPS2 [57],
DNMT3A
PAD6 Egg, ovary, early embryo [58] None known

ketone group (=0), yielding ammonia as a side-product
(Fig. 2) [50]. Thus, the strongly alkaline and positively
charged arginine side chains are hydrolyzed to form a
neutral urea. Charge transfer affects protein-protein in-
teractions, hydrogen bond formation and protein struc-
ture, which may cause denaturation in some cases [13,
71]. Various proteins, such as cytoplasmic, nuclear,
membrane and mitochondrial proteins, can be citrulli-
nated [57]. Citrullinated proteins can be detected using
antibody-based detection systems. The anti-citrulline
modified (ACM) detection kit produced by Millipore is
widely used to detect citrullinated proteins. The
phenylglyoxal-based probe is used to detect citrullinated
proteins, has a lower detection limit and can be easily
used in a high-throughput assay format [72]. Addition-
ally, mass spectrometry is the unique method that can
identify the exact citrullinated site, particularly for high-
abundance proteins.

Citrullination in nonhistone proteins

Considering the diverse protein types, we demonstrated
the functions and applications of nonhistone citrullina-
tion according to the sequence of the PAD family. PAD1
has been reported in keratin and filaggrin and plays a
specific role in epidermis differentiation [73]. PAD2-
mediated citrullination of MBP increases as inflamma-
tory demyelination progresses in EAE and MS patients
and is positively associated with diffuse inflammation in
the brain [74]. The citrullination of vimentin mediated
by PAD?2 is significant in RA, with high sensitivity and
specificity for the autoantibody reactivity against mu-
tated and citrullinated vimentin (MCV). Furthermore,
citrullinated vimentin was found in the brain tissues of
patients with Alzheimer’s disease (AD) and sporadic
Creutzfeldt-Jakob disease (sCJD) [34, 75]. PAD2-
catalyzed actin and vimentin were found in DCs and
DC-derived  osteoclasts (OCs), which  promote

PAD2

PAD4

PDB:5HP5 PDB:4N2H
UniProtKB:Q9ULC6 UniProtKB:Q9Y2J8

Fig. 1 Structures of PAD1, PAD2, PAD3 and PAD4
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Fig. 2 PAD-mediated citrullination
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differentiation plasticity toward the OC lineage [76].
PAD3 can citrullinate filaggrin and trichohyalin, result-
ing in epidermal differentiation [77]. PAD3 was identi-
fied to balance the survival/death of human neural stem
cells through the citrullination of apoptosis-inducing fac-
tor [47]. Regarding other PAD family members, PAD4
has more catalytic substrates. Collagen citrullination,
mediated by PAD4, decreases the adhesion of synovial fi-
broblasts and mesenchymal stem cells, modifying the
pathogenesis of RA [78]. PAD4 also deiminates nonhis-
tone proteins such as p300, nucleophosmin (NPM1),
ING4 and Lamin C, which are involved in cell apoptosis
or DNA damage [79]. PAD4 can catalyze the ribosomal
protein S2 (RPS2) region, which is the same site for pro-
tein arginine methyltransferase 3 (PRMT3). This finding
is consistent with the role of citrullination in regulating
RPS2 and ribosome assembly [57]. DNA methyltransfer-
ase DNMT3A can be citrullinated by PAD4, which regu-
lates genomic CpG methylation [43].

In summary, nonhistone citrullination is more closely
associated with autoimmune diseases such as RA. Non-
histone citrullination is involved in regulating biological
function through histone modification. Histone citrulli-
nation contributes in various aspects to cancer develop-
ment, which is discussed later.

Histone citrullination

Considering the influence of PTM cross talk, we dis-
cussed the functions of histone citrullination in two
parts, the physiological regulation of histone citrullina-
tion (Table 2) and cross talk between histones under-
going citrullination and other proteins undergoing PTM.

Role of histone citrullination in physiological regulation

Although PAD is considered a transcriptional regulatory
protein that affects gene expression, the exact biological
function of citrullination remains unclear [92].

Citrullinated histones account for approximately 10% of
all histone molecules in HL-60 granulocytes, highlighting
the significance of PTM in many nucleus-related pro-
cesses [54]. Although few articles have described the
proportion of citrullinated histones in other cells, his-
tone citrullination exists in multiple cells from multiple
systems, either health or disease, indicating the import-
ance of histone citrullination regulation.

First, regarding embryonic development, PAD1 is
mainly expressed in the epidermis and uterus. However,
the role of PAD1 in preimplantation development has
not been clarified. Zhang et al. significantly reduced the
citrullination of H4R3 and H3R2/8/17 in embryonic cells
using a specific inhibitor of PAD1. Consistent with this
observation, early embryonic development was also
arrested at the 4-cell stage. Additionally, PAD1 inhib-
ition led to a sharp reduction in the overall transcrip-
tional activity, which was associated with decreased
phosphorylation of RNA polymerase II. These data re-
vealed a new function of PAD1 in early embryonic de-
velopment, facilitating transactivation of the early
embryonic genome through histone citrullination [80].
Considering the observations of the effects of Cl-
amidine and relationship between histone acetylation
and transcriptional activation in embryonic develop-
ment, another study suggested that histone citrullination
promotes gene expression by creating a relaxed environ-
ment for chromatin histone acetylation [81]. PAD has
been found in rodent uterine epithelial cells, which are
associated with embryonic development. Examination of
caruncle lysates from pregnant ewes and ovine luminal
epithelial (OLE) cell lines showed that histone H3 argin-
ine residues 2, 8, 17 and 26 were citrullinated. Next,
pan-PAD inhibitors were used to treat OLE cells, result-
ing in a significant decrease in the expression of insulin-
like growth factor binding protein 1 (IGFBP1) mRNA.
Because of the effect of IGFBP1 on the migration and
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Table 2 Roles of histone citrullination in physiological regulation
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Function Enzyme Citrullination site  Cell type Details
Embryonic PAD1 H4R3, H3R2, 8, 17 Embryonic cells Transactivation of the early embryo genome [80]
development Unknown H3R2, 8,17, H3R26,  Zygotes Upregulation of gene expression in early embryos [81]
H4R3
PAD2 H3R2, 8, 17, H3R26 Ovine luminal Gestation establishment [82]
epithelial
Wound healing PAD2 H4R3 Leukocyte in Novel signaling of regenerative growth [83]
zebrafish

Senescence Unknown H1.0 diploid fibroblasts Regulation of aging associated with heterochromatinization [84]
Reproductive PAD2 H3R2, 8, 17 Mammary gland Regulation of lactation gene expression [85]
function epithelial

PAD2 H3R2, 8, 17 Gonadotrope cell Regulation of gonadotropin gene expression [86]
Chromatin activity ~ PAD4 H1R54 Embryonic stem cell  Changes in histone-DNA interaction and regulation of chromatin ac-

cessibility [87]
PAD4 H4R3 Thymus Promotion of chromatin decondensation and DNA fragmentation
(56]

Unknown H3R26 Embryonic stem cell  SMARCAD1 regulates pluripotency by interacting with CitH3R26 [88]
Pluripotency PAD4 H1.2R53 Stem cell line Regulation of pluripotency and chromatin decondensation [5]
Transcription PAD4 H3R2,8,17,26 H4AR3,  HL-60 Antagonism against histone methylation [79]

H2A

NET formation PAD4 H3 Neutrophil Antibacterial natural immunity [89]

PAD2 H3 Neutrophil PAD2 inhibition reduces NETosis and inflammatory cytokine [90]

PAD4 H3 Neutrophil NET formation in the patient with COVID-19 [91]

attachment of the trophectoderm to the endometrium,
PAD-mediated citrullination was considered a crucial
PTM for pregnancy [82].

In the model of tissue injury of zebrafish, PAD2-
mediated H4Cit is necessary for efficient regener-
ation and was identified as a potential intermediary
between early calcium signaling and subsequent
wound healing [83].

Numerous similarities exist between senescence and
differentiation. One key similarity is that chromatin
remodeling events occur. The citrullinated linker H1.0
accumulates in aging cells and participates in hetero-
chromatinization and aging [84].

To gain more insight into the potential reproductive
role of PAD, PAD2 was expressed and localized in
canine mammary epithelial cells. Additionally, the N-
terminus of histone H3 was identified as the primary
target for PAD activity in the breast epithelium, as indi-
cated by site-specific antibodies against citrullinated his-
tones. These results support the possibility that PAD2
regulates lactation-related gene expression through his-
tone citrullination [85]. Furthermore, the GnRH agonist
can catalyze histone H3 by stimulating PAD2, thereby
epigenetically regulating the expression of gonadotropin
genes such as LHP and FSHp [86].

PAD enzymes are extensively involved in regulating
chromatin activity through histone citrullination.

Recently, citrullination was reported to alter histone-
DNA interactions. As a highly conserved globular re-
gion, the linker histone H1 is not a part of the core
particle in embryonic stem (ES) cells and was found
to be citrullinated at Arg54 [5]. However, this residue
is required for histone interaction with nucleosomal
DNA [93]. This observation at least partially explains
why chromatin is more accessible in ES cells than in
differentiated cells [87]. Histone modification is an es-
sential mechanism for regulating chromatin dynamics
[94]. PAD4-mediated citrullination can affect chroma-
tin structure by promoting chromatin decondensation
and DNA fragmentation [56, 95].

Histone citrullination regulates various cellular
processes, particularly pluripotency. SMARCAD1 was
found to preferentially bind CitH3R26 in preimplan-
tation embryos, and this interaction inhibited the
formation of heterochromatin, thereby regulating
naive pluripotency [88]. PAD4 can regulate the pluri-
potent transcription network by binding to the regu-
latory elements of key stem cell genes. Inhibition of
PAD4 reduced the proportion of pluripotent cells in
early mouse embryos and significantly decreased re-
programming efficiency [96]. Within the DNA-
binding site of H1, citrullination of a single arginine
residue led to total chromatin decondensation. In
summary, these results reveal the roles of histone
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citrullination in pluripotency and provide new in-
sights into the mechanism of regulating chromatin
compaction [5].

Another function of citrullinated histones is altering
the formation of NETSs [26, 97]. As innate immune cells,
neutrophils are the first responders to bacterial infec-
tions and contribute significantly to the defense against
various pathogens, secretion of microbicidal agents and
recruitment of other immune cells [97]. During the trap-
ping of bacteria, neutrophils secrete cell-free DNA, his-
tones and intracellular proteins into the extracellular
space or circulatory system, forming so-called NETs.
The PAD4-mediated citrullination of histones is in-
volved in forming NETs. In contrast to PAD4"* neutro-
phils, PAD4~/~ neutrophils cannot form NETs after
chemokine stimulation or incubation with bacteria and
fail to kill bacteria by NETs, illustrating that PAD4 is
critical for NET-mediated antimicrobial function [89].
However, recent studies have discovered that PAD2 in-
hibition reduces NET formation and inflammatory cyto-
kine production in endotoxemia [90]. Additionally, the
number of NETs remnants is increased in the sera of pa-
tients with COVID-19, and serum samples from
COVID-19 patients clearly show that triggered healthy
neutrophils undergo NETosis [91].

In summary, histone citrullination significantly con-
tributes to embryonic development, reproductive func-
tion, chromatin expression, desorption, pluripotency and
NET formation.

Cross talk between citrullinated histones and histones
with other modifications

During histone modification, citrullinated histones en-
gage in cross talk with histones marked with other mod-
ifications. Wang et al. [22] and Cuthbert et al. [98]
demonstrated that PAD4 is closely involved in the con-
trol of histone arginine methylation during transcription.
Wang et al. found that calcium-activated PAD4 reduced
the methylation of recombinant histone H3 and H4
in vitro. PAD4 worked by converting methyl arginine
residues to citrulline and releasing methylamine. Wang
et al. demonstrated this finding by isolating radiolabeled
methylamine from PAD4-treated histone H4. The results
showed that PAD4 is recruited to estrogen-responsive
gene promoters and effectively inhibits estradiol-
dependent transcription. Additionally, Cuthbert et al. en-
hanced our understanding of the regulation of arginine
methylation by histone citrullination [98]. First, histone
3 undergoes citrullination only on residues 1-26, where
histones most frequently undergo PTM. Second, Cuth-
bert et al. demonstrated that PAD4 recruitment to the
pS2 promoter is associated with a transient increase in
CitH3 following estrogen stimulation. Both research
groups proposed a similar model in which PAD prevents

Page 6 of 17

histone arginine methylation either by directly citrulli-
nating arginine or converting a monomethyl arginine to
citrulline. In this scenario, monomethylated histones
represent a “poised” state that makes histones resistant
to citrullination. These histones are either demethylated
to block the promoter or demethylated to activate the
promoter. These findings are significant because they in-
dicate that histone citrullination antagonizes arginine
methylation.

Both Arg26 and Lys27 of histone H3 can be modified
by various enzymes that have profound effects on gene
expression [99]. Concerning regulating downstream
genes, PAD2-mediated CitH3R26 has the opposite effect
of PRC2-mediated H3K27 methylation. CitH3R26 acti-
vates gene expression, while H3K27 methylation inhibits
gene expression. These modifications are driving factors
for various cancers. After biochemical and cell-based
analyses of these modifications, H3K27 methylation was
found to slow H3R26 citrullination by 30-fold, while
H3R26 citrullination slowed H3R26 methylation by 30,
000-fold. Studies on this cross talk showed that the
structure of the histone tail changed after citrullination,
preventing the methylation of the PRC2 complex. Fi-
nally, researchers proposed a model in which H3K27
demethylases are recruited to chromatin to activate tran-
scription after forming H3Cit26. In conclusion, the re-
sults support a cross-talk relationship between H3R26
undergoing citrullination and H3K27 undergoing methy-
lation [99].

In addition to arginine methylation, histone citrullina-
tion cooperates with deacetylated histones to inhibit
transcription. PAD4 was demonstrated to activate his-
tone deacetylase 1 (HDAC1) to produce a repressive
chromatin environment at the pS2 promoter [100]. Fur-
thermore, PAD4 and HDAC2 interact with p53 through
distinct domains and simultaneously bind to the p21
promoter to regulate gene expression. The PAD4 inhibi-
tor (Cl-amidine) and HDAC inhibitor (suberoylanilide
hydroxamic acid) have additive effects to increase the
expression of p21, GADD45 and PUMA, which inhibit
the growth of cancer cells dependent on P53 [92]. These
studies indicate the dynamic cross talk between histones
undergoing citrullination and deacetylation. In summary,
the citrullination of histones can interfere with other
PTMs and regulate gene expression.

Functions of histone citrullination in tumors

According to the classification system established by
the World Health Organization (WHO), tumors can
be mainly categorized into lymphatic hematopoietic
tissue, endocrine, lung and mediastinum, digestive
system, urinary and male reproductive, mammary
gland, head and neck, central nervous system, skin,
bone and soft tissue. In this review, the relationship
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Classification Disease PAD-Citrullination Mechanism
Lymphatic hematopoietic tissue MM PAD2- Resistance to the chemotherapy drug
CitH3R6 bortezomib [101]
Acute myeloid leukemia PAD4-H3 Facilitation of the differentiation of HL-60
into granulocytes [102]
Endocrine system Prolactinoma PAD2, PAD4- Inhibition of the expression of the miRNA
CitH3R2, 8, 17 targeted to the prolactin tumor oncogene [103]
Lung and mediastinum Lung cancer PAD4- Inhibition of the transcriptional activity of
CitH4R3 p53 [56]
Non-small cell lung cancer PAD4- Participation in the DNA damage response [79]
CitH4R3
Digestive system Gastric cancer PADA4- Interaction between H3R26Cit and H3K27me3 [79]
CitH3R26
Hepatocellular carcinoma CitH3 Increase of BeclinT mRNA during the development
of hepatocellular carcinoma [104]
Urinary Bladder cancer Unknown HSP90 inhibitor-mediated treatment [105]
and male reproductive Prostate cancer PAD2- Upregulation of estrogen-suppressing genes [106]
CitH3R26
Mammary gland MCF-7 PAD4- Reduction in 3-estradiol-induced genes [22]
CitH3R17
MCF-7 PAD2-CitH3R2, 8, 17 Regulation of gene expression (PTN and MAGEA12) [107]
Bone and soft tissue Osteosarcoma PAD4- Inhibition of the expression of the OKL38 gene [108]
CitH3

between histone citrullination and tumors was eluci-
dated based on the WHO tumor Cclassification
(Table 3). The specific role of histone citrullination-
mediated NETs in tumors was discussed separately
(Fig. 3). Additionally, the relationship between citrulli-
nation and the signaling pathway in tumor was de-
scribed (Table 4).

Histone citrullination in tumors

In lymphatic hematopoietic tissue, mutant malignant
cells cannot differentiate into healthy granulocytes; in-
stead, they undergo uncontrolled self-replication charac-
teristics of acute promyelocytic leukemia. A recent study
showed that PAD4 expression is elevated during the dif-
ferentiation of HL-60 leukemia cells induced by all-trans

Proteolytic remodeling

Fig. 3 Mechanism by which NETs promote tumors
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Table 4 Citrullination and cell signaling in cancer
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Biological PAD Citrullinated Cell Regulating process
process Cite Signaling
EMT PAD1 MEK1 ERk1/2 MMP21 [109]
P38 MAPK
PAD4 GSK3B TGF-B Vimentint E-cadherin| [110]
PAD4 unknown unknown Elk1y [111]
Proliferation PAD2 RNAP2 R1810 transcription Altering gene expression [112]
PAD4 Histone H3 HMGB1 NET? [113]
TLR9
PAD2 B-catenin Wnt/[-catenin Wnt signaling] [114]
Metastasis PAD4 Histone H3 Integrina-3p-1 NETT NET MMP91 [115]
PAD4 Histone H3 HMGB1 NETT [113]
TLR9
PAD4 Histone H3 TLR4/9-COX2 NETT [116]
Apoptosis PAD4 ING4 P53 P21 [52]
PAD4 OKL38 P53 Histone methylation| [108]
DNA damage PAD4 Histone H3 P53 Regulating gene expression [92]
PAD4 NPM1 P53 growth-inhibitory activityt [117]
PAD4 Histone H4R3 P53 chromatin decondensation and
DNA cleavaget [56]
Autophagy unknown MHC-I Antigen recognition Antitumor immunityt [118]
unknown Histone H3 HMGB1 NET? [119]

retinoic acid (ATRA), and the differentiation of HL-60
cells depended on demethylation of the PAD4 promoter
[102]. PAD4 stimulated the expression of the
hematopoietic transcription factors sox4 and pu.l
through histone citrullination, facilitating the differenti-
ation of HL-60 cells into granulocytes [102]. This work
highlighted the significance of PAD in cell differenti-
ation, a finding supported by another extensive embry-
onic study in which PAD4 and histone citrullination
were identified as major regulators of pluripotency [5].
Multiple myeloma (MM) is a malignancy of plasma cells
located in the bone marrow. The MM environment pro-
motes critical interactions between cancer cells and stro-
mal cells, facilitating the survival and proliferation of
tumors. Increasing evidence has shown that bone mar-
row mesenchymal stem cells (BMMSCs) are stably al-
tered in MM and monoclonal gammopathy of
undetermined significance (MGUS). PAD2 transcripts
were among the most upregulated transcripts in
BMMSCs. Moreover, the activity of PAD2 directly in-
duced the upregulation of IL-6 through CitH3R26. Sub-
sequently, IL-6 enabled malignant plasma cells to
acquire resistance to bortezomib. This is a newly discov-
ered mechanism showing that the dysfunction that
causes MGUS and MM in patients directly leads to pro-
malignant signaling through CitH3R26.

In the endocrine system, the expression and function
of PAD enzymes in pituitary adenoma remain unclear.

PAD2, PAD4 and citrullinated histones are highly
expressed in prolactinomas and somatoprolactinomas.
RNA sequencing and ChIP studies showed that histone
citrullination inhibited the expression of miRNAs let-7c-
2, 23b, and 29c. These miRNAs directly target the onco-
genes of HMGA, insulin-like growth factor-1 (IGF-1)
and N-MYC and are highly correlated with the patho-
genesis of human prolactinoma/somatoprolactinoma.
Histone citrullination regulates miRNA expression, re-
vealing the etiology of prolactinoma and somatoprolacti-
noma [103].

In the lung and mediastinum, PAD4 interacts with
p53 to induce CitH4R3 after chemotherapy treatment
[56]. The colocalization of citrullinated regions and
decondensed chromatin in apoptotic cells indicated that
the PAD4-p53 complex is involved in apoptosis, while
PAD4-knockout mice showed apoptotic resistance. Add-
itionally, lung cancer patients had smaller tumors than
those without CitH4R3. Many studies have focused on
the relationship between PAD4 and p53. PAD4 binds to
the C-terminus of p53 and participates in inhibiting p53
transcription, indicating that PAD4 is a coinhibitory fac-
tor of p53. Histone arginine methylation contributes sig-
nificantly to p53 target gene activation. P53 recruits
PAD4 to the promoter of the p53 genes and reverse
methylation, inhibiting the expression of p21/CIP1/
WAF1 and OKL38 [108]. H4R3 depends on p53/PAD4
activated in the DNA damage response and is negatively
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correlated with p53 protein expression and tumor size in
non-small cell lung cancer [79]. These results indicate
that PAD4 is involved in tumor development by regulat-
ing the transcriptional activity of p53.

In the digestive system, IPO-38 is a potential bio-
marker for the early diagnosis of gastric cancer. The
anti-IPO-38 antibody, which is biomarker, is thought to
be histone modified. Next, the researchers identified the
sites of histone modifications and labeled them with an
anti-IPO-38 monoclonal antibody. In the protein array
analysis, the citrullination-modified signal of CitH3R26
was the strongest. Although PAD2 and PAD4 catalyze
citrullination, only PAD4 expression is associated with
CitH3R26 in gastric cancer cell lines. The interaction be-
tween CitH3R26 and H3K27me3 was detected by immu-
noprecipitation and western blotting. These new
findings suggest that the citrullination of histones plays
a crucial role in gastric cancer and may help optimize
and develop a sensitive diagnostic reagent [120]. Add-
itionally, PAD4 contributes to the metastasis of gastric
tumors by regulating the expression of CXCR2, KRT14
and TNF-f, which can stimulate angiogenesis, cell pro-
liferation and migration, and tumor immune microenvir-
onment establishment [121]. A PAD4 inhibitor was
demonstrated to induce the differentiation of HT29
colon cancer cells [122]. Researchers detected CitH3 in
hepatitis B virus-associated hepatocellular carcinoma
(HCC) tissues and assessed its association with Beclinl
(a key autophagy regulator) mRNA. The average levels
of H3Cit and Beclinl mRNA in HCC were higher than
those in nontumor tissues and were significantly corre-
lated with vascular invasion and serum AFP levels.
These results suggest that CitH3 is related to the in-
crease in Beclinl expression during the development of
HBV-associated HCC [104].

Regarding the male urinary tract and reproduction,
citrullination is involved in the androgen signaling path-
way in prostate cancer [106]. Castration after long-term
androgen deprivation therapy remains a major obstacle
to treating prostate cancer. The results confirmed that
PAD?2 is an androgen suppressor gene that is increased
in prostate cancer. PAD2 expression is required for the
survival and cell cycle development of prostate cancer
cells, whose proliferation is promoted. Cytoplasmic
PAD2 protects androgen receptor (AR) against
proteasome-mediated degradation and promotes AR
binding to target genes through CitH3R26. PAD2 con-
trols AR, depending on its enzyme activity and nuclear
localization, which is associated with increased CitH3
expression. Notably, the coadministration of PAD inhibi-
tors and AR signal transduction inhibitors inhibited cell
proliferation and tumor growth in prostate cancer. Over-
all, PAD2-mediated histone citrullination is a potential
therapeutic target for prostate cancer [106].
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In the mammary gland, MCF-7 breast cancer cells
showed a dramatic reduction in [-estradiol-induced
genes after CitH3 was induced by PAD4, altering the cell
phenotype [22]. Subsequently, Kuhenrod’s team found
that the loss of PAD2 in MCEF-7 breast cancer cells led
to a disorder in a unique gene subset. PAD2 directly
bound to these unique gene promoters and upregulated
or downregulated their expression through the citrulli-
nation of H3R2, H3R8, and H3R17 [107]. Additionally,
PAD4 specifically citrullinated residues H3R2, H3RS,
H3R17, and H3R26 in HEK293 and MCF-7 breast can-
cer cells [98].

In bone and soft tissue, the expression of the p53 tar-
get gene OKL38 is inhibited by the recruitment of PAD4
to the OKL38 promoter. PAD4 subsequently removes
the histone arginine methylation mark, directly regulat-
ing apoptosis [123]. The multiple interactions between
PAD4 and p53 suggest the importance of PAD4-induced
citrullination in apoptosis. In particular, Cl-amidine in-
creased the expression of the OKL38 gene in osteosar-
coma cells, leading to cell apoptosis, mitochondrial
structural changes and the release of cytochrome c
[108]. Additionally, histone deacetylase 2 (HDAC2) in-
teracts with PAD4. Both HDAC2 and PAD4 bind to p53
and the p21 promoter in response to DNA damage,
resulting in the regulation of gene expression [92]. Fur-
thermore, inhibition of PAD4 and HDAC2 affected the
histone modification of p53 target gene promoters and
inhibited osteosarcoma growth in a p53-dependent man-
ner [92]. However, various views persist regarding how
PAD inhibitors induce apoptosis in U20S osteosarcoma
cells [124, 125]. These perspectives may be based on the
cell type-specific role of PAD4 in apoptosis [126].

In summary, various tumors are associated with the
hyperexpression of PAD and increased citrullination.
The challenge is identifying specific citrullinated pro-
teins involved in various autoimmune diseases. Add-
itionally, protein identification is the basis for further
study of the mechanism of citrullination mechanisms.
As mentioned above, histone citrullination affects
tumorigenesis in various ways, such as regulating gene
transcription, cell differentiation and apoptosis. The dis-
covery of histone citrullination, a reaction in which his-
tones are substrates for PAD, may be a breakthrough in
tumor research.

NETs and tumors

The first evidence for the release of chromatin from
neutrophils into the extracellular space was provided by
Arturo Zychlinsky’s group in 2004 [97] who found that
activated neutrophils produce extracellular DNA fibers
and partial nuclear components to capture and kill bac-
teria, defining a previously unknown form of an innate
antimicrobial response. Further studies showed that
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NETosis is a novel cell death process that leads to the
decondensation of chromatin. This process includes dis-
integration of the nucleus and granular membrane, mix-
ing of the cellular components, cytoplasmic membrane
lysis and NET release [127]. The release of chromatin by
neutrophils was initially shown to depend on the pro-
duction of reactive oxygen species (ROS) [127]. These
ROS are generated through the activation of NADPH
oxidase, RAF-MEK-ERK and p38 MAPK pathways.
Other factors activate NET formation in an NADPH
oxidase-independent manner. However, other studies
showed that neutrophil elastase and myeloperoxidase are
involved in this process [128]. Neutrophil elastase can be
transferred to the nucleus and facilitates chromatin
nucleation by partially degrading histones.

Although the molecular mechanism for NET forma-
tion is unclear, histone citrullination strongly affects
NET formation. The PAD4 enzyme is highly expressed
in many cancers and neutrophils and is essential for
NET formation [89]. PAD4 plays a role in chromatin
decondensation to form NETSs through the citrullination
of histone H3 [89]. Additionally, PAD4 overexpression
in the osteosarcoma cell line is sufficient to induce chro-
matin decondensation and release, demonstrating its
function in this artificial environment [95]. It remains to
be clarified how to regulate the expression and activity
of PAD4 in neutrophils and why NET causes nuclear re-
lease or cell lysis. Many studies have confirmed that only
PAD4 can deiminate histones inside the nucleus of neu-
trophils because it bears the nuclear localization signal.
However, Wu et al. found that PAD2 inhibition reduces
NET formation, decreases inflammatory cytokine pro-
duction and protects against endotoxin-induced lethality
[90]. In addition to CitH3, the citrullination of HI1.0,
H1.4, H1.5 and H2B was also detected in RA NET [28].
Because of its quantifiable response to all kinds of stim-
uli of NETs, CitH4 was identified as an index of early
NETSs [129]. In conclusion, both core histones (H2, H3
and H4) and linker histone H1 present citrullination in
NETs. Although the citrullination of histones is associ-
ated with chromatin decondensation, which is associated
with NET formation, the exact mechanism remains to
be studied [130].

NETs have been detected in several types of human
cancer and are suspected to promote cancer develop-
ment [113, 131]. Chronic inflammation is thought to ac-
tivate dormant malignant cells, but the mechanism
remains unclear [132]. Recently, in an experimental lung
cancer tumor model, inflammation-induced NETSs acti-
vated dormant cancer cells by activating the integrin sig-
naling pathway in tumor cells [133]. In particular, NET-
derived DNA acted as a proteolysis scaffold by releasing
elastase and MMP9, promoting cancer cell proliferation
through bioactive epitopes in cleaved laminin. These
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findings indicate that chronic inflammation may cause
the recurrence of cancer after a long period of dor-
mancy. In another study, the level of NETs in a lung
cancer-transplant tumor model increased by 35% com-
pared with that in PAD4-knockout mice (no NETs).
Bl6-transplanted tumors grew more slowly than Lewis-
transplanted tumors because fewer neutrophils were ac-
tivated [134]. However, these neutrophils were initiated
to undergo NET formation following the administration
of G-CSF, which promoted NET production and in-
creased the growth of B16 tumors [134]. However, the
study failed to provide a mechanistic explanation for
why cancers require NETs for growth. Further studies
showed that NETs activated the Toll-like receptor 9
(TLR9) signaling pathway in cancer cells by releasing
highly mobile group box 1 (HMGB1) proteins [135].

In addition to promoting the proliferation and growth
of tumor cells, NETs can also serve as adhesive sub-
strates to transport cancer cells via integrin binding
[136]. In vitro, cultured tumor cells show enhanced ad-
hesion to NETs and are destroyed by anti-integrin anti-
body preincubation [136]. Furthermore, in a sepsis
mouse model, microvascular NET deposition trapped
circulating lung cancer cells, significantly promoting me-
tastasis [137]. This process was attenuated by the sys-
temic use of NET inhibitors or neutrophil elastase
inhibitors. After the injection of tumor cells, NET-
mediated capture of cancer cells in the hepatic sinus was
associated with an increase in the formation of hepatic
micrometastases and an overall metastatic disease bur-
den. Similarly, this study demonstrated that human and
mouse tumor cells could be captured by NETs in vitro
[14].

Dead neutrophils and reticular structures are wide-
spread in the hemorrhagic tumors of Lewis lung cancer
(LLC) [138]. These apparent necrotic areas lose their
typical nuclear morphology and show neutrophil abun-
dance and extracellular chromatin with citrullinated his-
tones. A similar pattern was observed in two sections of
tumor tissue obtained from patients with Ewing’s sar-
coma [131]. Therefore, NETs are found at the site of
tumor neutrophil aggregation, possibly affecting the
tumor microenvironment.

In humans, neutrophil accumulation is mainly ob-
served in renal cell carcinoma, melanoma, HCC, glio-
blastoma, colorectal cancer, gastric cancer, esophageal
cancer, lung cancer, ovarian cancer and head and neck
cancer, most of which are associated with a high risk of
venous thromboembolism. The leukemoid reaction in-
duces increased neutrophils in a mouse model of breast
cancer, finally causing spontaneous thrombosis [139].
The formation of pulmonary thrombi was observed
when the neutrophil and plasma DNA levels were dra-
matically increased in the late stage of thrombosis in the
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murine model. Surprisingly, analysis of the neutrophils
in the blood of tumor-bearing mice revealed that an in-
creasing number of highly citrullinated neutrophils ap-
peared and formed NETs as the tumor progressed. In
late thrombosis, many highly citrullinated neutrophils
and abundant CitH3 were detected, indicating the spon-
taneous formation of NETs [140]. The thrombus state
seemed to be associated with DNA scaffolds when NETSs
were generated [140]. Neutrophils and a NET biomarker
(CitH3) can be used as diagnostic tools to evaluate
thrombophilia. Further studies found that CitH3 was de-
tected in the plasma of cancer patients with acute
thrombotic microangiopathy (TMA). Furthermore, cell-
free CitH3 was observed in the plasma of cancer patients
with thrombotic complications. This finding highlighted
the potential use of CitH3 as a biomarker for cancer-
related thrombosis.

An explanation of the conditions that enable cancer
NET formation would be interesting. Tohmeand et al.
demonstrated that hemolytic neutrophils cultured in a
medium conditioned with colon cancer cells produced
NETs under hypoxic conditions characteristic of surgical
stress [113]. Under surgical stress, tumor cells and col-
onies easily accumulate in the liver, while the adminis-
tration of NET inhibitors significantly reduce the
occurrence and growth of metastatic tumors. Genetic
and pharmacological targeting of PAD4 showed similar
results in liver metastases. These results suggest that an-
oxia after surgical stress may be necessary for NET gen-
eration in the tumor microenvironment. Consistent with
these findings, hypoxia induced the production of citrul-
linated proteins in malignant tumor antiglioma cells
[135]. In addition to hypoxia, elevated free fatty acids
stimulate NET formation and promote the growth of
HCC in mice [141].

In summary, histone citrullination-mediated NETs are
linked to tumor growth and metastasis through ECM re-
modeling, surgical stress, hypoxia, fatty acid levels, and/
or cell metastasis via physical binding. Consistent with
this finding, tumor-infiltrating NETs predict a poor
postoperative survival of tumor patients [142]. However,
the role of NETs in tumor development requires further
studies.

Citrullination and cell signaling during EMT, proliferation,
metastasis, apoptosis, DNA damage and autophagy

The epithelial-to-mesenchymal transition (EMT) induces
tumor metastasis and drug resistance by decreasing epi-
thelial polarity and adhesive properties [143]. In human
triple-negative breast cancer, PAD1 induces EMT by
inhibiting ERK1/2 and P38 MAPK signaling through the
citrullination of MEK1 [109]. PAD4 catalyzes the citrulli-
nation of transcription factor glycogen synthase kinase 3
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beta (GSK3p), which induces EMT by decreasing E-
cadherin and increasing vimentin expression [110].
However, PAD4 represses EMT by inhibiting the expres-
sion level of EIk1 in lung cancer cell lines [111].

RNA polymerase II (RNAP2) regulates gene expres-
sion by transcription elongation. PAD2 citrullinates
RNAP2 in breast cancer cells, inducing the transcription
of thousands of genes and activating cell proliferation
[112]. NETs trigger high mobility group box 1 (HMGB1)
release and activate the TLR9 pathway to facilitate
tumor cell adhesion, proliferation, migration and inva-
sion in colorectal cancer [113]. Additionally, citrullina-
tion of P-catenin mediated by PAD2 decreases the
proliferation of colon cancer by repressing the Wnt-
pathway [114].

The levels of NET-associated proteases, including neu-
trophil elastase (NE) and matrix metalloproteinase 9
(MMP9), are increased in cancer. They proteolytically
remodel laminin to activate the signaling of integrin a-
3B-1, promoting cancer cell proliferation and metastasis
[115]. NETSs catalyzed by PAD induce tumor inflamma-
tion by activating the TLR4/9-COX2 axis, thereby pro-
moting liver cancer metastasis [116].

PAD4 and p53 have been extensively studied, revealing
the interactions between PAD-induced citrullination and
apoptosis. The interaction of PAD4 with p53 was coloca-
lized with decondensed soluble chromatin in apoptotic
cells, suggesting the involvement of the PAD4-pp53
complex in apoptosis [56]. The citrullination of ING4 at
the nuclear localization sequence region inhibited p53-
to-ING4 binding, decreased p53 acetylation, and subse-
quently repressed p21 expression [52]. PAD4 was re-
cruited to the promoter of OKL38 by p53, which
repressed the expression of OKL38. Inhibition of the
p53 target gene OKL38 subsequently removed the his-
tone arginine methylation mark, directly modulating
apoptosis [108].

HDAC2 is a PAD4-interacting protein; both HDAC2
and PAD4 can bind to the p53 and p21 promoters, con-
tributing to the regulation of gene expression in re-
sponse to DNA damage [92]. Furthermore, the
citrullination of nucleophosmin (NPM1) by PAD4 re-
sults in its translocation from the nucleoli to the nucleo-
plasm, increasing p53-mediated growth-inhibitory
activity [117].

Stressful conditions in the tumor microenvironment in-
duce autophagy in cancer cells. Autophagy plays an im-
portant role in presenting citrullinated peptides on MHC
class II molecules to CD4" helper T cells, suggesting that
concomitant MHC class II expression and inflammation-
induced IFN-y promote immune activation [118]. Further-
more, receptor for advanced glycation end products
(RAGE) promotes neutrophil autophagy, thereby enhan-
cing NET formation in pancreatic cancer [119].
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In conclusion, PAD-mediated citrullination plays an
essential role in tumor development. The citrullination
reaction can interfere with tumor EMT, metastasis, cell
proliferation, autophagy and DNA damage processes by
regulating various cell signaling pathways. Except for
nonhistone proteins, histone citrullination participates in
almost all biological processes, providing new methods
to diagnose and treat tumors.

Application of histone citrullination as a
biomarker and therapeutic target

Regarding tumor immunity, new epitopes induced by
PTMs may provide new targets for tumor-specific im-
munotherapy. Nutrient deficiency, hypoxia, redox
stress, DNA damage and other tumor microenviron-
mental conditions can increase the activity of PAD
and expression of citrullinated protein. Recently, the
average CitH3 concentration in late malignant tumor
patient serum increased three-fold compared with
that in healthy people, indicating that citrullinated
proteins may be cancer biomarkers [144]. In one
group of cancer patients, the mean serum level of
CitH3 in invasive tumors was higher than that in lo-
calized tumors, consistent with previous reports of
PAD-mediated citrullination and metastasis [137].
Notably, the level of CitH3 in the plasma of cancer
patients was associated with higher levels of cell-free
DNA and neutrophil activation. Remarkably, re-
searchers found that a high plasma level of CitH3 (>
29.8 ng/mL, more than 75%) is strongly associated
with the risk of short-term death [144]. The increased
expression of CitH3 is considered a novel prognostic
blood marker in patients with advanced cancer [97].
The proportion of CitH3-positive neutrophils is in-
creased in patients with more severe disease. The
level of CitH3 in serum is closely related to neutro-
phil activation markers such as elastase, myeloperoxi-
dase, IL-6 and IL-8. Therefore, CitH3 is considered a
useful biomarker for evaluating the inflammatory re-
sponse and prognosis of patients with advanced
cancer.

The role of histone citrullination in cancer therapy has
also been reported. Venous thromboembolism (VTE)
often occurs during cancer treatment and can be life-
threatening. Studies have shown that CitH3 is independ-
ently associated with VTE in cancer patients and plays
an important role in predicting VTE occurrence in can-
cer treatment [145]. Additionally, inhibition of PAD2-
mediated H3Cit26 decreases the expression of IL-6 in
BMMSCs, mediating malignant plasma cell resistance to
chemotherapeutic agents [101]. Song et al. found that an
effective inhibitor of PAD can enhance antitumor activ-
ity by inhibiting CitH3 in an HCT-116 xenograft mouse
model. Moreover, PAD2-H3Cit26 is considered a novel
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therapeutic target in castration-resistant prostate cancer
[106]. Furthermore, cross talk between histones under-
going deacetylation and those undergoing citrullination
is associated with cancer cell growth, indicating a com-
bination of PAD and histone deacetylase inhibitors as a
strategy for cancer treatment [92]. In MCF-7 cells, Cl-
amidine regulates the expression of the tumor suppres-
sor protein OKL38 by decreasing histone citrullination
at the OKL38 promoter [108]. Finally, ubiquitous com-
pounds used in herbal medicine inhibit hematogenous
metastasis of certain tumors by targeting CitH3 and
NETs [146].

Although it is difficult to determine the degree of
citrullination in tissues and body fluids accurately [147],
measuring the relative concentration of PAD enzymes
appears to be a reliable method for estimating the citrul-
lination level. PAD4 is significantly expressed in various
malignant tissues but at a low level in both normal tis-
sues and benign tumors [148]. PAD4 is elevated in vari-
ous solid tumors and overexpressed in the peripheral
blood of lung cancer patients [64, 149]. Approximately
40% of malignant lymphoma cells also express PAD4, in-
dicating that PAD4 expression is associated with cancer
development across all embryological lineages. The level
of PADA4 is significantly higher in metastatic foci than in
the corresponding primary tumor [150], indicating that
citrullination may participate in the progression of be-
nign tumors to aggressive malignancies. PAD4 is in-
volved in tumor formation through the citrullination of
histones, cytokeratin, antithrombin and fibronectin
[151]. Although tumor-associated PAD2 expression was
increased in patients with castration-resistant prostate
cancer, the downregulation of intertumoral PAD2 ex-
pression was identified in patients with colorectal cancer
[106, 152]. Because PAD2 and PAD4 are expressed at a
higher level than other isozymes in humans, other mem-
bers of the PAD family in cancer tissue have not been
widely investigated. Therefore, these data suggest that
PAD-mediated citrullination may be a biomarker or
recognition target for cancer therapy.

Several research groups have used bioinformatics to
predict citrullinated sites. Ju and Wang provided a user-
friendly web server for CKSAAP-CitrSite [153]. Zhang
et al. analyzed the citrullinated sites and constructed a
classifier using a random forest algorithm [154]. Bio-
informatics is believed to provide some useful insights
into the study of citrullination. In conclusion, increasing
attention has been directed to the application of histone
citrullination as a diagnostic marker and therapeutic
target (Table 5).

Application and development of PAD inhibitors
Given the important role of PAD-mediated citrullination
in tumors, the application of PAD inhibitors has been
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Table 5 Application of histone citrullination in cancer

Page 13 of 17

Application value PAD Citrullinated cites Evidence Tumor
types

Biomarker PAD4 Histone H3 CitH3 was higher in patients with advanced cancer ~ Adenocarcinoma [144]
and predicted poor clinical outcomes and high
short-term mortality.

Biomarker PAD4 Histone H3 CitH3 could predict the occurrence of venous Unspecified [145, 155]
thromboembolism in cancer treatment.

Therapeutic targets ~ Unknown  Histone H2AX Histone citrullination mediates the formation of Lung cancer [137]
NETs, which contribute to tumor metastasis in
the context of systemic infection.

Therapeutic targets ~ PAD2 Histone H3R26 Citrullination of H3R26 leads to pro-malignancy Multiple myeloma [101]
signaling in multiple myeloma.

Therapeutic targets ~ PAD2 Histone H3R26 PAD2-H3Cit26 was a key mediator for androgen Prostate cancer [106]
receptor in prostate cancer progression.

Therapeutic targets ~ PAD4 Histone H3 PAD4 and HDAC2 inhibitors is a potential strategy Osteosarcoma [92]
for treating cancer.

Therapeutic targets ~ PAD4 Histone H3 Histone citrullination can regulate the expression Osteosarcoma [108]
of tumor suppressor gene OKL38.

Therapeutic targets ~ PAD4 Histone H3 Herbs can effectively inhibit hematogenous Gastric carcinoma [146]
metastasis of tumors by targeting NETs
(citrullination-mediated).

Therapeutic targets ~ PAD4 Histone H3 Prevention of NETs in cancer can inhibit Insulinoma and breast cancer [156]

tumor-induced thrombosis and organ failure
as well as inhibit metastasis.

investigated. PAD inhibitors such as Cl-amidine and F-
amidine can trigger the differentiation and apoptosis of
various cancer cells (including HL60, HT29, TK6, and
U20S cells). Additionally, PAD is overexpressed in can-
cer, indicating the significance of PAD inhibitors in
treating tumors. PAD4 is the only member of the PAD
family that contains a nuclear localization signal, and it
can citrullinate various substrates, including histones.
PAD4 inhibitors have been used with cancer patients to
prevent tumor spread and cancer-related thrombosis
[64]. Thus, PAD inhibitors can inhibit the proliferation
of cancer cells and reduce tumor growth [92].

NET formation is a marker for several diseases, such
as lupus, ulcerative colitis and RA [157]. PAD inhibitors
may be used as a treatment for disorders associated with
abnormal NET formation. The discovery of NETSs in the
tumor environment also provides new clues for the de-
velopment of diagnostic tools. Recently, Wang and his
colleagues designed an effective PAD4 inhibitor with a
strong inhibitory effect on tumor growth. In addition to
their direct effects on cancer cells, these PAD4 inhibitors
prevented PAD4-mediated NETosis, which inhibited
tumor growth and cancer-related thrombosis.

Although several reversible PAD inhibitors (pacli-
taxel, minocycline and streptomycin) have been iden-
tified, these compounds are relatively weak PAD
inhibitors [158]. The low efficacy of these reversible
inhibitors may be related to the small active site cav-
ity, which may contain only side chains of arginine

residues during the catalytic process. Given the lack
of efficacy of these reversible inhibitors, Cl-amidine
analogs have attracted attention for their improved
efficacy, selectivity and bioavailability [159]. As
second-generation PAD inhibitors, O-F-amidine and
O-Cl-amidine have improved efficacy and selectivity.
For example, O-F-amidine had a 65-fold stronger ef-
fect than F-amidine. Additionally, compared with F-
amidine, O-F-amidine shows greater preferential
PAD1 suppression. Cl-amidine is a pan-PAD inhibitor
that inhibits several members of the PAD family.
However, its high IC50 limits its preclinical explor-
ation in cancer research and treatment [160]. Re-
cently, Wang et al. identified YW3-56, which
activates a group of p53 target genes and inhibits the
mTORCL1 signaling pathway. YW3-56 was demon-
strated to obstruct autophagy and inhibit cancer cell
growth. The properties of Cl-amidine are still being
studied, and several new PAD small-molecule inhibi-
tors have been developed by pharmacologists [161].

Taken together, these data demonstrate the feasibility
of using PAD inhibitors to treat tumors. PAD inhibitors
significantly reduce the proliferation of cancer cells with-
out affecting the viability of normal cells [122], repre-
senting a potential pathway for targeted therapy.
However, new inhibitors are needed to overcome some
of the disadvantages of current PAD inhibitors, such as
poor selectivity, low bioavailability and relatively mixed
reactivity.
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Conclusion

Epigenetic modification supplements classical genetics,
and modifications involving PAD-mediated histone
citrullination play integral roles in physiology and tu-
mors. In this review, we discussed the classification and
characterization of the PAD family and the physiological
regulation of chromatin structures and gene transcrip-
tional activity by PAD-mediated histone citrullination.
Additionally, histone citrullination in tumors was dis-
cussed based on WHO classification. Regarding tumors,
NETs mediated by histone citrullination contributed to
antibacterial innate immunity and tumor development.
Finally, the application of histone citrullination and PAD
inhibitors was discussed. Therefore, PAD-mediated his-
tone citrullination is likely a promising tumor marker
and therapeutic target in the future.

Abbreviations

ACPA: Anti-citrullinated protein antibody; ACM: Anti-citrulline modified;

AD: Alzheimer's disease; ATRA: All-trans retinoic acid; AR: Androgen receptor;
BMMSCs: Bone marrow mesenchymal stem cells; ES: Embryonic stem;

EMT: Epithelial-to-mesenchymal transition; GSK3B: Glycogen synthase kinase
3 beta; HDACT: Histone deacetylase 1; HCC: Hepatocellular carcinoma;
HDAC-2: Histone deacetylase 2; HMGB1: High mobility group box 1;

IGFBP1: Insulin-like growth factor binding protein 1; IGF-1: Insulin-like growth
factor-1; LLC: Lewis lung cancer; MS: Multiple sclerosis; MBP:: Myelin basic
protein; MCV: Mutated and citrullinated vimentin; MM: Multiple myeloma;
MGUS: Monoclonal gammopathy of undetermined significance;

NET: Neutrophil extracellular trap; NAWM: Nucleosome in normal white
matter; NPM1: Nucleophosmin; NE: Neutrophil elastase; OCs: Osteoclasts;
OLE: Ovine luminal epithelial; PAD: Peptidyl arginine deiminase;

PTM: Posttranslational modification; PRMT3: Protein arginine
methyltransferase 3; RA: Rheumatoid arthritis; RPS2: Ribosomal protein S2;
ROS: Reactive oxygen species; RAGE: Receptor for advanced glycation end
products; SLE: Systemic lupus erythematosus; sCJD: Sporadic Creutzfeldt-
Jakob disease; TLR-9: Toll-like receptor 9; TMA: Thrombotic microangiopathy;
VTE: Venous thromboembolism

Acknowledgements
Not applicable.

Authors’ contributions

DZ drafted the manuscript. YZ discussed and revised the manuscript. SW
designed the study and revised the manuscript. All the authors read and
approved the final manuscript.

Funding

This work was supported by the Research Project of the Jiangsu Commission
of Health (Grant No. K2019019), Jiangsu Province’s Key Medical Talents
Program (Grant No. ZDRCB2016018), and Project Funded by the Priority
Academic Program Development of Jiangsu Higher Education Institutions.
The funding body had no role in the design of the study and collection,
analysis, and interpretation of data or preparation of the manuscript.

Availability of data and materials
The material supporting the conclusion of this review has been included
within the article.

Declarations

Ethics approval and consent to participate
Not applicable for this review.

Consent for publication
Not applicable.

Page 14 of 17

Competing interests
The authors declare that they have no competing interests.

Author details

'Department of Laboratory Medicine, The Affiliated People’s Hospital, Jiangsu
University, Zhenjiang 212013, China. “Department of Immunology, Jiangsu
Key Laboratory of Laboratory Medicine, School of Medicine, Jiangsu
University, Zhenjiang, China.

Received: 4 February 2021 Accepted: 13 May 2021
Published online: 11 June 2021

References

1. Kornberg RD. Chromatin structure: a repeating unit of histones and DNA.
Science. 1974;184(4139):868-71. https//doi.org/10.1126/science.184.4139.868.

2. Kornberg RD, Klug A. The nucleosome. Sci Am. 1981;244(2):52-64.

3. Kornberg RD, Lorch Y. Twenty-five years of the nucleosome, fundamental
particle of the eukaryote chromosome. Cell. 1999;98(3):285-94.

4. Cutter AR, Hayes JJ. A brief review of nucleosome structure. FEBS Lett. 2015;
589(20 Pt A):2914-22.

5. Christophorou MA, Castelo-Branco G, Halley-Stott RP, Oliveira CS, Loos R,
Radzisheuskaya A, et al. Citrullination regulates pluripotency and histone H1
binding to chromatin. Nature. 2014;507(7490):104-8.

6. Pérez-Montero S, et al. The embryonic linker histone H1 variant of
Drosophila, dBigH1, regulates zygotic genome activation. Dev Cell. 2013;
26(6):578-90.

7. van Attikum H, Fritsch O, Gasser SM. Distinct roles for SWR1 and INO80
chromatin remodeling complexes at chromosomal double-strand breaks.
EMBO J. 2007;26(18):4113-25.

8. Soboleva TA, et al. A new link between transcriptional initiation and pre-
mMRNA splicing: The RNA binding histone variant H2A.B. PLoS Genet. 2017;
13(2):21006633.

9. Yoda K, et al. Human centromere protein a (CENP-A) can replace histone H3
in nucleosome reconstitution in vitro. Proc Natl Acad Sci U S A. 2000,97(13):
7266-71.

10. Chen P, Zhao J, Wang Y, Wang M, Long H, Liang D, et al. H3.3 actively
marks enhancers and primes gene transcription via opening higher-ordered
chromatin. Genes Dev. 2013;27(19):2109-24.

11. Kinner A, et al. Gamma-H2AX in recognition and signaling of DNA double-
strand breaks in the context of chromatin. Nucleic Acids Res. 2008:36(17):
5678-94.

12. van Venrooij WJ, Pruijn GJ. Citrullination: a small change for a protein with
great consequences for rheumatoid arthritis. Arthritis Res. 2000;2(4):249-51.

13. Tarcsa E, et al. Protein unfolding by peptidylarginine deiminase. Substrate
specificity and structural relationships of the natural substrates trichohyalin
and filaggrin. J Biol Chem. 1996,271(48):30709-16.

14.  Audia JE, Campbell RM. Histone modifications and Cancer. Cold Spring Harb
Perspect Biol. 2016;8(4):a019521.

15.  Bicker KL, Thompson PR. The protein arginine deiminases: structure,
function, inhibition, and disease. Biopolymers. 2013;,99(2):155-63.

16. Huang H, Lin S, Garcia BA, Zhao Y. Quantitative proteomic analysis of
histone modifications. Chem Rev. 2015;115(6):2376-418.

17. Rogers GE, Simmonds DH. Content of citrulline and other amino-acids in a
protein of hair follicles. Nature. 1958;182(4629):186-7.

18.  Fujisaki M, Sugawara K. Properties of peptidylarginine deiminase from the
epidermis of newborn rats. J Biochem. 1981;89(1):257-63.

19. Inagaki M, Takahara H, Nishi Y, Sugawara K, Sato C. Ca2+—dependent
deimination-induced disassembly of intermediate filaments involves specific
modification of the amino-terminal head domain. J Biol Chem. 1989,264(30):
18119-27.

20. Senshu T, et al. Detection of deiminated proteins in rat skin: probing with a
monospecific antibody after modification of citrulline residues. J Invest
Dermatol. 1995;105(2):163-9.

21, Saiki M, et al. Recognition of the N-terminal histone H2A and H3 peptides
by peptidylarginine deiminase IV. Protein Pept Lett. 2009;16(9):1012-6.

22. Wang Y, Wysocka J, Sayegh J, Lee YH, Perlin JR, Leonelli L, et al. Human
PAD4 regulates histone arginine methylation levels via demethylimination.
Science. 2004;306(5694):279-83.

23. van Boekel MA, Vossenaar ER, van den Hoogen FHJ, van Venrooij WJ.
Autoantibody systems in rheumatoid arthritis: specificity, sensitivity and
diagnostic value. Arthritis Res. 2002;4(2):87-93.


https://doi.org/10.1126/science.184.4139.868

Zhu et al. Molecular Cancer

24.

25.

26.

27.

28.

29.

30.

32.

33.

34.

35.

36.

37.

38.

39.

40.

42.

43.

44,

45.

46.

(2021) 20:90

Kroot EJ, et al. The prognostic value of anti-cyclic citrullinated peptide
antibody in patients with recent-onset rheumatoid arthritis. Arthritis Rheum.
2000;43(8):1831-5.

Sohn DH, Rhodes C, Onuma K, Zhao X, Sharpe O, Gazitt T, et al. Local joint
inflammation and histone citrullination in a murine model of the transition
from preclinical autoimmunity to inflammatory arthritis. Arthritis Rheum.
2015,67(11):2877-87.

Khandpur R, et al. NETs are a source of citrullinated autoantigens and
stimulate inflammatory responses in rheumatoid arthritis. Sci Transl Med.
2013;5(178):178ra40.

Liu CL, et al. Specific post-translational histone modifications of neutrophil
extracellular traps as immunogens and potential targets of lupus
autoantibodies. Arthritis Res Ther. 2012;14(1):R25.

Chapman EA, et al. Caught in a trap? Proteomic Analysis of Neutrophil
Extracellular Traps in Rheumatoid Arthritis and Systemic Lupus
Erythematosus. Front Immunol. 2019;10:423.

Bennike TB, Carlsen TG, Ellingsen T, Bonderup OK, Glerup H, Bagsted M,

et al. Neutrophil extracellular traps in ulcerative colitis: a proteome analysis
of intestinal biopsies. Inflamm Bowel Dis. 2015;21(9):2052-67.

Mastronardi FG, et al. Increased citrullination of histone H3 in multiple
sclerosis brain and animal models of demyelination: a role for tumor
necrosis factor-induced peptidylarginine deiminase 4 translocation.

J Neurosci. 2006;26(44):11387-96.

Koch MW, Metz LM, Kovalchuk O. Epigenetic changes in patients with
multiple sclerosis. Nat Rev Neurol. 2013;9(1):35-43.

Ishida-Yamamoto A, Takahashi H, lizuka H, Senshu T, Akiyama K, Nomura K.
Decreased deiminated keratin K1 in psoriatic hyperproliferative epidermis.

J Invest Dermatol. 2000;114(4):701-5.

Chumanevich AA, et al. Suppression of colitis in mice by cl-amidine: a novel
peptidylarginine deiminase inhibitor. Am J Physiol Gastrointest Liver Physiol.
2011;300(6):G929-38.

Ishigami A, Ohsawa T, Hiratsuka M, Taguchi H, Kobayashi S, Saito Y, et al.
Abnormal accumulation of citrullinated proteins catalyzed by
peptidylarginine deiminase in hippocampal extracts from patients with
Alzheimer's disease. J Neurosci Res. 2005;80(1):120-8.

Vossenaar ER, et al. Expression and activity of citrullinating peptidylarginine
deiminase enzymes in monocytes and macrophages. Ann Rheum Dis. 2004;
63(4):373-81.

Rogers GE, Harding HW, Llewellyn-Smith 1J. The origin of citrulline-
containing proteins in the hair follicle and the chemical nature of
trichohyalin, an intracellular precursor. Biochim Biophys Acta. 1977;495(1):
159-75.

Ishigami A, et al. Human peptidylarginine deiminase type II: molecular
cloning, gene organization, and expression in human skin. Arch Biochem
Biophys. 2002;407(1):25-31.

Chavanas S, Méchin MC, Takahara H, Kawada A, Nachat R, Serre G, et al.
Comparative analysis of the mouse and human peptidylarginine deiminase
gene clusters reveals highly conserved non-coding segments and a new
human gene, PADI6. Gene. 2004;330:19-27.

Rus'd AA, et al. Molecular cloning of cDNAs of mouse peptidylarginine
deiminase type |, type lll and type IV, and the expression pattern of type | in
mouse. Eur J Biochem. 1999;259(3):660-9.

Guerrin M, et al. cDNA cloning, gene organization and expression analysis of
human peptidylarginine deiminase type I. Biochem J. 2003;370(Pt 1):167-74.
Terakawa H, Takahara H, Sugawara K. Three types of mouse peptidylarginine
deiminase: characterization and tissue distribution. J Biochem. 1991;110(4):
661-6.

Asaga H, Yamada M, Senshu T. Selective deimination of vimentin in calcium
ionophore-induced apoptosis of mouse peritoneal macrophages. Biochem
Biophys Res Commun. 1998;243(3):641-6.

Deplus R, et al. Citrullination of DNMT3A by PADI4 regulates its stability and
controls DNA methylation. Nucleic Acids Res. 2014;42(13):8285-96.

Lamensa JW, Moscarello MA. Deimination of human myelin basic protein
by a peptidylarginine deiminase from bovine brain. J Neurochem. 1993;
61(3):987-96.

Hsu PC, et al. Vimentin is involved in peptidylarginine deiminase 2-induced
apoptosis of activated Jurkat cells. Mol Cell. 2014;37(5):426-34.

Zhang X, Bolt M, Guertin MJ, Chen W, Zhang S, Cherrington BD, et al.
Peptidylarginine deiminase 2-catalyzed histone H3 arginine 26 citrullination
facilitates estrogen receptor a target gene activation. Proc Natl Acad Sci U S
A. 2012;,109(33):13331-6.

47.

48.

49.

50.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

66.

67.

68.

69.

70.

Page 15 of 17

U, KP, et al. Modulation of calcium-induced cell death in human neural
stem cells by the novel peptidylarginine deiminase-AIF pathway. Biochim
Biophys Acta. 2014;1843(6):1162-71.

Asaga H, et al. Immunocytochemical localization of peptidylarginine
deiminase in human eosinophils and neutrophils. J Leukoc Biol. 2001;70(1):
46-51.

Nakashima K, Hagiwara T, Yamada M. Nuclear localization of
peptidylarginine deiminase V and histone deimination in granulocytes.

J Biol Chem. 2002;277(51):49562-8.

Arita K, Hashimoto H, Shimizu T, Nakashima K, Yamada M, Sato M. Structural
basis for Ca (2+)-induced activation of human PAD4. Nat Struct Mol Biol.
2004;11(8):777-83.

Kan R, et al. Potential role for PADI-mediated histone citrullination in
preimplantation development. BMC Dev Biol. 2012;12:19.

Guo Q, Fast W. Citrullination of inhibitor of growth 4 (ING4) by
peptidylarginine deminase 4 (PAD4) disrupts the interaction between ING4
and p53. J Biol Chem. 2011,286(19):17069-78.

Lee YH, et al. Regulation of coactivator complex assembly and function by
protein arginine methylation and demethylimination. Proc Natl Acad Sci U
S A. 2005;102(10):3611-6.

Hagiwara T, Nakashima K, Hirano H, Senshu T, Yamada M. Deimination of
arginine residues in nucleophosmin/B23 and histones in HL-60
granulocytes. Biochem Biophys Res Commun. 2002;290(3):979-83.

Li P, et al. Regulation of p53 target gene expression by peptidylarginine
deiminase 4. Mol Cell Biol. 2008;28(15):4745-58.

Tanikawa C, Espinosa M, Suzuki A, Masuda K, Yamamoto K, Tsuchiya E, et al.
Regulation of histone modification and chromatin structure by the p53-
PADI4 pathway. Nat Commun. 2012;3(1):676.

Guo Q, Bedford MT, Fast W. Discovery of peptidylarginine deiminase-4
substrates by protein array: antagonistic citrullination and methylation
of human ribosomal protein S2. Mol BioSyst. 2011;7(7):2286-95.

Wright PW, et al. ePAD, an oocyte and early embryo-abundant
peptidylarginine deiminase-like protein that localizes to egg cytoplasmic
sheets. Dev Biol. 2003;256(1):73-88.

Raijmakers R, Zendman AJW, Egberts WV, Vossenaar ER, Raats J, Soede-
Huijbregts C, et al. Methylation of arginine residues interferes with
citrullination by peptidylarginine deiminases in vitro. J Mol Biol. 2007;367(4):
1118-29.

Chavanas S, et al. Peptidylarginine deiminases and deimination in biology
and pathology: relevance to skin homeostasis. J Dermatol Sci. 2006;44(2):63-
72.

Watanabe K, et al. Combined biochemical and immunochemical
comparison of peptidylarginine deiminases present in various tissues.
Biochim Biophys Acta. 1988,966(3):375-83.

Darrah E, et al. Peptidylarginine deiminase 2, 3 and 4 have distinct
specificities against cellular substrates: novel insights into
autoantigen selection in rheumatoid arthritis. Ann Rheum Dis. 2012;
71(1):.92-8.

Watanabe K, Senshu T. Isolation and characterization of cDNA clones
encoding rat skeletal muscle peptidylarginine deiminase. J Biol Chem. 1989;
264(26):15255-60.

Chang X, Han J, Pang L, Zhao Y, Yang Y, Shen Z. Increased PADI4
expression in blood and tissues of patients with malignant tumors. BMC
Cancer. 2009;9(1):40.

Wang S, Wang Y. Peptidylarginine deiminases in citrullination, gene
regulation, health and pathogenesis. Biochim Biophys Acta. 2013;1829(10):
1126-35.

Kan R, Yurttas P, Kim B, Jin M, Wo L, Lee B, et al. Regulation of mouse
oocyte microtubule and organelle dynamics by PADI6 and the cytoplasmic
lattices. Dev Biol. 2011;350(2):311-22.

Vossenaar ER, Zendman AJW, van Venrooij WJ, Pruijn GJM. PAD, a growing
family of citrullinating enzymes: genes, features and involvement in disease.
Bioessays. 2003;25(11):1106-18.

Arita K, et al. Crystallization and preliminary X-ray crystallographic analysis of
human peptidylarginine deiminase V. Acta Crystallogr D Biol Crystallogr.
2003;59(Pt 12):2332-3.

Méchin MC, et al. Update on peptidylarginine deiminases and deimination in skin
physiology and severe human diseases. Int J Cosmet Sci. 2007,29(3):147-68.

Unno M, et al. Crystallization and preliminary X-ray crystallographic analysis
of human peptidylarginine deiminase type Ill. Acta Crystallogr Sect F Struct
Biol Cryst Commun. 2012;68(Pt 6):668-70.



Zhu et al. Molecular Cancer

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.
92.

93.

94.

95.

96.

(2021) 20:90

Knuckley B, Causey CP, Jones JE, Bhatia M, Dreyton CJ, Osborne TC, et al.
Substrate specificity and kinetic studies of PADs 1, 3, and 4 identify potent
and selective inhibitors of protein arginine deiminase 3. Biochemistry. 2010;
49(23):4852-63.

Bicker KL, et al. Seeing citrulline: development of a phenylglyoxal-based
probe to visualize protein citrullination. J Am Chem Soc. 2012;134(41):
17015-8.

Nachat R, et al. Peptidylarginine deiminase isoforms 1-3 are expressed in
the epidermis and involved in the deimination of K1 and filaggrin. J Invest
Dermatol. 2005;124(2):384-93.

Yang L, Tan D, Piao H. Myelin basic protein Citrullination in multiple
sclerosis: a potential therapeutic target for the pathology. Neurochem Res.
2016;41(8):1845-56.

Jang B, Jin JK, Jeon YC, Cho HJ, Ishigami A, Choi KC, et al. Involvement of
peptidylarginine deiminase-mediated post-translational citrullination in
pathogenesis of sporadic Creutzfeldt-Jakob disease. Acta Neuropathol. 2010;
119(2):199-210.

Krishnamurthy A, et al. Citrullination controls dendritic cell
Transdifferentiation into osteoclasts. J Immunol. 2019;,202(11):3143-50.
Nachat R, Méchin MC, Charveron M, Serre G, Constans J, Simon M.
Peptidylarginine deiminase isoforms are differentially expressed in the
anagen hair follicles and other human skin appendages. J Invest Dermatol.
2005;125(1):34-41.

Sipild K, et al. Citrullination of collagen Il affects integrin-mediated cell
adhesion in a receptor-specific manner. FASEB J. 2014;28(8):3758-68.

Zhai Q, et al. Role of citrullination modification catalyzed by
peptidylarginine deiminase 4 in gene transcriptional regulation. Acta
Biochim Biophys Sin Shanghai. 2017;49(7):567-72.

Zhang X, et al. Peptidylarginine deiminase 1-catalyzed histone citrullination
is essential for early embryo development. Sci Rep. 2016;6:38727.

Meegan JE, et al. Citrullinated histone 3 causes endothelial barrier
dysfunction. Biochem Biophys Res Commun. 2018;503(3):1498-502.

Young CH, et al. Citrullination regulates the expression of insulin-like growth
factor-binding protein 1 (IGFBP1) in ovine uterine luminal epithelial cells.
Reproduction. 2017;153(1):1-10.

Golenberg N, et al. Citrullination regulates wound responses and tissue
regeneration in zebrafish. J Cell Biol. 2020;219(4):e201908164.
Sekeri-Pataryas, KE. And T.G. Sourlingas, The differentiation-associated linker
histone, H1.0, during the in vitro aging and senescence of human diploid
fibroblasts. Ann N'Y Acad Sci, 2007;1100:361-7.

Cherrington BD, et al. Potential role for peptidylarginine deiminase 2 (PAD2)
in citrullination of canine mammary epithelial cell histones. PLoS One. 2010;
5(7):e11768.

Khan SA, et al. GnRH stimulates Peptidylarginine Deiminase catalyzed
histone Citrullination in Gonadotrope cells. Mol Endocrinol. 2016;30(10):
1081-91.

Lu X, et al. The effect of H3K79 dimethylation and H4K20 trimethylation
on nucleosome and chromatin structure. Nat Struct Mol Biol. 2008;
15(10):1122-4.

Xiao S, et al. SMARCAD1 contributes to the regulation of naive Pluripotency
by interacting with histone Citrullination. Cell Rep. 2017;18(13):3117-28.

Li P, Li M, Lindberg MR, Kennett MJ, Xiong N, Wang Y. PAD4 is essential for
antibacterial innate immunity mediated by neutrophil extracellular traps. J
Exp Med. 2010,207(9):1853-62.

Wu Z, Deng Q, Pan B, Alam HB, Tian Y, Bhatti UF, et al. Inhibition of PAD2
improves survival in a mouse model of lethal LPS-induced Endotoxic shock.
Inflammation. 2020;43(4):1436-45.

Zuo Y, et al. Neutrophil extracellular traps in COVID-19. JCl Insight. 2020;5(11).
Li P, Wang D, Yao H, Doret P, Hao G, Shen Q, et al. Coordination of PAD4
and HDAC2 in the regulation of p53-target gene expression. Oncogene.
2010;29(21):3153-62.

Brown DT, Izard T, Misteli T. Mapping the interaction surface of linker
histone H1(0) with the nucleosome of native chromatin in vivo. Nat Struct
Mol Biol. 2006;13(3):250-5.

Li P, Hu J, Wang Y. Methods for analyzing histone citrullination in chromatin
structure and gene regulation. Methods Mol Biol. 2012,809:473-88.

Leshner M, et al. PAD4 mediated histone hypercitrullination induces
heterochromatin decondensation and chromatin unfolding to form
neutrophil extracellular trap-like structures. Front Immunol. 2012,3:307.
Buttinelli M, et al. The role of histone H1 in chromatin condensation and
transcriptional repression. Genetica. 1999;106(1-2):117-24.

97.

98.

99.

100.

104.

106.

109.

112.

113.

115.

117.

118.

119.

121.

Page 16 of 17

Brinkmann V, Reichard U, Goosmann C, Fauler B, Uhlemann Y, Weiss DS,
et al. Neutrophil extracellular traps kill bacteria. Science. 2004;303(5663):
1532-5.

Cuthbert GL, et al. Histone deimination antagonizes arginine methylation.
Cell. 2004;118(5):545-53.

Clancy KW, Russell AM, Subramanian V, Nguyen H, Qian Y, Campbell RM,
et al. Citrullination/methylation crosstalk on histone H3 regulates ER-target
gene transcription. ACS Chem Biol. 2017;12(6):1691-702.

Denis H, et al. Functional connection between deimination and
deacetylation of histones. Mol Cell Biol. 2009;29(18):4982-93.

. McNee G, et al. Citrullination of histone H3 drives IL-6 production by bone

marrow mesenchymal stem cells in MGUS and multiple myeloma.
Leukemia. 2017;31(2):373-81.

. Song G, et al. A novel PAD4/SOX4/PU.1 signaling pathway is involved in the

committed differentiation of acute promyelocytic leukemia cells into
granulocytic cells. Oncotarget. 2016;7(3):3144-57.

. DeVore SB, et al. Histone citrullination represses MicroRNA expression,

resulting in increased oncogene mRNAs in somatolactotrope cells. Mol Cell
Biol. 2018;38(19):00084-18.

Lu M, et al. Elevated histone H3 citrullination is associated with increased
Beclin1 expression in HBV-related hepatocellular carcinoma. J Med Virol.
2020;92(8):1221-30.

. LiQQ, et al. Proteomic analysis of proteome and histone post-translational

modifications in heat shock protein 90 inhibition-mediated bladder cancer
therapeutics. Sci Rep. 2017;7(1):201.

Wang L, Song G, Zhang X, Feng T, Pan J, Chen W, et al. PADI2-mediated
Citrullination promotes prostate Cancer progression. Cancer Res. 2017;
77(21):5755-68.

. Cherrington BD, et al. Potential role for PAD2 in gene regulation in breast

cancer cells. PLoS One. 2012;7(7):e41242.

. Yao H, Li P, Venters BJ, Zheng S, Thompson PR, Pugh BF, et al. Histone Arg

modifications and p53 regulate the expression of OKL38, a mediator of
apoptosis. J Biol Chem. 2008;283(29):20060-8.

Qin H, et al. PAD1 promotes epithelial-mesenchymal transition and
metastasis in triple-negative breast cancer cells by regulating MEK1-ERK1/2-
MMP2 signaling. Cancer Lett. 2017,409:30-41.

. Stadler SC, et al. Dysregulation of PAD4-mediated citrullination of nuclear

GSK3 activates TGF-f signaling and induces epithelial-to-mesenchymal
transition in breast cancer cells. Proc Natl Acad Sci U S A. 2013;110(29):
11851-6.

. Duan Q, et al. Overexpression of PAD4 suppresses drug resistance of NSCLC

cell lines to gefitinib through inhibiting Elk1-mediated epithelial-
mesenchymal transition. Oncol Rep. 2016;36(1):551-8.

Sharma P, et al. Arginine Citrullination at the C-Terminal Domain Controls
RNA Polymerase Il Transcription. Mol Cell. 2019;73(1):84-96.7.

Tohme S, Yazdani HO, al-Khafaji AB, Chidi AP, Loughran P, Mowen K et al.
Neutrophil extracellular traps promote the development and progression of
liver metastases after surgical stress. Cancer Res. 2016;76(6):1367-80.

. Qu Y, Olsen JR, Yuan X, Cheng PF, Levesque MP, Brokstad KA, et al. Small

molecule promotes B-catenin citrullination and inhibits Wnt signaling in
cancer. Nat Chem Biol. 2018;14(1):94-101. https://doi.org/10.1038/
nchembio.2510.

Albrengues J, et al. Neutrophil extracellular traps produced during
inflammation awaken dormant cancer cells in mice. Science. 2018;361(6409):
eaao4227.

. Yang LY, Luo Q, Lu L, Zhu WW, Sun HT, Wei R, et al. Increased neutrophil

extracellular traps promote metastasis potential of hepatocellular carcinoma
via provoking tumorous inflammatory response. J Hematol Oncol. 2020;13(1):3.
Tanikawa C, et al. Regulation of protein Citrullination through p53/PADI4
network in DNA damage response. Cancer Res. 2009,69(22):8761-9.
Brentville VA, et al. Post-translational modifications such as citrullination are
excellent targets for cancer therapy. Semin Immunol. 2020,47:101393.
Boone BA, et al. The receptor for advanced glycation end products (RAGE)
enhances autophagy and neutrophil extracellular traps in pancreatic cancer.
Cancer Gene Ther. 2015;22(6):326-34.

. Song S, et al. A novel Citrullinated modification of histone 3 and its

regulatory mechanisms related to IPO-38 antibody-labeled protein. Front
Oncol. 2019;9:304.

Zheng Y, Zhao G, Xu B, Liu C, Li C, Zhang X, et al. PADI4 has genetic
susceptibility to gastric carcinoma and upregulates CXCR2, KRT14 and TNF-
a expression levels. Oncotarget. 2016;7(38):62159-76.


https://doi.org/10.1038/nchembio.2510
https://doi.org/10.1038/nchembio.2510

Zhu et al. Molecular Cancer

122.

124.

125.

126.

129.

131.

132.

133.

134.

135.

136.

137.

138.

139.

145.

147.

(2021) 20:90

Slack JL, Causey CP, Thompson PR. Protein arginine deiminase 4: a target
for an epigenetic cancer therapy. Cell Mol Life Sci. 2011,68(4):709-20.
https://doi.org/10.1007/500018-010-0480-x.

. Hamam HJ, Palaniyar N. Post-translational modifications in NETosis and

NETs-mediated diseases. Biomolecules. 2019;9(8):369.

Wood DD, et al. Acute multiple sclerosis (Marburg type) is associated with
developmentally immature myelin basic protein. Ann Neurol. 1996;40(1):18-24.
Tranquill LR, Cao L, Ling NG, Kalbacher H, Martin RM, Whitaker JN. Enhanced
T cell responsiveness to citrulline-containing myelin basic protein in
multiple sclerosis patients. Mult Scler. 2000;6(4):220-5.

Balint BL, et al. Arginine methylation provides epigenetic transcription
memory for retinoid-induced differentiation in myeloid cells. Mol Cell Biol.
2005;25(13):5648-63.

. Fuchs TA, et al. Novel cell death program leads to neutrophil extracellular

traps. J Cell Biol. 2007;176(2):231-41.

. Papayannopoulos V, Metzler KD, Hakkim A, Zychlinsky A. Neutrophil elastase

and myeloperoxidase regulate the formation of neutrophil extracellular
traps. J Cell Biol. 2010;191(3):677-91.

Barbu EA, Dominical VM, Mendelsohn L, Thein SL. Detection and
quantification of histone H4 Citrullination in early NETosis with image flow
Cytometry version 4. Front Immunol. 2020;11:1335.

. Wang Y, et al. Histone hypercitrullination mediates chromatin

decondensation and neutrophil extracellular trap formation. J Cell Biol.
2009;184(2):205-13.

Berger-Achituv S, et al. A proposed role for neutrophil extracellular traps in
cancer immunoediting. Front Immunol. 2013;4:48.

Manijili MH. Tumor dormancy and relapse: from a natural byproduct of
evolution to a disease state. Cancer Res. 2017;77(10):2564-9.
Al-Khawashki M, et al. Effects of althesin and its steroidal components on a
variety of excised smooth muscle preparations. J Egypt Med Assoc. 1979;
62(1-2):209-23.

Demers M, Wong SL, Martinod K, Gallant M, Cabral JE, Wang Y, et al.
Priming of neutrophils toward NETosis promotes tumor growth.
Oncoimmunology. 2016;5(5):1134073.

Sase T, et al. Hypoxia-induced production of peptidylarginine deiminases
and citrullinated proteins in malignant glioma cells. Biochem Biophys Res
Commun. 2017;482(1):50-6.

Redel J, et al. Chemical reactivity and biological properties of a series of
aminochlorambucil derivatives. C R Acad Hebd Seances Acad Sci D. 1978;
286(11):905-7.

Cools-Lartigue J, et al. Neutrophil extracellular traps sequester circulating
tumor cells and promote metastasis. J Clin Invest. 2013;123(8):3446-58.
Ho-Tin-Noé B, et al. Innate immune cells induce hemorrhage in tumors
during thrombocytopenia. Am J Pathol. 2009;175(4):1699-708.

DuPre SA, Hunter KW Jr. Murine mammary carcinoma 4T1 induces a
leukemoid reaction with splenomegaly: association with tumor-derived
growth factors. Exp Mol Pathol. 2007,82(1):12-24.

. Demers M, Krause DS, Schatzberg D, Martinod K, Voorhees JR, Fuchs TA,

et al. Cancers predispose neutrophils to release extracellular DNA traps that
contribute to cancer-associated thrombosis. Proc Natl Acad Sci U S A. 2012;
109(32):13076-81.

. van der Windt DJ, Sud V, Zhang H, Varley PR, Goswami J, Yazdani HO, et al.

Neutrophil extracellular traps promote inflammation and development of
hepatocellular carcinoma in nonalcoholic steatohepatitis. Hepatology. 2018;
68(4):1347-60.

. Jin W, et al. Tumor-infiltrating NETs predict postsurgical survival in patients

with pancreatic ductal adenocarcinoma. Ann Surg Oncol. 2019,26(2):635-43.

. Saxena K, Jolly MK, Balamurugan K. Hypoxia, partial EMT and collective

migration: emerging culprits in metastasis. TransI Oncol. 2020;13(11):100845.

. Thalin C, Lundstrom S, Seignez C, Daleskog M, Lundstrom A, Henriksson P,

et al. Citrullinated histone H3 as a novel prognostic blood marker in
patients with advanced cancer. PLoS One. 2018;13(1):e0191231.
Mauracher LM, et al. Citrullinated histone H3, a biomarker of neutrophil
extracellular trap formation, predicts the risk of venous thromboembolism
in cancer patients. J Thromb Haemost. 2018;16(3):508-18.

. Tao L, et al. Polypharmacological profiles underlying the antitumor property of

Salvia miltiorrhiza root (Danshen) interfering with NOX-dependent neutrophil
extracellular traps. Oxidative Med Cell Longev. 2018;2018:4908328.

Hensen SM, Pruijn GJ. Methods for the detection of peptidylarginine
deiminase (PAD) activity and protein citrullination. Mol Cell Proteomics.
2014;13(2):388-96.

148.

150.

151
152

153.

155.

156.

157.

159.

160.

161.

Page 17 of 17

Mohanan S, et al. Potential role of peptidylarginine deiminase enzymes and
protein citrullination in cancer pathogenesis. Biochem Res Int. 2012;2012:
895343.

. Ulivi P, Mercatali L, Casoni GL, Scarpi E, Bucchi L, Silvestrini R, et al. Multiple

marker detection in peripheral blood for NSCLC diagnosis. PLoS One. 2013;
8(2):57401.

Yuzhalin AE, Gordon-Weeks AN, Tognoli ML, Jones K, Markelc B, Konietzny R,
et al. Colorectal cancer liver metastatic growth depends on PAD4-driven
citrullination of the extracellular matrix. Nat Commun. 2018;9(1):4783.

. Chang X, Fang K. PADI4 and tumourigenesis. Cancer Cell Int. 2010;10:7.
. Cantarifio N, Musulén E, Valero V, Peinado MA, Perucho M, Moreno V, et al.

Downregulation of the Deiminase PADI2 is an early event in colorectal
carcinogenesis and indicates poor prognosis. Mol Cancer Res. 2016;14(9):
841-8.

Ju Z, Wang SY. Prediction of citrullination sites by incorporating k-spaced
amino acid pairs into Chou's general pseudo amino acid composition.
Gene. 2018;664:78-83.

. Zhang Q, et al. Predicting Citrullination sites in protein sequences using

mRMR method and random Forest algorithm. Comb Chem High
Throughput Screen. 2017;20(2):164-73.

Demers M, Wagner DD. NETosis: a new factor in tumor progression and
cancer-associated thrombosis. Semin Thromb Hemost. 2014:40(3):277-83.
Cedervall J, Zhang Y, Olsson AK. Tumor-induced NETosis as a risk factor for
metastasis and organ failure. Cancer Res. 2016;76(15):4311-5.

Leffler J, et al. Neutrophil extracellular traps that are not degraded in
systemic lupus erythematosus activate complement exacerbating the
disease. J Immunol. 2012;188(7):3522-31.

. Knuckley B, et al. Haloacetamidine-based inactivators of protein arginine

deiminase 4 (PAD4): evidence that general acid catalysis promotes efficient
inactivation. Chembiochem. 2010;11(2):161-5.

Jones JE, et al. Synthesis and screening of a haloacetamidine containing
library to identify PAD4 selective inhibitors. ACS Chem Biol. 2012;7(1):160-5.
Teo CY, et al. Novel furan-containing peptide-based inhibitors of protein
arginine deiminase type IV (PAD4). Chem Biol Drug Des. 2017,90(6):1134-46.
Witalison EE, et al. Molecular targeting of protein arginine deiminases to
suppress colitis and prevent colon cancer. Oncotarget. 2015;6(34):36053-62.

Publisher’s Note

Spri

nger Nature remains neutral with regard to jurisdictional claims in

published maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.1007/s00018-010-0480-x

	Abstract
	Background
	Peptidyl arginine deiminase family and citrullination
	PAD family
	Citrullination
	Citrullination in nonhistone proteins

	Histone citrullination
	Role of histone citrullination in physiological regulation
	Cross talk between citrullinated histones and histones with other modifications

	Functions of histone citrullination in tumors
	Histone citrullination in tumors
	NETs and tumors
	Citrullination and cell signaling during EMT, proliferation, metastasis, apoptosis, DNA damage and autophagy

	Application of histone citrullination as a biomarker and therapeutic target
	Application and development of PAD inhibitors
	Conclusion
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Declarations
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

