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Abstract

Heme-containing peroxidases catalyze the oxidation of a variety of substrates by consuming
hydrogen peroxide (H,05), and play diversified roles in physiology and pathology including
innate immunity, the synthesis of thyroid hormone and the extracellular matrix, as well as the
pathogenesis of several inflammatory diseases. Peroxidasin (PXDN), also known as Vascular
Peroxidase-1 (VPOL), is a newly identified peroxidase and expresses in multiple cells and
tissues including cardiovascular system and the lung. Recent studies imply its roles in the innate
immunity, cardiovascular physiology and diseases, and extracellular matrix formation. Studies
on the role of PXDN in human diseases are entering a new and exciting stage, and this review
provides the insights into this emerging field of PXDN.

Graphical Abstract

“Correspondence: Guangjie Cheng, Division of Pulmé)nary, Allergy and Critical Care Medicine, Department of Medicine, University
of Alabama School of Medicine, THT 513H, 1720 2"% Avenue South, Birmingham, AL 35294, USA. Phone: 1-205-975-8919,
guangjiecheng@uabmc.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review

of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered
which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Cheng and Shi Page 2

Gene
\ Regulation |,
— == Tissue
ane -
- Distribution /
E_xpressmn” “ LRRs lgdomains
| ( Peroxidasin ) ] \
H,0, :
N X HOX -
Micro- b G
{ Gene
\ environment / X B Mutation

Oxidative Stress

Basement Membrane  Tissue Remodeling
Fibrosis

Host Defense Signal Pathway Affisiostlerasi

The animal heme-containing peroxidases (hPxs) are found in organisms ranging from
Nematode, Drosophila to mammals. This enzyme family in humans includes eight numbers
while murine has seven, in which PXDNL is missing. hPxs play diversified roles in

host defenses, thyroid hormone synthesis and inflammatory responses. In pathology, hPxs
are involving in infections, atherosclerosis, allergy and other inflammatory responsive
diseases. The classic hPxs, including myeloperoxidase (MPO), eosinophil peroxidase
(EPO), lactoperoxidase (LPO), thyroid peroxidase (TPO), exhibit highly restricted tissue
distribution. For example, MPO expresses in neutrophils and monocytes [1]; EPO expresses
in eosinophils [2]; TPO expresses in thyroid [3]. LPO expresses in some glands and secrets
into milk, saliva and mucus of airways [4]. Peroxidasin (PXDN), also formerly known as
vascular peroxidase-1 (VPOL), is the most recently identified mammalian hPx. It was first
described in Drosophilain 1994 [5]. During recent years, its physiological and pathological
functions have been progressively discovered. The publications related to PXDN are
increased yearly. This review summarizes the important discoveries of mammalian PXDN in
physiology and pathology.

1. Biology and biochemistry of PXDN

1.1. Identification of mammalian PXDN

Two new mammalian homologs highly expressed in cardiovascular system were completely
identified in 2008. Based on their expression features and following the traditional
nomenclature of hPxs, they were named VPOL1 and VPO2 [6]. VPO1 and VPO2 were
initially identified using BLAST searching of the NCBI expression sequence tag (EST) and
genomic databases using the peroxidase domain of human Duox1 as the probe. Analysis

of human genome databases reveals that VPO1 gene is located tail-to-tail with TPO on
chromosome 2p25. VPO1 gene is approximately 110 kb containing 25 exons and 22 introns.
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VPO?2 is located at 8q11 with 491 kb containing 26 exons. Protein sequence analysis reveals
that VPO1 and VPO?2 are approximately 63% identical, and they are closely related in
sequence and domain structure to the previously described insect peroxidase (peroxidasin)
[6]. Since the orthologue of VPOL in Drosophila was found and named peroxidasin in

1994 [5], the Human Gene Nomenclature Committee (HUGO) approved the gene name and
symbol as peroxidasin and PXDN, respectively. Following this, VPO2 is named peroxidasin-
like and its symbol is PXDNL. In this review, the official name and symbol are used
thereafter instead of the alias of VPO1 and VPO2.

Mammalian PXDN was certainly found through years and a variety of approaches. Mitchell
et al first identified the 3" region of PXDN gene, about 8.1-kb, through subtractive
hybridization and the EST assembly in melanoma. This gene contains a homolog of
interleukin-1 receptor antagonist and was named melanoma gene-50 (MG50) [7]. A short
sequence at the 5’ region is different with the report by Cheng et al [6]. Cheng group

has established a PXDN stably expressing cell line. PXDN is successfully over-expressed
and purified [6]. Thus, it has not completely identified until the work from Cheng group.
The discovery and exploration of PXDN in the past decade have yielded a definitively
physiological purpose as a multi-functional peroxidase with many important roles.

1.2. Protein structure of PXDN

Alignment of human and mouse PXDN reveals a 91% identity at the amino acid level,
which is similar as human and mouse MPO with 86% identity [6]. Fig. 1 shows the eight
members and the domain structure of human hPx family [6]. PXDN and PXDNL have
additional N-terminal domain. Molecular weights of PXDN and PXDNL are predicted as
165 kDa, which are much larger than MPO (89 kDa, precursor form) and other classic
peroxidases. The N-terminus of PXDN and PXDNL is composed of multiple domains: 1)
five leucine-rich repeats (LRRS); 2) LRR N-terminal or C-terminal domain, which are often
located at N- or C-terminal of LRRs; and 3) four immunoglobulin (1g) C-2 type domains.
PXDN and PXDNL also contain a von Willebrand factor type C domain (VWC) at the
extreme C-terminus following the peroxidase domain. These structural domains (except for
the peroxidase domain) are predicted to mediate protein-protein interaction or protein-ligand
interaction [6]. PXDN and PXDNL possess structural features that are not present in other
hPxs, which may contribute to its capacity to localize to specific tissue/cellular sites and
support the targeted biological modifications. It is worthy to note although PXDNL contains
the peroxidase domain, it apparently lacks the critical residues for heme binding and is not
active [8]. Recent study indicated that the N-terminus of PXDN interacts with LPS and
facilitates the bactericide of Gram-negative bacteria [9]. 1g domains of PXDN are required to
form sulfilimine cross-links suggesting they promote PXDN colocalization with collagen IV
[10]. LRRs of PXDN can bind to laminin in basement membranes [11].

PXDN contains covalently bound heme, which is consistent with the molecular model
showing conservation of two of the three residues that form a covalent bond with heme in
MPO [6]. The extinction coefficient for the ferric Soret band (412 nm) of native PXDN

is approximately 112 + 10 mM~1cm™1. This extinction coefficient is similar as LPO.
Using heme concentration obtained from this extinction coefficient, the a band of the
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reduced pyridine hemochrome of PXDN is calculated to exhibit an extinction coefficient of
approximately 22 mM~1cm™1, which is also similar to that of the corresponding band for
LPO [12]. PXDN is high N-glycosylated protein with four highly glycosylated sites and
six partially glycosylated sites [13]. Secreted PXDN reveals homotrimeric form [13]. The
oligomerization of PXDN occurs intracellularly [14].

1.3. Sources of PXDN

PXDN mRNA is detected in a variety of tissues and cells by RT-PCR and Southern blots
while the protein is found in multiple adult and embryonic tissues including heart, liver,
lung, pancreas, placenta, brain and skeletal muscle with relatively high in the cardiovascular
system and the lung [6, 9]. PXDN expresses and secrets in kidney and myofibroblasts [15].
PXDN is high expression in eyes [16, 17]. Immunohistochemistry shows PXDN expression
in prostate cancer [18] and oral squamous cell carcinoma [19]. Inflammatory factors such
as tumor necrosis factor-a (TNF-a) and lipopolysaccharide (LPS) induce PXDN expression
and secretion Jin vitroand in vivo [9, 20-22]. Interestingly, oxidized low density lipoprotein
(ox-LDL) is able to induce PXDN expression in aorta [21].

PXDN is also found in multiple cells and cell lines. Using RT-PCR, immunoblot assay

and immunohistochemistry/immunofluorescence, PXDN has been detected in, vascular
endothelial cells (VECSs); vascular smooth muscle cells (VSMCs), alveolar type 1l epithelial
cells [9], myofibroblasts [15], lens epithelium [16, 17], corneal epithelium [16, 17],
mesenchymal cells in the vitreous and inner neuroblastic layer of fetal eyes [17], H9c2

[6], HUVECs [9] and glioblastoma cells [23]. Interestingly, PXDN secrets into blood and
bronchoalveolar lavage fluid (BALF) [9, 20]. The concentration of PXDN in serum/plasma
is much higher than MPO [20]. PXDN concentration in serum/plasma was measured by
immunoblot assay using the anti-PXDN multiclonal antibody. Interestingly, the PXDN
concentration in mouse serum is higher than that in human plasma (average 2.6 vs.

1.1 uM) [20]. Additionally, PXDN is separated from MPO in plasma. The fractions of
PXDN and MPO are used for 3,3’,5,5’-Tetramethylbenzidine (TMB) oxidation assay, and
the absorbance at 280 nm and 412 nm. Both fractions of PXDN and MPO have chloride-
dependent bactericidal activities, which are inhabitable by 4-Aminobenzoic acid hydrazide
(ABAH) [24]. These confirm PXDN expression in blood. However, the concentration of
PXDN in blood is the only report until current review. Thus, PXDN is a wide-spread hPx.

1.4. Catalytic mechanisms and in vivo substrates

PXDN, like other numbers of the mammalian family of peroxidases, reveals the typical
peroxidase activity [6, 25, 26]. Fig. 2 shows the catalytic cycles of PXDN. PXDN-
dependent 3,3’,5,5’-tetramethylbenzidine (TMB) oxidation is effectively reconstituted in
PXDN-transfected cells [6]. Cellular PXDN peroxidase activity is H,O, dose-dependent,
and the activity is inhibited in a dose-dependent manner by a specific inhibitor of hPxs,
4-Aminobenzoic acid hydrazide (ABAH) [6]. The Ky, value of PXDN for H,0, is 1.5 mM
and the peroxidase activity of PXDN is much lower than MPO and LPO (4 — 5 %) [6].

In co-transfection experiments, PXDN is capable for using H,O, generated from NADPH
oxidases (Noxs) to catalyze peroxidative reactions [6]. PXDN can also directly oxidize
tyrosine by using H,O5 to form di-tyrosine [20]. Sevcnikar et al measured the kinetics of
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PXDN compound I and compound Il reacting with the endogenous one-electron donors,
nitrite, ascorbate, urate, tyrosine and serotonin [26]. In addition, PXDN compound I can
react with halides to form hypohalous acids through halogenation cycle. Obinger group has
elucidated the kinetics of compound | reduction by thiocyanate (1.8 x 107 M~1.s71), iodide
(1.7 x 107 M~1 .s71) and bromide (5.6 x 10 M~1 .s ~1) [25]. The rate constants for the other
one-electron donors are calculated to be (7.7 + 0.1) x 103 M~1.s71 (serotonin), (4.0 + 0.1)

x 103 M~L1.s71 (nitrite) [26]. Hypohalous acids are known for its ability to modify diverse
molecules via chlorination or bromination. These data suggest that PXDN can directly or
indirectly oxidize numerous organic and inorganic substrates, such as aromatic amino acids,
indole derivatives and a variety of other species [27].

1.5. Regulation of PXDN

Like other members in this family, incorporation of heme into the PXDN apoprotein is
critical. Inadequate incorporation of heme will cause the lack of activity. Incubation of
hematin increases PXDN activity, but has no effect on PXDN protein expression [6].
Sodium butyrate (NaBu) does not increase PXDN activity, but induces PXDN protein
expression approximately five-folds in recombinant HEK293 cells [6]. PXDN activity
increased significantly in the presence of both hematin and NaBu, which implies that
NaBu induces significant PXDN apoprotein expression, but exogenous heme is needed to
optimally reconstitute the active enzyme [6, 13].

PXDN is induced by a wide variety of activators, including proinflammatory stimulators

and metabolic factors. Horikoshi et al reported that PXDN is highly expressed when human
colon cancer EB1 cells undergo p53-dependent apoptosis upon induction of p53 by exposure
to ZnCl, [28]. They considered PXDN as p53 response gene. Treatment with two common
proinflammatory stimuli, LPS and TNF-a., increases the constitutive secretion of PXDN

in HUVECs as well as in C57BL/6 mice [20]. PXDN expression is up-regulated with the
development of hypertension [29], which indicates a regulatory role of mechanical force

on PXDN expression. Angiotensin Il up-regulates PXDN mRNA and protein expression

in a concentration- and time-dependent manner in VSMCs [30]. ox-LDL, an atherogenic
factor, also induces PXDN expression in VECs [31] and /in vivo [22]. Zalan et al find
increased PXDN protein expression during transforming growth factor-1 (TGF-1)-induced
myofibroblast differentiation [15]. Moreover, PXDN expression is up-regulated significantly
both in a rat model of ischemia-reperfusion (IR) and H9c2 cell model of hypoxia/
reoxygenation [32]. These data illustrate a potential role for PXDN in cardiovascular
diseases, such as vascular remodeling in hypertension, atherosclerosis, pulmonary
hypertension, abdominal aortic aneurysm, endothelial dysfunction, cardiac hypertrophy

and cardiac fibrosis. Interestingly, folic acid downregulates PXDN expression by altering
DNA methylation at PXDN promoter [33]. Exogenous H»0», tert-butylhydroquinone or
sulforaphane can induce PXDN expression in Hela and HEK293 cells through Nrf2 pathway
[34]. Increased expression of PXDN is detected in a variety of cancers including melanoma
[7, 35], ovarian cancer [36], prostate cancer [18], and oral squamous cell carcinoma [19].
Interestingly, Tauber et al. reported that the PXDN expression is strongly correlated with
heme oxygenase-1 (HO-1) in fourteen common cancer types [37].
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2. PXDN-dependent oxidation products

2.1. Generation of hypohalous acids

hPxs participate in host defense, thyroid hormone biosynthesis, and pathological conditions
viathe generation of hypohalous acids [3, 38—40]. It is widely accepted that the generation
of hypohalous acids by hPxs occurs via a two-electron oxidation of halides (Fig. 2) [41, 42].
Surprisingly, PXDN, like MPO, can oxidize CI~, Br~, or SCN™ to generate hypochlorous
acid (HOCI), hypobromous acid (HOBr) and hypothiocyanous acid (HOSCN), respectively,
in the presence of H,0, [43]. Under the concentrations of halides (100 pM KBr, 100 uM
KSCN, and 100 mM NaCl) at pH 7.4, PXDN utilizes approximately ~45% of H,0, for

the generation of HOBr, ~35% for HOSCN, and ~18% for HOCI [43]. The enzymatic
properties and substrate specificity of PXDN are similar as MPO. PXDN is second hPx to
generate HOCI. However, the significantly lower catalytic rate constants of PXDN relative to
MPO suggest other physiological roles for this novel heme-containing peroxidase [43]. The
activity of PXDN in the generation of HOCI and HOSCN is greater with a combination of
halides and the “pseudohalide” thiocyanate than either of these agents alone [43]. Therefore,
one should not underestimate the synergistic effects of these substrates when considering
the physiological and pathological roles of PXDN. Under certain pathological conditions,
such as excessive salt intake, cigarette smoking, and CI~ accumulation in cells (such as
cystic fibrosis [44]), increases in halides and thiocyanate may enhance oxidant generation
and perpetuate tissue inflammation.

HOCI generation by PXDN is demonstrated by multiple approaches. By means of mass-
spectrometry, chlorotyrosine and chlorotaurine are detected in the reaction of PXDN/H,0,/
NaCl/tyrosine and PXDN/H,0,/NaCl/taurine, respectively [24]. In the control experiments,
MPO generates chlorotaurine whereas LPO does not as expected. In addition, using a

Free Radical Analyzer for real-time measurement of H,O5, H,O, is decomposed in the
reaction of PXDN/H»0,/NaCl, not in LPO/ H,0,/NaCl. Interestingly, adding CI~ to PXDN/
H,0,/Br~, PXDN/H02/SCN™, or PXDN/H,04,/Br/SCN™ increases the H,O, decomposition
[43]. The partially purified PXDN from plasma, like MPQO in the same preparation, reveals
bactericidal activities which are dependent on chloride and inhabitable by 4-Aminobenzoic
acid hydrazide (ABAH) [24]. In multiple biochemical assays, PXDN-mediated HOCI
generation is detected. These include 1) detection of Cl-taurine generation by monitoring
the absorbance at 252 nm; 2) taurine chlorination-TMB oxidation assay; 3) PXDN and
chloride dose-dependent experiments of HOCI generation; 4) inhibition of PXDN-mediated
HOCI generation by inhibitory reagents such as AHAH, NaN3, catalase and methionine;

5) PXDN-mediated monochlorodimedone (MCD) chlorination assay; 6) PXDN-mediated
2-nitro-5-thiobenzoic acid (TNB) oxidation [24]. In these assays, MPO is the positive
control while LPO is negative control of HOCI generation. However, contradictory data are
reported. Obinger group reported that oxidation of chloride (140 mM) by PXDN at pH

7.4 is negligible since the redox potential is too low and PXDN is not able to form the
electron-withdrawing sulfonium ion heme to protein linkage [13]. Additionally, the same
group reported the kinetic data using stopped-flow study on a truncated PXDN containing
only g domain and peroxidase region. The data unravel that the truncated PXDN can follow
the halogenation cycle. But chloride cannot act as a two-electron donor of compound 1,
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whereas thiocyanate, iodide, and bromide efficiently restore the ferric resting state [25]. One
possible explanation for the contradictory data is that the reduction potential of PXDN was
measured at pH 7.4 [25]. In the pH, negligible amount of HOCI may not be detectable by
stopped-flow. Indeed, PXDN-mediated HOCI generation is pH-dependent [24]. At pH 7.4,
PXDN only generates very small amount of HOCI, which is much less than that at pH

5.5. In addition, the stopped-flow assay only detected HOCI formation in milliseconds [25]
while HOCI formation was measured either in real-time or in reactions for 30 minutes in
mass spectrometry and biochemical assays [24]. Thus, the contradictory data warrant further
stopped-flow study by lowering pH and/or increasing PXDN concentration.

2.2 Tyrosine crosslink and bromo-tyrosine.

The di-tyrosine bond is an oxidative covalent cross-link between two tyrosine molecules.
Di-tyrosine cross-linking is increasingly identified as a marker of oxidative stress, aging

and diseases, and it is detected in diverse pathological conditions [45]. hPxs catalyze the
single-electron oxidation of tyrosine to form tyrosyl radicals, which can cross-link to form
di-tyrosine [45]. The capacity of PXDN to promote di-tyrosine formation is compared

with MPO and LPO. MPO and LPO are equally potent in catalyzing di-tyrosine formation
from tyrosine ethyl ester whereas the specific activity of PXDN is ~12.5-fold lower [43].
PXDN most readily oxidizes tyrosine ethyl ester while less oxidizes D- and L-tyrosine.
Interestingly, when reacting with the mixture of D- and L-tyrosine, PXDN only yield ~65%
of di-tyrosine compared to reaction with D- or L-isomer of tyrosine alone. This suggests that
tyrosine with the same polar side group (either D-isomer or L-isomer) facilitating di-tyrosine
formation [20]. PXDN-mediated di-tyrosine formation is optimal under basic conditions,
which is similar as other hPxs. PXDN produced approximately 1.5 folds di-tyrosine at pH
8.5 compared to pH 7.5, and this effect is dose-dependent at tyrosine concentrations from 50
to 250 uM [20]. Therefore, PXDN may catalyze di-tyrosine formation and consequently
promote protein cross-linking under a variety of physiological and pathophysiological
conditions. In addition to directly oxidizing tyrosine to form di-tyrosine, PXDX indirectly
forms bromo-tyrosine through PXDN-generated HOBr [46]. It is reported that PXDN can
brominate the bystander tyrosine (Tyr-1485 of COL4A2) of collagen IV [47]. Since PXDN
can generate HOCI, it is predicted that PXDN may form chloro-tyrosine.

2.3. Lipid oxidation

Evidence shows that mammalian hPxs play an important role in the oxidation of lipids and
proteins [48]. HOCI generated by MPO oxidizes LDL and high-density lipoprotein (HDL)
[48, 49]. ApoE in VLDL and recombinant ApoE are readily oxidized by PXDN/H,0,/CI~,
including intra- and inter-molecular crosslinks and degradation [21]. PXDN-oxidized ApoE
forms a weaker bond to lipid emulsion particles and has a reduced capability of lipid efflux
from foam cells [21]. These data suggest that PXDN is a new regulator of lipid homeostasis,
which implies a role for PXDN in the genesis and development of atherosclerosis. Recently,
it was found that PXDN performs LDL oxidation in the presence of H,O, and chloride

[22, 50]. With higher concentration in plasma than MPO, PXDN is responsible for LDL
oxidation /in vivo and its expression is up-regulated by angiotensin Il treatment in VSMCs
and endothelial cells [29].
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2.4 Sulfilimine formation

Collagen IV scaffold is essential for the structure of cells and tissues, and it is dysfunctional
in several diseases [51]. Recent studies of bovine and Drosophila tissues reveal that

the scaffold is stabilized by sulfilimine chemical bonds (S=N) that covalently cross-link
methionine and hydroxylysine residues at the interface of adjoining triple helical protomers
[52, 53]. PXDN, which is embedded in the basement membrane, produces hypohalous acid
intermediates that oxidize methionine to form the sulfilimine cross-link [54]. The bond is

a covalent cross-link between methionine-93 and lysine-211 or hydroxylysine-211 (Lys211/
Hyl211) residues of non-collagenous (NC1) domains of collagen IV, and stabilizes the
collagen NC1 domains by adjoining triple-helical protomers [54]. Bromide, not chloride,

is considered as essential halide for the crosslink formation of NC1 domains [52]. PXDN-
mediated sulfilimine cross-link in collagen IV is considered as the unique feature of PXDN.
Growing reports and interests have been seen in recently years. The sulfilimine cross-link
mediated by PXDN is important for extracellular matrix assembly and critical for cell
survival and growth [55]. The result provides signaling cues for PXDN in the regulation of
cell behavior and function in tissue genesis and homeostasis. Additionally, post-translational
proteolytic processing of PXDN by proprotein-convertases facilitates PXDN integration
into the extracellular matrix [56]. This process may be important for the PXDN-mediated
collagen 1VV-crosslinking activity. Further study reveals that PXDN mediates bromine
enrichment in basement membranes, implying that PXDN activity is largely restricted to
basement membranes in mammalian tissues [47]. Interestingly, PXDN can also brominate
the bystander tyrosine (Tyr-1485 of COL4AZ2) of collagen 1V [47]. This is consistent with
the report from Winterbourn group, that PXDN mediates bromination of tyrosine residues
in the extracellular matrix [46]. Thus, bromotyrosine may be as a specific biomarker of
PXDN-mediated bromination. As PXDN plays an important role in sulfilimine cross-links
of collagen IV and bromine enrichment in basement membranes, it further demonstrates that
Ig domains of PXDN are required to form sulfilimine cross-links [10]. These data suggest
that g domains of PXDN promote PXDN colocalization with collagen 1V. LRRs of PXDN
can bind to laminin in basement membranes [11]. If PXDN mediates another extracellular
matrix (ECM) protein such as laminin merits the further study. The growing interests have
been seen in the PXDN-mediated sulfilimine cross-link in collagen 1V and its role in the
basement membrane integrity.

3. Physiological and pathological implications of PXDN

3.1. Host defense

PXDN plays dual function in host defense. Its N-terminus containing five leucine-rich
repeats and four immunoglobulin domains allows it for interaction with LPS, a membrane
component of gram-negative bacteria, while its C-terminal peroxidase domain mediates
bactericidal activity of PXDN by generation of hypohalous acids [9]. Physiological
concentration of PXDN completely kills E.coliand P aeruginosa. This effect is dependent
on H,0, and CI7, and is inhibited by peroxidase inhibitors as well as H,O, scavenger
catalases [24]. However, PXDN cannot kill Gram-positive bacteria [9]. Deficiency of PXDN
results in a failure to eradicate 2 aeruginosa and increased mortality in a murine model

of lung infections [9]. PXDN is abundantly expressed in pulmonary epithelial cells and
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secreted into lung epithelial lining fluid [9]. The PXDN-expressing cells show bactericide to
P, aeruginosa [9]. These observations indicate that PXDN plays a role in innate immunity. If
PXDN compensates MPO-deficiency in host defense remains to be determined.

3.2. Atherosclerosis

Evidence accumulated during the last decade suggests a role for MPO in inflammation
related to atherogenesis [39, 57]. Like MPO, PXDN might also contribute to the
development of atherosclerosis based on expression profile and oxidization capacity of
lipoproteins and other biomacromolecules. PXDN is located in atherosclerotic plaques in
LDLR-deficient mice, and immunofluorescence assays show that it is close to ApoE [21].
PXDN-mediated oxidation of apoproteins and lipids in LDL is verified using a variety

of approaches. Exposure of PXDN-oxidized LDL to human macrophages leads to an
accumulation of ox-LDL and foam cell formation [21, 22]. PXDN is highly expressed

in human and mouse atherosclerotic samples, but it did not co-localize with a marker of
microphages, CD68. Administration of the inflammatory factor LPS or TNF-a viathe
mouse tail vein increases PXDN expression in the aorta and plasma secretions [22]. PXDN
is able to bind to LDL, and PXDN-mediated oxidation of apoproteins and lipids in LDL
causes accumulation of LDL in monocyte-like cells and promoted formation of foam cells
[22]. TNF-a also promotes formation and retention of PXDN-oxidized LDL in aortic walls
[22]. In addition, VSMCs exposing to ox-LDL increases PXDN expression and calcification,
mediated by PXDN/HOCI/PI3K/AKT, ERK1/2, and P38 MAPK/Runx2 signaling pathways
[50]. Interestingly, PXDN gene among other nine vascular homeostasis related genes is
hypermethylated in atherosclerotic human aorta samples comparing with a donor-matched
healthy [58], suggesting a role of PXDN in atherosclerosis. Another report verifies the result
[59]. Thus, PXDN gene belongs to atherosclerosis-linked differentially methylated regions.
The biological significance and molecular mechanism of elevated methylation of PXDN
gene in atherosclerotic aorta are currently unclear. As PXDN locates in atherosclerotic
plaque and mediates lipoprotein oxidation, it is assumed that methylation of PXDN gene in
atherosclerosis is a protective mechanism to suppress PXDN expression. Collectively, these
data support an important role of PXDN in the genesis and development of atherosclerosis.

3.3. Heart and vessel remodeling

Numerous studies indicate that NOX-dependent signaling is involved in the development of
cardiomyocyte hypertrophy, interstitial fibrosis and post-myocardial infarction remodeling
[60, 61]. PXDN can utilize H,O, generated in cells expressing NOX1, NOX2, NOX3,
NOX4, and NOX5 [6]. Several lines of evidence suggest that the NOX/PXDN pathway-
mediated oxidative stress plays an important role in myocardial IR injury, endothelial

cell apoptosis and/or smooth muscle cell proliferation [62]. Zhang group reported a novel
pathway of NOX2/PXDN in myocardium in which PXDN coordinates with NOX2 and
amplifies the role of NOX-derived ROS in oxidative injury following ischemia-reperfusion.
In addition, they found that increased PXDN activity contributes to ischemia-reperfusion
-induced cardiac dysfunction, and the inhibition of PXDN activity has potential clinical
value in protecting the myocardium against ischemia-reperfusion injury [32].
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PXDN also plays an important role in vascular smooth muscle cell proliferation via NOX-
H,0,-PXDN-HOCI-ERK1/2 pathways, which may contribute to vascular remodeling in
hypertension [63]. PXDN is significantly increased in human and mouse abdominal aortic
aneurysm tissues. Moreover, PXDN is found to regulate VSMC phenotypic switch through
the PXDN/ H,0,/HOCI/ERK1/2 signaling pathway and plays a key role in the development
of abdominal aortic aneurysm [64]. NOX/PXDN pathway-mediated oxidative stress and

the inflammatory reaction also play a role in pulmonary vascular remodeling and right
ventricle hypertrophy in a hypoxia-induced rat model of pulmonary artery hypertension
[65]. Additionally, PXDN promotes hypoxia-induced proliferation, apoptosis resistance,
and migration in pulmonary artery smooth muscle cells (PASMCs) viathe NOX4/PXDN/
HOCI/NF-xB signaling pathway [66]. NOX/PXDN-dependent regulation of cardiac and
vessel remodeling may lead to new therapeutic targets for related diseases. However,
Sirokmany et al. reported that PXDN-mediated crosslinking of collagen IV is independent of
Noxs [67].

An elevated expression of PXDNL is detected in failing myocardium in a recent study. The
increased PXDNL levels in the failing heart may contribute to ECM dysregulation because
of its antagonism of PXDN function [8]. This discovery opens exciting research on the role
of PXDN and PXDNL in the highly adaptive nature of the ECM.

3.4. Endothelial dysfunction

Proper endothelial function is essential for the regulation of vascular tone, reduction in
platelet aggregation, inhibition of endothelial inflammatory responses, and the control

of intimal smooth muscle cell proliferation. Systemic endothelial dysfunction and local
coronary endothelial dysfunction are associated with increased risk for cardiovascular
disease [68]. PXDN expresses in the endothelial cells and secretes into blood. PXDN
exhibits with much higher concentration in plasma than MPO [20]. Therefore, it is
reasonable to speculate that PXDN also plays an important role in vascular tone

under physiological and pathological conditions. Indeed, PXDN is found to contribute

to endothelial dysfunction in hypertension [29]. PXDN expression in aorta is up-
regulated, and the aortic relaxation to acetylcholine is deteriorated in Spontaneously
Hypertensive Rats [29]. In addition, evidence indicates that PXDN plays a regulatory

role in asymmetric dimethylarginine (ADMA) formation and metabolism in endothelial
cells. ADMA is the endogenous inhibitor of nitric oxide synthases and contributes

to endothelial dysfunction and cardiovascular diseases [69]. The intracellular level of
ADMA is regulated by the activity of dimethylarginine dimethylaminohydrolase [70].
Dimethylarginine dimethylaminohydrolase-2 is the major enzyme responsible for ADMA
metabolism in endothelial cells. PXDN/H,0,/HOCI system increases ADMA production
through inhibiting dimethylarginine dimethylaminohydrolase-2 activity whereas treatment
with siRNA of PXDN reduces ADMA production [71]. These data indicate that the
inhibitory role of PXDN on dimethylarginine dimethylaminohydrolase-2 activity might
occur through the generation of HOCI. Additionally, folic acid supplementation may prevent
oxidative stress-induced apoptosis and suppresses reactive oxygen species (ROS) levels
through downregulating PXDN, resulting in changes in DNA methylation, which may
contribute to beneficial effects on endothelial function [33]. Endothelial cell apoptosis and
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programmed necrosis are very important in endothelial dysfunction during pathological
conditions. PXDN-induced oxidative stress plays a role in ox-LDL induced endothelial
cell apoptosis [31]. In addition, PXDN promotes endothelial programmed necrosis under
hyperlipidemic conditions through activation of B-catenin signaling [72]. Recent study
indicates that PXDN is associated with glycation end-products mediated diabetic vascular
endothelial dysfunction in diabetes mellitus. Glycation end-products significantly increase
the expression of PXDN and 3-Cl-tyrosine in HUVECSs. In diabetic mouse model

(db/db mice), knockdown of PXDN by silencing PXDN with siRNAs /7 vivo through

tail vein injection restores the impaired endothelium-dependent relaxation function with
accompanying with up-regulation of Ser1177 phosphorylation of eNOS and NO production,
causing restoration of diabetic vascular endothelial function [73].

3.5. Fibrosis

ECM deposition and abnormal cross-linking of components, such as collagen, are critical to
pathogenesis of fibrosis [74]. Peroxidases in plants and lower animal species frequently
participate in ECM formation. In the presence of H,O», peroxidases enzymatically
cross-link extracellular proteins through tyrosine residues [75, 76]. ECM stabilization

by di-tyrosine bridges is well-documented during sea urchin fertilization, where secreted
ovoperoxidase is responsible for the formation of cross-links [77]. Di-tyrosine formation

is also involved in the stabilization of C. elegans cuticle, where dual oxidases, carrying
NADPH oxidase and peroxidase-like domains, provide H,O5 for the crosslinking reaction
[78]. The domain organization of PXDN suggests that it is ideally suited for the stabilization
of the ECM through protein-protein interactions. PXDN has a C- terminal vWF C-type
domain. vVWF C-type domain is found in a variety of plasma proteins, integrins, collagens,
mucins and other extracellular proteins participating in oligomerization, protein complex
formation, homeostasis and signal transduction [79, 80]. In addition, the presence of leucine-
rich repeats and immunoglobulin domains in PXDN suggests that PXDN readily associates
with other ECM proteins [5, 6]. It has been demonstrated that myofibroblasts secrete PXDN
into the extracellular space where it organizes into a fibril-like network and co-localizes
with fibronectin, which helps form the extracellular matrix [15]. PXDN expression is
increased in a murine model of kidney fibrosis, in that PXDN localizes in the peritubular
space in fibrotic kidneys [15]. In human ischemic cardiomyopathy and murine model of
cardiac fibrosis after myocardial infarction, PXDN expression is significantly increased

and plays a role in regulating cardiac fibroblasts differentiation, collagen I synthesis, and
proliferation through HOCI/Smad?2/3 and /ERK1/2 signaling pathways [81]. During TGF-
B1-induced epithelial-mesenchymal transition, PXDN expression decreases by up to 47%
in two cervical-carcinoma cell lines, with concomitant increases in Snail and vimentin,

and decrease in E-cadherin. TGF-B1 induces Snail binding to the PXDN promoter and
significantly represses luciferase reporter gene expression [82]. Zalan Peterfi et al reported
that PXDNL plays a role in heart fibrosis [8]. They found that PXDN is produced by
cardiomyocytes and localizes at cell-cell junctions, and PXDNL forms a complex with
PXDN and antagonizes its peroxidase activity. PXDNL expression increases in the failing
myocardium, in which fibrosis is a major characteristic. As described above, PXDN plays a
unique role in formation of sulfilimine bonds in the NC1 domain of collagen 1V [52, 53].

If PXDN mutation causes defects of collagen 1V and fibrosis needs further study. These
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data indicate that PXDN represents a previously unknown pathway in extracellular matrix
formation with a potentially important role in fibrogenesis. The discovery of this novel
matrix-associated protein with its multifunctional domains opens an exciting avenue for
fibrosis research.

4. Beyond of oxidation - Gene mutation

In 2011, Khan et al first reported homozygous mutations of PXDN in three consanguineous
families with congenital cataract-microcornea with mild-to-moderate corneal opacity and

a consanguineous Cambodian family with developmental glaucoma and severe corneal
opacification [16]. Thereafter, Choi A et al reported that four new mutations of PXDN

in two families [83]. The PXDN mouse mutation induced by N-ethyl-N-nitrosourea leads
to a recessive phenotype [17]. This mutation causes severe anterior segment dysgenesis

and microphthalmia that resemble the manifestations in patients with PXDN mutation. A
microarray study using embryonic samples of PXDN-deficient mice identified 121 (75
upregulated and 46 downregulated) differentially expressed genes between PXDN mutation
and normal tissues [84]. Though the functional enrichment analysis and protein-protein
interaction network analysis, the crucial genes including Cdknlb, Actal and Tnnt3 were
screened. The study provides a comprehensive elucidation of the regulatory mechanisms

in PXDN mutation-induced eye disorder and the novel biomarkers which may be used for
the prognosis and prevention of the disorder [84]. Moreover, PXDN mutants exhibited an
early onset glaucoma and progressive retinal dysgenesis. Transcriptome profiling revealed
that PXDN affected the transcription of developmental and eye disease-related genes during
early eye development [17]. Defective PXDN impairs sulfilimine bond formation in collagen
IV, which is a constituent of the basement membrane. This effect suggests that the eye
defects result in the loss of basement membrane integrity in the developing eye [16]. These
findings support that PXDN is necessary for cell proliferation, differentiation and basement
membrane consolidation during eye development. The PXDN gene mutation is involved in
eye-related disease and development, but the consequences of the mutations on heart, blood
vessels and other cells/tissues remain to be elucidated. Thus, further works are needed to
determine the possible role of PXDN deficiency in these tissues and organisms, as well as
the mechanism by which the mutations cause diverse phenotypic effects.

5. Conclusions

This manuscript reviews the emerging mammalian PXDN from gene identification,
characterization of biochemical and enzymatic properties, gene expression and regulation,
gene mutation, and physiological and pathological functions. PXDN-generated reactive
oxidants are important components for host defense, collagen 1V synthesis in basement
membrane development and tissue genesis, signaling pathways and homeostasis under
physiological conditions. In diseases characterized by increased oxidant stress, PXDN as
a new mediator is involved in the impairment of endothelial functions, pathogenesis of
vascular diseases such as atherosclerosis, and vascular remodeling, and tissue fibrosis. In
next few years, the studies should fill the large gaps in several aspects. First, what is the
precisely regulatory mechanism of PXDN expression? Second, PXDN mutation is the cause
of severe deficits in eye development. So far, other symptoms and signs except lung host
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defense are not well determined. If under challenging, will additional symptoms, signs
and/or molecular changes be observed and discovered? Third, providing the importance of
sulfilimine cross-links in collagen IV and in the structural integrity of basement membranes,
what is the specific function of PXDN-mediated formation of sulfilimine bond in collagen
IV? Particularly, what is the functional impact of PXDN-mutation mediated lack of NC1
hexamers in collagen 1\VV? Fourth, PXDN catalyzes the decomposition of H,O,. How do the
mutation and aberrant expression of PXDN modulate the homeostasis of H,0,? And what
is the consequence? Finally, PXDN has a unique and longer N-terminus with five LRRs
and four 1g domains. What are the roles of the individual LRR and Ig domain? Given our
increasing knowledge of PXDN in physiology and pathology, studies on the roles of PXDN
are entering a new and exciting era.
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EPO eosinophil peroxidase
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NC1 C-terminal non-collagenous domain
ADMA asymmetric dimethylarginine

Free Radic Biol Med. Author manuscript; available in PMC 2023 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Cheng and Shi Page 14
eNOS endothelial nitric oxide synthase
ECM extracellular matrix
ROS reactive oxygen species
DDAH2 dimethylarginine dimethylaminohydrolase-2
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Highlights

. PXDN is the newly-identified heme-containing peroxidase. It is extensively
reviewed in the manuscript.

. The review manuscript includes gene identification, characterization of
biochemical and enzymatic properties, gene expression and regulation, gene
mutation, and physiological and pathological functions pf PXDN.

. The updated references are provided.

. The future studies on PXDN field are prospected.
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. EF hand motif I Flavocytochrome moiety

Figure 1.
Members of human hPxs and the domain structure.
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Native PXDN
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R Peroxidase cycle 1
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X, halide; RH, peroxidase substrate; indirect reaction
Figure 2.

Two-electron redox reaction (halogenation cycle) and two one-electron redox reactions
(peroxidase cycle) of PXDN.
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