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Definition: The deoxyribonuclease 1 (Dnasel) family is a key family of endonucleases that degrades
DNA. Loss of Dnasel family function causes several diseases where the host’s immune system targets

the host, such as systemic lupus erythematosus, hypocomplementemic urticarial vasculitis syndrome.
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1. History and Overview of the Dnasel Family
1.1. Discovery of Dnasel Family Members

Deoxyribonuclease (Dnase) activity was described in bovine organs in the 1800s, and
the proteins responsible for this activity have been characterized over the last century. In
the early 1900s, digestion of nucleic acids by liver, spleen, pancreas, and other organs was
investigated. As reviewed [1], the enzymatic activity was given a succession of names,
including desoxyribonuclease, and determined to function optimally at neutral pH [2]. The
founding member of the Dnasel family, Dnasel, was isolated and crystallized in 1950 [1].
Dnasel activity was generally recognized to require divalent cations (Ca®* or Mg?"), to
act optimally at neutral pH, and to leave 5’ phosphates following DNA cleavage [1-4]. As
reviewed [5], in 1947 a second, “acid DNase” activity was described in mammals [6]. Acid
DNase activity had an ubiquitous tissue distribution and showed peak activity at acidic
pH [5]. To distinguish the acid DNase from the pancreatic DNase, which was called Dnase I,
and later Dnasel, the term Dnase II (later Dnase2) was suggested as an alternative to acid
DNase [3]. Dnase2 has no requirement for divalent cations and hydrolyzes double stranded
DNA into short oligonucleotides bearing 3’ -phosphate groups [5]. Multiple proteins possess
acid and neutral DNase activity. The Dnase II/Dnase2 family now consists of Dnase2a,
Dnase2b, and L-Dnase 1I/SerpinB1 [7]. In the 1990s, three new members of the Dnase I
family were discovered, and termed “DNasel-like” proteins: DnasellL1, Dnasell2, and
DnaselL3 [8-13]. Dnasel-like 1 (DnaselL.1) was discovered in 1995 and first named human
Dnase I lysosomal-like (DNL1L) [8]. DnaselL.2 was first described in 1997, during the gene
mapping of the Dnasel [9]. Finally, Dnasell3 was identified in 1994 from nuclei of rat
thymocytes as the third of three nucleases and consequently termed ‘Dnase v’ [12]. DnaselL.3
was also called novel human Dnase (nhDnase) [13], and liver/spleen DNase (LS-Dnase) [14].

Dnasel family members often show restricted tissue expression. In humans, Dnasel
is primarily secreted in saliva, intestine, pancreas, kidneys, and urine, but is also present in
serum [1,15]. DnaselL1 is restricted to skeletal muscle and cardiomyocytes [16]. DnaselL2
is primarily restricted to keratinocytes, and tissues containing them, like the skin [17].
DnaselL3 is secreted into blood, primarily by myeloid cells [18]. Distinct Dnasel family
members enable tissue-specific DNA degradation, dependent on the function of that tissue.
Overall, Dnases are essential for DNA degradation in most animals.
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1.2. Evolution of Dnases

Consistent with an essential role for DNA degradation, all Dnasel family members
are widely expressed throughout Metazoa. The phylogenetic distribution of Dnasel and
DnaselL3 in Animalia predicts that DnaselL3 is closest to the common ancestral Dnase [19].
DnaselL3 is present in animals from humans down to corals and sponges, whereas the
phylogenetically lowest organism containing both Dnasel and DnaselL3 is the placozoan
Trichoplax adhaerens [19]. Interestingly, Dnasel and DnaselL3 are absent in Protostomia,
including arthropods and nematodes [19], though nematodes express Dnase2 [20]. A role
for Dnasel family members in digestion has been proposed for sponges [19]. Both Dnasel
and DnaselL3 may act in this role in phylogenetically lower organisms, with specialization
between these enzymes potentially occurring in higher organisms. For example, the sponge
Amphimedon queenslandica secretes DnaselL3 to digest DNA from its prey [19]. However, some
specialization between neutral and acid Dnases is present in sponges. The orange sea sponge
Tethya aurantium has both neutral and acid Dnases, which show functional specialization [21].
The Dnasel activity is present in the cortex, which interacts with the environment, while
acid Dnase is expressed in endosomes to facilitate digestion [21]. Overall, the Dnasel family
represents a highly conserved enzyme family for removing DNA.

1.3. Extranuclear DNA Is Inflammatory

Removal of DNA is needed not just for digestion, but also to prevent aberrant inflam-
mation. One key danger signal indicating infection or damage in animals is DNA found
outside of its expected locations in the nucleus or mitochondria. Consequently, DNA is a
potent inducer of inflammation and autoimmunity. Inflammation and cell death can be
triggered after cytoplasmic DNA is sensed by several intracellular DNA sensors, including
STimulator of INterferon Genes (STING) and Absent In Melanoma 2 (AIM2) [22]. Toll-like
Receptor 9 (TLR9) can sense extracellular DNA [22]. Inflammatory DNA is produced dur-
ing immunity by the release of Neutrophil Extracellular Traps (NETs). NETs are networks
of polynucleosomes released from activated neutrophils that primarily consist of chromatin
and histones [23]. These 15-17 nm diameter fibers are lined with antimicrobial enzymes
and peptides. NETs are used by neutrophils to kill pathogens. NETs are primarily released
by NETosis. NETosis is a form of programmed cell death wherein chromatin, nuclear,
and granular contents are decondensed and released in the extracellular area [23]. While
effective for clearing pathogens, the failure to degrade NETs causes harmful inflammatory
responses [24]. DNA in NETs can be internalized and activate STING, leading to the
release of pro-inflammatory interferons [25]. DNA is also antigenic. Anti-DNA antibodies
characterize several autoimmune diseases, including Systemic Lupus Erythematosus [26].
Anti-DNA-DNA immune complexes promote Complement deposition, inflammation, and
tissue damage [26]. Consequently, DNA degradation after necrosis or programmed cell
death is critical to preventing autoimmunity. While the intracellular Dnase2a promotes
DNA degradation after phagocytosis, Dnasel family members degrade DNA prior to
phagocytosis [7]. Thus, the Dnasel family plays a key role in preventing autoimmunity
from a host’s own DNA, due to its catalytic ability to degrade DNA.

2. Mechanism of Action for the Dnasel Family
Mechanism of Dnasel Family Catalysis

Structural biology has provided key insights into the catalytic mechanism of the
Dnasel family. Improved structures of Dnasel have helped refine and account for the
catalytic mechanism of DNA cleavage used by Dnasel family members. The Dnasel family
primarily relies on a catalytic His conserved across the broader exonuclease-endonuclease-
phosphatase (EEP) superfamily to cleave double-stranded DNA in a divalent cation
(Mg?*/Ca®*) dependent manner. The dsDNA substrate of the Dnasel family is prin-
cipally B-DNA, longer than three nucleotides, with a slight preference for non-repeating
base pairs [27]. However, there is substrate variation within the Dnasel family, best studied
between Dnasel and Dnasell3. Dnasel and Dnasell3 may cooperate due to differences
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in substrate activity [28]. DnaselL3 targets a broader range of substrates, while Dnasel
primarily cleaves naked dsDNA non-specifically. Dnasel cleaves complexed DNA poorly,
though chromatin degradation by Dnasel is aided by heparin-mediated DNA binding
protein displacement [29]. DnaselL3 cleaves both naked DNA and complexed DNA, in-
cluding chromatin, nucleosomes, DNA in microparticles/apoptotic blebs, DNA coated
with lipids, and single-stranded DNA [11,18,30]. However, DnaselL3 is inactivated by
heparin and can be cleaved by plasmin [29]. After Dnasel family cleavage, DNA has one
backbone ester bond nicked, leaving a 3’ OH and 5’ phosphate [1,4]. The mechanisms
proposed for Dnasel-mediated DNA cleavage will provide a foundation for analysis of
further enzyme specialization in the Dnasel family.

Generally, Dnase cleavage must balance the thermodynamically favored hydrolysis
of the phosphate backbone of DNA with the kinetically challenging task of nucleophilic
attack on a negatively charged phosphate [31]. Three essential features are required to strike
this balance and complete phosphate backbone hydrolysis: nucleophilic hydroxide activation,
transition state stabilization, and leaving group protonation [32]. Several mechanisms have
been proposed to address these three essential features in Dnasel-like family endonuclease
reactions [33-36]. The four mechanisms that have been proposed are the Glu-His-Water, Two
Histidine Acid-Base, Double-Divalent Cation, and Single-Cation Carboxylic Acid models

(Figure 1).
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Figure 1. Proposed catalytic mechanisms of Dnasel. The proposed mechanisms are shown in order of first publication
date. (A) The first published mechanism, proposed based on the first X-ray structure of [33]. The Glu-His-Water mechanism
is similar to serine proteases. (B) The Two-Histidine Acid-Base mechanism is an updated mechanism from the group
behind the Glu-His-Water model. It is based on more extensive X-ray structural information [35]. (C) The Double-Divalent
Cation mechanism builds on the Two-Histidine Acid-Base model. The Double-Divalent Cation mechanism was based on

mutagenesis data [36]. (D) The Single-Cation Carboxylic Acid mechanism reopened the question of Dnasel family catalysis,

based on a more recent substrate-cation crystal structure [34].
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The first model for Dnasel family DNA hydrolysis is the Glu-His-water model. The
development of the Glu-His-water model was facilitated by the first crystal structure
of Dnasel, and is reminiscent of the serine protease catalytic triad [27,33]. Dnasel was
crystallized in the presence of the calcium ion conjugated nucleotide Ca-pTp. The crystal
structure relied on a 4 A Fourier difference density map for the active site substrate, which
did not permit accurate determination of substrate positioning (Figure 1A). However,
it could be concluded that a divalent calcium ion permitted phosphate interaction with
the otherwise negatively charged active site. The Glu-His-Water model is based on the
hydrogen bond distance between the nitrogen on the deprotonated H134 and an opposing
carboxyl group in E78. The carboxyl group from E78 polarizes H134, allowing H134 to
remove a proton from water, which can then attack the scissile phosphate (Figure 1A). This
model accounted for alkylation experiments showing that H134 is a catalytically essential
residue [37,38]. The sensitivity of the deprotonated H134 to a lower pH is consistent with
the greater activity of Dnasel at neutral pH. The key weakness in this model is the lack of a
proton donor to donate a proton to the 3’ ester bond that completes the reaction.

The Glu-His-Water model was superseded by the Two Histidine Acid-Base catalysis
model, which addressed the weakness of the previous model, and extended the catalytic
interface of Dnasel. These refinements were made based on the first high-resolution
structure of Dnasel bound to DNA [35]. In this model, Dnasel interacts with the scissile
phosphate via four residues: H134, D168, N170, and H252 [35] (Figure 1B). The updated
model changed the role of H134 and assigned new roles to the other amino acids interacting
with the scissile phosphate. In contrast to a deprotonated histidine removing a proton from
the attacking water, H134 acts as a general acid, and completes the reaction by protonating
the 3’ ester. Instead, H252 is the deprotonated histidine that activates the attacking water
(Figure 1B). This is supported by mutagenesis data that demonstrates H252 is key to the
catalytic mechanism [39]. Both histidines are polarized by negatively charged side chains,
E78 for H134 as before, and D212 for H252. A third acidic side chain, E39, coordinates the
divalent cation from the previous mechanism. R9 (Q9 in human Dnasel) may stabilize
the transition state. Along with the active site, this model assigned roles to key DNA
binding residues that provide the energy relaxation needed for all these charged elements
to occupy the confined active site via hydrogen bonding and Van der Waals interactions.
The defined DNA-binding residues are E13, T14, R41, 543, N74, Y76, Y175, 5206, T207, and
Y211 [35]. Tyr76 is particularly important because it stacks against a nitrogenous base [35].
The key strengths of this model are the ability to explain newer mutagenesis results, a
complete catalytic mechanism, and the support of a substrate-enzyme crystal structure.
The principal weaknesses of this model are the unassigned roles of N170 and D168, and
the lack of structural evidence for H252 activating the attacking water.

The Double-Divalent Cation catalytic model built upon the previous model. The
updated model was based on mutagenesis studies performed on previously assigned
active site residues, and corroborated the DNA binding residues [36,40,41]. The key
finding was that E39 and D168 were both essential for activity (Figure 1C). D168 was
assigned the role of metal binding, which developed the two-cation model active site.
This model is characterized by both D168 and E39 binding cations. Between the two
cations, the histidines perform acid-base catalysis exactly as described in the previous
model (Figure 1C). Strengths of the double divalent cation model include assignment
of roles to the most experimentally studied residues, support from molecular dynamics
simulations, and explanation of both mutagenesis and structural data [35,36,40—42]. This
model is supported by a similar proposed mechanism for the related EEP family member
(17% sequence similarity), Human Apurinic/Apyrimidinic Endonucleasel (hAPE1) at
neutral pH [43]. This model also is supported by pKa studies of the active site histidines,
via pH dependent imidazole rescue of Dnasel activity for H134A and H252A mutants [40].
However, the Double-Divalent Cation model suffers from two key weaknesses. The role
for the catalytically required N170 is unexplained, and there is no structural support for
the two divalent cations in the Dnasel active site.
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The most recent model of Dnasel catalysis is the Single Cation Carboxylic Acid
catalysis model. This model was proposed based on a high-resolution structure solved
during development of therapeutic Dnasel for Cystic Fibrosis [34]. This model accounts
for new structural evidence from the recombinant Dnasel crystal structure (PDB:4AWN)
showing a phosphate anion and Mg?* cation together in the active site (Figure 1D) [34].
The Single Cation Carboxylic Acid catalysis model includes only one metal ion in the
active site and assigns the role of the catalytic base to D168. Protonation of the leaving
group is performed by a proton coordinated by E39 (Figure 1D). This model diverges
from previous models to account for the orientation of the observed phosphate and Mg?*
in the active site. The strength of the Single Cation Carboxylic Acid catalysis model is
its basis on a recent high-resolution substrate-cation structure. This model is consistent
with a proposed hAPE1 mechanism [44,45]. Key weaknesses of this model are that it does
not provide a biochemical mechanism for the protonation event and discounts previous
experimental results highlighting the importance of the second histidine in the active
site [39]. Furthermore, the proposed hAPE1 catalytic mechanism is controversial because
the crystal structures support both a single cation-binding site and two cations binding in
the active site, depending on pH [43]. Thus, there are currently two leading models for the
mechanism by which Dnasel cleaves DNA.

There remain many opportunities to better understand the mechanism of catalysis
by Dnasel family members. To date, the catalytic mechanism relies entirely on Dnasel
because Dnasel is the only Dnasel family member whose structure has been solved. Since
the catalytic site is well conserved, it is likely that the mechanism will remain similar for all
family members. Importantly, the key catalytic residues discussed here are identical across
all family members [7]. However, despite this active site identity, DnaselL2 is more active
at an acidic pH. Additionally, DnaselL3 has a unique C terminal domain not present in any
other Dnasel family or EEP superfamily member [4,18]. This domain enables digestion
of dsDNA complexed with proteins and lipids [18,30], which could add to the catalytic
mechanism. Finally, structural characterization of the Dnase1L3 inhibitors DR396, Pontacyl
Violet, and Fmoc-D-cyclohexylalanine are still outstanding [46,47]. Thus, there are many
opportunities to better understand this important enzyme family, especially with a broader
focus beyond Dnasel.

3. The Pathophysiology of the Dnasel Family

The absence of Dnasel family members generally causes autoimmunity. Loss of the
serum Dnases (Dnasel and DnaselL.3) is associated with systemic autoimmunity, due to
their role in clearing NETs (Dnasel and DnaselL3), degrading cell-associated DNA, and
preventing anti-dsDNA antibody formation/urticarial vasculitis (DnaselL3) (Figure 2A,B).
DnaselL1 deficiency is not yet definitively associated with any disease, but DnaselL1 serves
as the cellular receptor for pathogenic bacteria in the genus Ehrlichia (Figure 2C). Finally,
absence of the skin-localized DnaselL.2 is associated with parakeratosis and psoriasis due
to its role in clearing DNA from cells during cornification (Figure 2D).
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Figure 2. Dnasel family members in disease. (A) NETosis releases chromatin into extracellular spaces. Dnasel and
DnaselL3 absence may reduce NET clearance, which causes inflammation, resulting in blood clots and vasculitis. (B) Dnasel
and DnaselL3 both process cfDNA. Dnasell3 further digests DNA in microparticles, which prevents the anti-dsDNA
autoantibody production and immune complex formation that leads to SLE. (C) After transmission by ticks, Ehrlichia spp.
use EtpE to bind to the GPI anchor of DnaselL1 for internalization and disease pathogenesis. (D) DnaselL2 and Dnase2
deficiency is associated with psoriasis due to the failure to degrade the DNA within the nucleated cells in the stratum
corneum during keratinocytes differentiation.

3.1. Clearance of Neutrophil Extracellular Traps (Dnasel/DnaselL3)

One cause of inflammation and autoimmunity is the failure to clear the antimicro-
bial neutrophil extracellular traps (NETs). When NETs are not cleared and circulate at
high levels, they damage the lungs, heart, and kidneys [48]. Reduced NET clearance is
associated with vasculitis, psoriasis, SLE, pancreatitis and thrombosis [26,49-51]. Lack
of NET clearance resulted in Factor XII (FXII) activation leading to pulmonary thrombo-
inflammation [52]. NETs initiate and accrete thrombosis in blood vessels, which can
develop into a severe complication during SARS-CoV2 infection [48,51]. This suggests
complications during Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV2)
infection may be due to lack of clearance of NETs [48]. Thus, it is critical to remove NETs
after pathogen destruction.

Dnasel and Dnasell3 are both critical to clearing NETs. In the absence of both
Dnasel and Dnasell3, NET accumulation was reported to cause clots and vasculitis
that leads to organ damage [49]. Either Dnasel or Dnasell3 was sufficient to prevent
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vasculitis [49,53] (Figure 2A). Targeting NETs and FXII activation during early onset of dis-
ease could potentially helpful prevent microvascular thrombosis [52]. Inhalation of Dnasel
may dissolve NETs in airways and improve symptoms during SARS-CoV2 infection [48,54].
Therefore, serum Dnases may be essential to return the body to homeostasis after NETosis.

3.2. Systemic Lupus Erythematosus (Dnasel/Dnase1L3)

Both serum Dnases are further implicated in systemic lupus erythematosus (SLE). SLE
is characterized by chronic inflammation and production of autoreactive antibodies that tar-
get nuclear antigens, especially anti-double-stranded DNA (anti-dsDNA) antibodies [55-57].
Failure to degrade DNA promotes anti-dsDNA autoantibody production, immune com-
plex formation, and deposition in multiple organs, leading to inflammation and organ
failure (Figure 2B). Deficiency of Dnasel alone on a mixed B6/129 background, which
is predisposed to autoimmunity, causes lupus-like phenotypes in mice [58]. In contrast,
DnaselL3 deficiency causes lupus-like phenotypes in both mixed B6/129 mice and on
a pure B6 background, indicating that Dnasel cannot rescue DnaselL3 loss [18]. Simi-
larly, in humans, complete DnaselL3 deficiency causes pediatric onset lupus with 100%
penetrance [59], while reduction in DnaselL3 activity and Dnasel polymorphisms are asso-
ciated with adult-onset, polygenic lupus [18,60-63]. Consistent with the failure of Dnasel
to ameliorate disease in the absence of DnaselL3, clinical trials using Dnasel to treat lupus
nephritis patients failed [64]. However, exogenous Dnasel degraded extracellular DNA,
reduced proteinuria, and delayed anti-dsDNA antibody development and mortality in the
lupus-prone NZB/NZW F1 mouse model [65]. Bovine Dnasel showed limited efficacy in
SLE patients without lupus nephritis [66]. These failures of Dnasel suggest that Dnase1L3
performs unique functions in preventing lupus, potentially due to its C-terminal domain.
The C-terminal domain enables DnaselL3 to digest DNA complexed to lipids and proteins
and nuclear DNA [18,30,60]. Neutralizing antibodies that target Dnase1L3 contribute to
SLE pathogenesis in ~50% of sporadic cases [60]. Extracellular DNA degradation is likely
key to DnaselL3 preventing lupus onset. However, DnaselL3 inhibition also prevents in-
flammasome formation [46]. The extent to which impairments in inflammasome contribute
to SLE remains unknown. Similarly, if a threshold concentration of DnaselL3 activity is
needed to prevent disease, and how reduction in Dnasel activity modifies other disease
components, remain unknown.

3.3. Hypocomplementemic Urticarial Vasculitis (Dnase1L3)

Activity-reducing mutations in DnaselL3 can also cause a second autoimmune disease
independently of anti-dsDNA antibodies called Hypocomplementemic Urticarial Vasculitis
Syndrome (HUVS). HUVS, or McDuffie syndrome, is characterized by recurrent urticaria
along with dermal vasculitis, gastrointestinal tract manifestions, and polyserositis [67,68].
HUVS patients present with reduced C1q, C3, and C4 levels and the presence of anti-Clq;
arthralgia or arthritis; uveitis or episcleritis; glomerulonephritis serum, but the absence
of anti-dsDNA antibodies and anti-neutrophil cytoplasmic antibodies [68]. Instead, au-
toantibodies in HUVS are directed towards a collagen-like region on C1-q [68]. In rare
cases, HUVS exhibits an immune-complex mediated glomerulonephritis with a membra-
noproliferative pattern of injury [69]. Due to the rarity of this disorder, little is known
about the clinical manifestation, pathogenesis, treatment response, and outcome of such
patients [68]. Moreover, 20% of HUVS patients exhibit shortness of breath, coughing,
hemoptysis, pleural effusion [67,68]. Chronic obstructive pulmonary disease (COPD) is
the most frequent cause of death among HUVS patients [67]. HUVS and SLE are strongly
related because most HUVS patients progress to SLE later in life [62]. HUVS is associ-
ated with decreased DnaselL3 activity [62,70]. For example, the homozygous frameshift
mutation ¢.289_290del AC, in DnaselL3 was present in three patients, while the homozy-
gous exon skipping mutation ¢.320i4delAGTA was present in patients with unrelated
families [62]. The c.320fi4del AGTA skips exon 3, which codes for the first catalytic His in
DnaselL.3. The mechanisms that predispose individuals with reduced DnaselL3 activity to
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either HUVS, SLE or both remains unknown. The lack of animal models has limited our
understanding of HUVS, and how it compares to SLE.

3.4. Ehrlichiosis (Dnasell1)

While DnaselL1 (Dnase X) deficiency is not yet definitively associated with any dis-
ease, DnaselL1 is the cellular receptor for the causative agents of ehrlichiosis. Ehrlichiosis
is caused by Gram-negative, obligate intracellular bacteria of the family Anaplasmataceae,
such as Ehrlichia chaffeensis, Ehrlichia ewingii, and Ehrlichia muris eauclairensis [71,72]. These
bacteria are transmitted to their human, canine or feline hosts primarily by ticks, such
as the lone star tick (Amblyomma americanum) or blacklegged tick (Ixodes scapularis) [73].
Symptoms of ehrlichiosis include fever, headaches, rigor, myalgia, and malaise, which
may take 4 weeks to develop [72]. This extended time to development of symptoms is a
challenge for early detection of ehrlichiosis. Symptoms caused by ehrlichiosis, including
leukopenia or anemia, can also become severe, especially when left untreated or in elderly
and immunocompromised populations [74]. Thus, early detection of ehrlichiosis is crucial
so that patients can be quickly treated with antibiotics, such as doxycycline [72].

DnaselL1 has a key role in the early stages of ehrlichiosis because it serves as the surface
receptor engaged by Ehrlichia spp. Ehrlichia spp. infect host phagocytes, such as neutrophils,
by targeting the glycosylphosphatidylinositol (GPI) anchor in Dnasell1 [75-78] (Figure 2C).
Internalization is facilitated by the Ehrlichia protein EtpE binding to DnaselL1 [78]. Once
phagocytosed, E. chaffeensis prevents phagolysosomal fusion [74]. Ehrlichia spp. repli-
cate inside cytoplasmic vacuoles and form dense microcolonies called morulae [72,74].
Ehrlichia spp. use DnaselL1 to block reactive oxygen species generation [77]. This is done
by preventing the production of the NADPH Oxidase 2 complex that generates superoxide
(O%7) from oxygen [77]. Thus, Ehrlichia spp. promote disease by hijacking DnaselL1.

Interestingly, the involvement of DnaselL1 in ehrlichiosis may implicate Dnasell.1
in diabetes. Diabetic retinopathy could be caused in part by ehrlichiosis [79]. High
levels of DnaselL1 expression are further related to diabetes [80,81]. Patients with type 2
diabetes had higher pancreatic DnaselL1 expression compared to patients without type
2 diabetes [81]. Quantitative Trait Loci mapping also revealed a correlation between
DnaselL1l and diabetes [80]. Thus, there is an opportunity to determine what role, if any,
DnaselL1 plays in diabetes, and if DnaselL1 connects ehrlichiosis to diabetes.

3.5. Psoriasis (Dnasell2)

Deficiency in Dnasell2 is associated with psoriasis and parakeratosis. Parakeratosis
is the persistence of nucleated cells in the stratum corneum [82]. Parakeratosis is directly
linked to psoriatic lesions. Psoriasis is an autoimmune disease characterized by chronic
skin inflammation. There are two distinct types of psoriasis: chronic plaque psoriasis and
generalized pustular psoriasis. Chronic plaque psoriasis stems from the adaptive immune
system and is characterized by erythematous scaly plaques. One major genetic risk factor is
the Cw*0602 MHC class I allele [83]. This MHC allele stimulates pro-inflammatory cytokine
production, which contribute to chronic plaque psoriatic inflammation [83]. In contrast,
generalized pustular psoriasis stems from the innate immune system and is characterized
by red pustules [83]. Dnasell2 deficiency causes parakeratosis [84]. Activity-reducing
DnaselL2 SNPs may be associated with psoriasis [85], and psoriatic lesions have reduced
DnaselL2 [17]. In the absence of DnaselL.2, DNA is not digested during keratinocyte dif-
ferentiation, so corneocytes retain their nuclear DNA throughout the stratum corneum [84].
Dnasell2 primarily contributes to terminal keratinocyte differentiation, which is why the
enzyme is 16 times more concentrated in the skin than in any other organ [17] (Figure 2D).
When comparing DnaselL2~/~ mice to wild type mice, Dnase1L.2~/~ mice had 400x more
nuclear DNA in their hair and 2000 x more nuclear DNA in nails compared to wild type
mice [84]. The intracellular Dnase Trex2 cooperates with DnaselL2 to degrade DNA in the
oral epithelium [86]. Similarly, Dnase? is also active in the skin [87]. However, sufficient
Dnase2 levels were present in psoriatic scales, but DnaselL.2 was reduced [87]. Overall,
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this suggests that DnaselL2 is a key Dnase to prevent psoriasis, but that psoriasis requires
multiple hits [87]. Dnasell2 acts optimally at an acidic pH, consistent with maximal
activity during or just after cornification [17]. To improve our understanding of the clinical
implications of DnaselL2 deficiency, human skin models are needed to complement mouse
models. Depletion of DnaselL2 and/or Dnase2 in human skin will provide new insights
into their relative contribution to parakeratosis and psoriasis in humans. Discerning the
role of DnaselL2 in psoriasis may provide new therapeutic targets to treat psoriasis.

4. Clinical and Experimental Applications of Dnases
4.1. Experimental Applications of Dnasel

The importance of the catalytic mechanism is underscored by the widespread use
of Dnasel. Dnasel is a potent experimental research tool and clinical treatment. In the
lab, Dnasel is used to remove unwanted nucleic acids from experiments. For example,
Dnasel is widely used to treat RNA preparations to degrade any remaining genomic
DNA. This is important because contaminating DNA can cause false positives in RT-PCR.
Dnasel is central to DNase footprinting assays, because the inability of Dnasel to degrade
protein-bound DNA reveals the DNA-binding site of proteins [88]. Finally, Dnasel is used
as a control in DNA degradation and activity assays. Thus, Dnasel is a potent research tool.

4.2. Clinical Applications of Dnasel

Dnasel is used in the clinic, most notably as dornase alfa (trade name Pulmozyme) to
treat Cystic Fibrosis (CF). During CF, extracellular DNA accumulates in the lungs, which in-
creases mucosal viscosity and impedes mucociliary clearance and pulmonary function [89].
Recombinant Dnasel is administered in CF patients to improve mucociliary clearance
and pulmonary function [89-91]. DnaselL2 is under development as a next-generation
treatment for CF [92]. Beyond CF, Dnasel has been tested in other pulmonary diseases,
including asthma, obstructive pulmonary disease, chronic pulmonary diseases, and hemor-
rhagic shock [93-95]. The efficacy of Dnasel in these other diseases has been mixed [95],
though mouse models have shown more promising efficacy. Dnasel was protective in a
mouse model of asthma [94]. In a hemorrhagic shock mouse model, Dnasel treatment
attenuated tissue damage and systemic/lung inflammation, improving survival [93]. How-
ever, the efficacy of Dnasel in asthma, especially in pediatric patients, is controversial [95],
suggesting more work is needed on this potential therapy.

Dnases have been explored in mouse models for efficacy against diseases caused by
defects in NET clearance. Dnasel clears NETs in vivo [23]. Intravenous administration of
Dnasel improved mouse survival during Escherichia coli-induced sepsis due to NET cleav-
age [96]. Dnasel treatment also protected mice in a model of deep vein thrombosis [97].
During liver injury, release of DNA exacerbates injury. Dnasel treatment reduced symp-
toms in thioacetamide-induced hepatorenal injury, while DnaselL3 may contribute to
protection during acetaminophen-induced hepatic injury [98,99]. Overall, Dnases have
seen success in pre-clinical mouse models to reduce symptoms from pathogenic DNA.
However, it remains to be seen if these successes can be replicated in humans.

Finally, a case report suggested that a patient with severe end stage Alzheimer’s
disease had significant symptomatic improvement upon Dnasel treatment [100]. Overall,
Dnasel family members have a wide application in the clinic to treat disease, especially
pulmonary diseases.

4.3. Dnasel Family Members and Cell-Free DNA as Potential Biomarkers

Along with being used to treat disease, both Dnasel family members and their cleaved
DNA products are useful as biomarkers for disease. Changes in Dnase levels/activity
are observed in autoimmunity, asthma, myocardial infarction, and cancer. In the cases of
asthma, myocardial infarction, and cancer, it is unclear if Dnase changes are responses to
disease, cause disease onset, or impact disease at all. Defects in Dnasel family activity
cause autoimmunity [59]. Specifically, the activity-reducing Dnase1L.3 mutation R206C
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is associated with rheumatoid arthritis, scleroderma, HUVS, and SLE [62,101-103]. De-
creased Dnasell3 activity is associated with SLE, dermatomyositis, and polymyositis,
but not rheumatoid arthritis, despite association of the gene with rheumatoid arthri-
tis [18,59-61,104,105]. Dnasel polymorphisms have also been reported in SLE patients [63].
Inflammatory bowel disease patients show reduced DnaselL3 levels, but not to the extent
of SLE patients [106]. Similarly, DnaselL3 is downregulated in pneumonia caused by My-
coplasma pneumoniae [107]. This contrasts with asthma, where elevated sputum DnaselL3
has been validated as one of six biomarkers in a randomized controlled trial to detect and
discriminate between forms of asthma [108]. DnaselL3 intronic variants are associated
with risk and exacerbation of asthma, especially in patients of African descent [109]. Serum
Dnasel is also elevated during myocardial infarction after the onset of chest pain [110].
The Dnase1*2 allele, which includes a Q222R mutation, is associated with myocardial
infarction in Japanese patients [111]. In contrast, Dnase1L3 is usually decreased in cancer.
DnaselL3 levels are reduced in breast cancer, cholangiocarcinoma, lung adenocarcinoma,
hepatocellular carcinoma, and clear cell renal cell carcinoma [112-114]. Low levels of
DnaselL3 are associated with a worse prognosis in breast, kidney, and stomach cancer,
hepatocellular carcinoma, lung adenocarcinoma, and sarcoma, while higher levels were
associated with increased overall survival in hepatocellular carcinoma [112,114]. However,
hepatitis B-related hepatic cancer shows increased levels of DnaselL3 [115]. The Dnase1*2
allele may be a good predictor of gastric and colorectal carcinoma development, though no
association was found with other cancers [96]. Overall, Dnasel family members, especially
Dnasel and DnaselL3, are potential biomarkers for autoimmunity, asthma, myocardial
infarction, and cancer.

In addition to Dnases themselves as biomarkers for disease, the circulating serum
cell-free DNA (cfDNA) edited by Dnases can serve as a biomarker. Cell-free DNA is
unencapsulated DNA within the blood, produced by necrosis and programmed cell death.
Dnasel and DnaselL3 both digest cfDNA with characteristic traits. Dnasel tends to reduce
the amount of single-stranded DNA on the end of dsDNA fragments, or “jaggedness”,
while Dnasell3 increases jaggedness [116]. DnaselL3 also creates “CC” end motifs on
DNA fragments [117]. Thus, serum Dnases process circulating cf DNA with characteris-
tic signatures.

New technologies have enabled the testing and tracking of cfDNA. Fluorometric
assays, real-time PCR, and sequencing allow identification and analysis of cfDNA in
plasma. Analysis of cfDNA in plasma has been branded as a “liquid biopsy,” because
c¢fDNA now serves as a biomarker for a wide range of conditions and diseases, including
prenatal testing, inflammatory bowel disease, autoimmunity, and cancer [117-122]. High
levels of serum cfDNA in SLE patients were first observed in 1966 [55]. Cell-free DNA as
a biomarker for metastatic cancer was proposed in 1977 [123]. Today, cfDNA is used for
diagnosis, monitoring, and determining prognosis for cancer patients [120,124]. Sequencing
of tumor cfDNA enables identification of tumor genetics and drug resistance [124]. One
challenge with cfDNA as a biomarker is that cf DNA levels vary widely amongst cancer
patients [125]. No standardized baseline for cancer testing has yet been developed due
this variability and due to the multiple possible sources of cfDNA [125]. Overall, cfDNA
represents a promising biomarker, which can be modified by Dnasel activity.

5. Conclusions

Overall, the Dnasel family of nucleases is critical for limiting the inflammatory nature
of DNA and maintaining homeostasis. Dnasel is used in many tools and techniques that
further human health. It is likely that further study of other Dnasel family members may
yield similar dividends. Solving the structures of other Dnasel family members will be
important to refine the catalytic mechanism by which Dnases degrade DNA. It is likely
that understanding the role of these nucleases in autoimmunity will yield new insights
to autoimmune disease. Given the key role of extracellular DNA in autoimmunity and
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other diseases, such as cancer, Dnases may serve as novel therapies to treat a wide range
of diseases.

Author Contributions: Conceptualization, M.E., ] M., R.B.S. and P.A K.; writing—original draft
preparation, M.E., ].M., B.M., N.N., E.B. and P.A K.; writing—review and editing, M.E., .M., B.M.,
N.N,, E.B,, R.B.S. and P.A K,; supervision, P.A.K.; project administration, R.B.S. and P.AK,; fund-
ing acquisition, R.B.S. and P.A.K. All authors have read and agreed to the published version of
the manuscript.

Funding: Lupus research in the Keyel and Sutton labs are funded by the Lupus Research Alliance,
grant 707050, Center for Membrane Research at Texas Tech University Health Science Center, and
the Lubbock Lupus Group. B.M. and N.N. are supported by the Texas Tech University Center for
Transformative Undergraduate Research.

Acknowledgments: We thank members of the Keyel and Sutton labs for critical reading of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

Entry Link on the Encyclopaedia Platform: https://encyclopedia.pub/item/revision/38a5d5fa623
585d922caldcc42af35a0.

References

1. Kunitz, M. Crystalline desoxyribonuclease; isolation and general properties; spectrophotometric method for the measurement of
desoxyribonuclease activity. J. Gen. Physiol. 1950, 33, 349-362. [CrossRef]

2. Levene, PA.; Medigreceanu, F. On Nucleases. J. Biol. Chem 1911, 9, 65-83. [CrossRef]

3. Cunningham, L.; Laskowski, M. Presence of two different desoxyribonucleode-polymerases in veal kidney. Biochim. Biophys. Acta
1953, 11, 590-591. [CrossRef]

4. Shiokawa, D.; Tanuma, S. Characterization of human DNase I family endonucleases and activation of DNase gamma during
apoptosis. Biochemistry 2001, 40, 143-152. [CrossRef]

5. MacLea, K.S.; Krieser, R.J.; Eastman, A. A family history of deoxyribonuclease II: Surprises from Trichinella spiralis and
Burkholderia pseudomallei. Gene 2003, 305, 1-12. [CrossRef]

6.  Catcheside, D.G.; Holmes, B. The action of enzymes on chromosomes. Symp. Soc. Exp. Biol. 1947, 225-231.

7. Keyel, PA. Dnases in health and disease. Dev. Biol. 2017, 429, 1-11. [CrossRef]

8. Parrish, ].E.; Ciccodicola, A.; Wehhert, M.; Cox, G.E; Chen, E.; Nelson, D.L. A muscle-specific DNase I-like gene in human Xq28.
Hum. Mol. Genet. 1995, 4, 1557-1564. [CrossRef] [PubMed]

9. Rodriguez, A.M.; Rodin, D.; Nomura, H.; Morton, C.C.; Weremowicz, S.; Schneider, M.C. Identification, localization, and
expression of two novel human genes similar to deoxyribonuclease I. Genomics 1997, 42, 507-513. [CrossRef]

10. Shiokawa, D.; Hirai, M.; Tanuma, S. cDNA cloning of human DNase gamma: Chromosomal localization of its gene and enzymatic
properties of recombinant protein. Apoptosis 1998, 3, 89-95. [CrossRef] [PubMed]

11. Liu, Q.Y;; Pandey, S.; Singh, RK,; Lin, W.; Ribecco, M.; Borowy-Borowski, H.; Smith, B.; LeBlanc, J.; Walker, PR.; Sikorska, M.
DNaseY: A rat DNasel-like gene coding for a constitutively expressed chromatin-bound endonuclease. Biochemistry 1998, 37,
10134-10143. [CrossRef]

12.  Shiokawa, D.; Ohyama, H.; Yamada, T.; Takahashi, K.; Tanuma, S. Identification of an endonuclease responsible for apoptosis in
rat thymocytes. Eur. |. Biochem. 1994, 226, 23-30. [CrossRef]

13. Zeng, Z.; Parmelee, D.; Hyaw, H.; Coleman, T.A.; Su, K.; Zhang, J.; Gentz, R.; Ruben, S.; Rosen, C.; Li, Y. Cloning and
characterization of a novel human DNase. Biochem. Biophys. Res. Commun. 1997, 231, 499-504. [CrossRef]

14. Baron, W.F; Pan, C.Q.; Spencer, S.A.; Ryan, A.M.; Lazarus, R.A.; Baker, K.P. Cloning and characterization of an actin-resistant
DNase I-like endonuclease secreted by macrophages. Gene 1998, 215, 291-301. [CrossRef]

15. Kishi, K;; Yasuda, T.; Takeshita, H. DNase I: Structure, function, and use in medicine and forensic science. Leg. Med. 2001, 3, 69-83.
[CrossRef]

16. Los, M.; Neubuser, D.; Coy, J.F.; Mozoluk, M.; Poustka, A.; Schulze-Osthoff, K. Functional characterization of DNase X, a novel
endonuclease expressed in muscle cells. Biochemistry 2000, 39, 7365-7373. [CrossRef] [PubMed]

17.  Fischer, H.; Eckhart, L.; Mildner, M.; Jaeger, K.; Buchberger, M.; Ghannadan, M.; Tschachler, E. DNaselL2 degrades nuclear DNA
during corneocyte formation. J. Investig. Dermatol. 2007, 127, 24-30. [CrossRef]

18. Sisirak, V,; Sally, B.; D’Agati, V.; Martinez-Ortiz, W.; Ozcakar, Z.B.; David, J.; Rashidfarrokhi, A.; Yeste, A.; Panea, C.; Chida, A.S;
et al. Digestion of Chromatin in Apoptotic Cell Microparticles Prevents Autoimmunity. Cell 2016, 166, 88-101. [CrossRef]

19. Ueki, M.,; Kimura-Kataoka, K.; Takeshita, H.; Fujihara, J.; Iida, R.; Sano, R.; Nakajima, T.; Kominato, Y.; Kawai, Y.; Yasuda, T.

Evaluation of all non-synonymous single nucleotide polymorphisms (SNPs) in the genes encoding human deoxyribonuclease I
and I-like 3 as a functional SNP potentially implicated in autoimmunity. FEBS |. 2014, 281, 376-390. [CrossRef] [PubMed]


https://encyclopedia.pub/item/revision/38a5d5fa623585d922ca1dcc42af35a0
https://encyclopedia.pub/item/revision/38a5d5fa623585d922ca1dcc42af35a0
http://doi.org/10.1085/jgp.33.4.349
http://doi.org/10.1016/S0021-9258(18)91493-6
http://doi.org/10.1016/0006-3002(53)90104-8
http://doi.org/10.1021/bi001041a
http://doi.org/10.1016/S0378-1119(02)01233-7
http://doi.org/10.1016/j.ydbio.2017.06.028
http://doi.org/10.1093/hmg/4.9.1557
http://www.ncbi.nlm.nih.gov/pubmed/8541839
http://doi.org/10.1006/geno.1997.4748
http://doi.org/10.1023/A:1009692807692
http://www.ncbi.nlm.nih.gov/pubmed/14646506
http://doi.org/10.1021/bi9800597
http://doi.org/10.1111/j.1432-1033.1994.tb20022.x
http://doi.org/10.1006/bbrc.1996.5923
http://doi.org/10.1016/S0378-1119(98)00281-9
http://doi.org/10.1016/S1344-6223(01)00004-9
http://doi.org/10.1021/bi000158w
http://www.ncbi.nlm.nih.gov/pubmed/10858283
http://doi.org/10.1038/sj.jid.5700503
http://doi.org/10.1016/j.cell.2016.05.034
http://doi.org/10.1111/febs.12608
http://www.ncbi.nlm.nih.gov/pubmed/24206041

Encyclopedia 2021, 1 538

20.

21.

22.

23.

24.

25.

26.
27.

28.

29.

30.

31.

32.
33.

34.

35.

36.

37.

38.

39.
40.

41.

42.

43.

44.

45.

46.

47.

48.

Lyon, C.J.; Evans, C.J.; Bill, B.R.; Otsuka, A.].; Aguilera, R.]. The C. elegans apoptotic nuclease NUC-1 is related in sequence and
activity to mammalian DNase II. Gene 2000, 252, 147-154. [CrossRef]

Fafandel, M.; Ravlic, S.; Smodlaka, M.; Bihari, N. Deoxyribonucleases (DNases) in the cortex and endosome from the marine
sponge Tethya aurantium. Russ. ]. Mar. Biol. 2010, 36, 383-389. [CrossRef]

Kumar, V. The Trinity of cGAS, TLR9, and ALRs Guardians of the Cellular Galaxy Against Host-Derived Self-DNA. Front.
Immunol. 2020, 11, 624597. [CrossRef] [PubMed]

Brinkmann, V.; Reichard, U.; Goosmann, C.; Fauler, B.; Uhlemann, Y.; Weiss, D.S.; Weinrauch, Y.; Zychlinsky, A. Neutrophil
extracellular traps kill bacteria. Science 2004, 303, 1532-1535. [CrossRef]

Kaplan, M.].; Radic, M. Neutrophil extracellular traps: Double-edged swords of innate immunity. J. Immunol. 2012, 189, 2689-2695.
[CrossRef] [PubMed]

Apel, F; Andreeva, L.; Knackstedt, L.S.; Streeck, R.; Frese, C.K.; Goosmann, C.; Hopfner, K.P.; Zychlinsky, A. The cytosolic DNA
sensor cGAS recognizes neutrophil extracellular traps. Sci. Signal. 2021, 14. [CrossRef]

Soni, C.; Reizis, B. DNA as a self-antigen: Nature and regulation. Curr. Opin. Immunol. 2018, 55, 31-37. [CrossRef]

Suck, D.; Oefner, C.; Kabsch, W. Three-dimensional structure of bovine pancreatic DNase I at 2.5 A resolution. EMBO J. 1984, 3,
2423-2430. [CrossRef]

Napirei, M.; Wulf, S.; Eulitz, D.; Mannherz, H.G.; Kloeckl, T. Comparative characterization of rat deoxyribonuclease 1 (Dnasel)
and murine deoxyribonuclease 1-like 3 (Dnasell3). Biochem. |. 2005, 389, 355-364. [CrossRef]

Napirei, M.; Ludwig, S.; Mezrhab, J.; Klockl, T.; Mannherz, H.G. Murine serum nucleases—contrasting effects of plasmin and
heparin on the activities of DNasel and DNasel-like 3 (DNase1l3). FEBS J. 2009, 276, 1059-1073. [CrossRef]

Wilber, A.; Lu, M.; Schneider, M.C. Deoxyribonuclease I-like III is an inducible macrophage barrier to liposomal transfection. Mol.
Ther. 2002, 6, 35-42. [CrossRef]

Galburt, E.A.; Stoddard, B.L. Catalytic mechanisms of restriction and homing endonucleases. Biochemistry 2002, 41, 13851-13860.
[CrossRef]

Yang, W. Nucleases: Diversity of structure, function and mechanism. Q. Rev. Biophys. 2011, 44, 1-93. [CrossRef]

Suck, D.; Oefner, C. Structure of DNase I at 2.0 A resolution suggests a mechanism for binding to and cutting DNA. Nature 1986,
321, 620-625. [CrossRef]

Parsiegla, G.; Noguere, C.; Santell, L.; Lazarus, R.A.; Bourne, Y. The structure of human DNase I bound to magnesium and
phosphate ions points to a catalytic mechanism common to members of the DNase I-like superfamily. Biochemistry 2012, 51,
10250-10258. [CrossRef] [PubMed]

Weston, S.A.; Lahm, A.; Suck, D. X-ray structure of the DNase I-d(GGTATACC)2 complex at 2.3 A resolution. J. Mol. Biol. 1992,
226, 1237-1256. [CrossRef]

Jones, S.J.; Worrall, A.E; Connolly, B.A. Site-directed mutagenesis of the catalytic residues of bovine pancreatic deoxyribonuclease
1. J. Mol. Biol. 1996, 264, 1154-1163. [CrossRef]

Price, P.A.; Moore, S.; Stein, W.H. Alkylation of a histidine residue at the active site of bovine pancreatic deoxyribonuclease. J.
Biol. Chem. 1969, 244, 924-928. [CrossRef]

Oshima, R.G; Price, P.A. Alkylation of an essential histidine residue in porcine spleen deoxyribonuclease. J. Biol. Chem. 1973, 248,
7522-7526. [CrossRef]

Nielsen, J.E.; McCammon, J.A. Calculating pKa values in enzyme active sites. Protein Sci. Publ. Protein Soc. 2003, 12, 1894-1901. [CrossRef]
Chen, WJ,; Lai, PJ.; Lai, Y.S.; Huang, P.T.; Lin, C.C.; Liao, T.H. Probing the catalytic mechanism of bovine pancreatic deoxyribonu-
clease I by chemical rescue. Biochem. Biophys. Res. Commun. 2007, 352, 689—-696. [CrossRef] [PubMed]

Pan, C.Q.; Ulmer, ].S.; Herzka, A.; Lazarus, R.A. Mutational analysis of human DNase I at the DNA binding interface: Implications
for DNA recognition, catalysis, and metal ion dependence. Protein Sci. Publ. Protein Soc. 1998, 7, 628-636. [CrossRef] [PubMed]
Gueroult, M; Picot, D.; Abi-Ghanem, ]J.; Hartmann, B.; Baaden, M. How cations can assist DNase I in DNA binding and hydrolysis.
PLoS Comput. Biol. 2010, 6, €1001000. [CrossRef]

Beernink, P.T.; Segelke, B.W.; Hadi, M.Z.; Erzberger, J.P.; Wilson, D.M., 3rd; Rupp, B. Two divalent metal ions in the active site of a
new crystal form of human apurinic/apyrimidinic endonuclease, Apel: Implications for the catalytic mechanism. J. Mol. Biol.
2001, 307, 1023-1034. [CrossRef] [PubMed]

Mol, C.D.; Izumi, T.; Mitra, S.; Tainer, ].A. DNA-bound structures and mutants reveal abasic DNA binding by APE1 and DNA
repair coordination [corrected]. Nature 2000, 403, 451-456. [CrossRef]

Freudenthal, B.D.; Beard, W.A.; Cuneo, M.].; Dyrkheeva, N.S.; Wilson, S.H. Capturing snapshots of APE1 processing DNA
damage. Nat. Struct. Mol. Biol. 2015, 22, 924-931. [CrossRef]

Shi, G.; Abbott, K.N.; Wu, W,; Salter, R.D.; Keyel, P.A. Dnase1L3 Regulates Inflammasome-Dependent Cytokine Secretion. Front.
Immunol. 2017, 8, 522. [CrossRef]

Yamada, Y.; Fujii, T; Ishijima, R.; Tachibana, H.; Yokoue, N.; Takasawa, R.; Tanuma, S. DR396, an apoptotic DNase gamma inhibitor,
attenuates high mobility group box 1 release from apoptotic cells. Bioorg. Med. Chem. 2011, 19, 168-171. [CrossRef] [PubMed]
Barnes, B.J.; Adrover, ].M.; Baxter-Stoltzfus, A.; Borczuk, A.; Cools-Lartigue, J.; Crawford, ].M.; Dassler-Plenker, J.; Guerci,
P; Huynh, C.; Knight, J.S.; et al. Targeting potential drivers of COVID-19: Neutrophil extracellular traps. J. Exp. Med. 2020,
217, €20200652. [CrossRef] [PubMed]


http://doi.org/10.1016/S0378-1119(00)00213-4
http://doi.org/10.1134/S1063074010050081
http://doi.org/10.3389/fimmu.2020.624597
http://www.ncbi.nlm.nih.gov/pubmed/33643304
http://doi.org/10.1126/science.1092385
http://doi.org/10.4049/jimmunol.1201719
http://www.ncbi.nlm.nih.gov/pubmed/22956760
http://doi.org/10.1126/scisignal.aax7942
http://doi.org/10.1016/j.coi.2018.09.009
http://doi.org/10.1002/j.1460-2075.1984.tb02149.x
http://doi.org/10.1042/BJ20042124
http://doi.org/10.1111/j.1742-4658.2008.06849.x
http://doi.org/10.1006/mthe.2002.0625
http://doi.org/10.1021/bi020467h
http://doi.org/10.1017/S0033583510000181
http://doi.org/10.1038/321620a0
http://doi.org/10.1021/bi300873f
http://www.ncbi.nlm.nih.gov/pubmed/23215638
http://doi.org/10.1016/0022-2836(92)91064-V
http://doi.org/10.1006/jmbi.1996.0703
http://doi.org/10.1016/S0021-9258(18)91874-0
http://doi.org/10.1016/S0021-9258(19)43321-8
http://doi.org/10.1110/ps.03114903
http://doi.org/10.1016/j.bbrc.2006.11.078
http://www.ncbi.nlm.nih.gov/pubmed/17141190
http://doi.org/10.1002/pro.5560070312
http://www.ncbi.nlm.nih.gov/pubmed/9541395
http://doi.org/10.1371/journal.pcbi.1001000
http://doi.org/10.1006/jmbi.2001.4529
http://www.ncbi.nlm.nih.gov/pubmed/11286553
http://doi.org/10.1038/35000249
http://doi.org/10.1038/nsmb.3105
http://doi.org/10.3389/fimmu.2017.00522
http://doi.org/10.1016/j.bmc.2010.11.037
http://www.ncbi.nlm.nih.gov/pubmed/21167721
http://doi.org/10.1084/jem.20200652
http://www.ncbi.nlm.nih.gov/pubmed/32302401

Encyclopedia 2021, 1 539

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Jimenez-Alcazar, M.; Rangaswamy, C.; Panda, R; Bitterling, J.; Simsek, Y.J.; Long, A.T; Bilyy, R.; Krenn, V.; Renne, C.; Renne, T.; et al.
Host DNases prevent vascular occlusion by neutrophil extracellular traps. Science 2017, 358, 1202-1206. [CrossRef] [PubMed]
Merza, M.; Hartman, H.; Rahman, M.; Hwaiz, R.; Zhang, E.; Renstrom, E.; Luo, L.; Morgelin, M.; Regner, S.; Thorlacius,
H. Neutrophil Extracellular Traps Induce Trypsin Activation, Inflammation, and Tissue Damage in Mice With Severe Acute
Pancreatitis. Gastroenterology 2015, 149, 1920-1931.e8. [CrossRef]

Fuchs, T.A,; Brill, A.; Duerschmied, D.; Schatzberg, D.; Monestier, M.; Myers, D.D., Jr.; Wrobleski, S.K.; Wakefield, TW.; Hartwig,
J.H.; Wagner, D.D. Extracellular DNA traps promote thrombosis. Proc. Natl. Acad. Sci. USA 2010, 107, 15880-15885. [CrossRef]
Englert, H.; Rangaswamy, C.; Deppermann, C.; Sperhake, ].P; Krisp, C.; Schreier, D.; Gordon, E.; Konrath, S.; Haddad, M.; Pula, G.;
et al. Defective NET clearance contributes to sustained FXII activation in COVID-19-associated pulmonary thrombo-inflammation.
EBioMedicine 2021, 67, 103382. [CrossRef]

Hakkim, A.; Furnrohr, B.G.; Amann, K.; Laube, B.; Abed, U.A.; Brinkmann, V.; Herrmann, M.; Voll, REE.; Zychlinsky, A.
Impairment of neutrophil extracellular trap degradation is associated with lupus nephritis. Proc. Natl. Acad. Sci. USA 2010, 107,
9813-9818. [CrossRef] [PubMed]

Toma, A.; Darwish, C.; Taylor, M.; Harlacher, J.; Darwish, R. The Use of Dornase Alfa in the Management of COVID-19-Associated
Adult Respiratory Distress Syndrome. Crit. Care Res. Pract. 2021, 2021, 8881115. [PubMed]

Tan, E.M.; Schur, PH.; Carr, R.I.; Kunkel, H.G. Deoxybonucleic acid (DNA) and antibodies to DNA in the serum of patients with
systemic lupus erythematosus. J. Clin. Investig. 1966, 45, 1732-1740. [CrossRef]

Rekvig, O.P; van der Vlag, J.; Seredkina, N. Review: Antinucleosome antibodies: A critical reflection on their specificities and
diagnostic impact. Arthritis Rheumatol. 2014, 66, 1061-1069. [CrossRef] [PubMed]

Relle, M.; Weinmann-Menke, J.; Scorletti, E.; Cavagna, L.; Schwarting, A. Genetics and novel aspects of therapies in systemic
lupus erythematosus. Autoimmun. Rev. 2015, 14, 1005-1018. [CrossRef] [PubMed]

Napirei, M.; Karsunky, H.; Zevnik, B.; Stephan, H.; Mannherz, H.G.; Moroy, T. Features of systemic lupus erythematosus in
Dnasel-deficient mice. Nat. Genet. 2000, 25, 177-181. [CrossRef]

Al-Mayouf, S.M.; Sunker, A.; Abdwani, R.; Abrawi, S.A.; Almurshedi, F.; Alhashmi, N.; Al Sonbul, A.; Sewairi, W.; Qari, A.;
Abdallah, E.; et al. Loss-of-function variant in DNASE1L3 causes a familial form of systemic lupus erythematosus. Nat. Genet.
2011, 43, 1186-1188. [CrossRef]

Hartl, J.; Serpas, L.; Wang, Y.; Rashidfarrokhi, A.; Perez, O.A.; Sally, B; Sisirak, V.; Soni, C.; Khodadadi-Jamayran, A.; Tsirigos, A.;
et al. Autoantibody-mediated impairment of DNASE1L3 activity in sporadic systemic lupus erythematosus. J. Exp. Med. 2021, 218.
[CrossRef]

Almlof, J.C.; Nystedt, S.; Leonard, D.; Eloranta, M.L.; Grosso, G.; Sjowall, C.; Bengtsson, A.A.; Jonsen, A.; Gunnarsson, I;
Svenungsson, E.; et al. Whole-genome sequencing identifies complex contributions to genetic risk by variants in genes causing
monogenic systemic lupus erythematosus. Hum. Genet. 2019, 138, 141-150. [CrossRef] [PubMed]

Ozcakar, Z.B.; Foster, ]J., 2nd; Diaz-Horta, O.; Kasapcopur, O.; Fan, Y.S.; Yalcinkaya, F.; Tekin, M. DNASE1L3 mutations in
hypocomplementemic urticarial vasculitis syndrome. Arthritis Rheum. 2013, 65, 2183-2189. [CrossRef]

Yasutomo, K.; Horiuchi, T.; Kagami, S.; Tsukamoto, H.; Hashimura, C.; Urushihara, M.; Kuroda, Y. Mutation of DNASEL1 in
people with systemic lupus erythematosus. Nat. Genet. 2001, 28, 313-314. [CrossRef] [PubMed]

Davis, ].C., Jr.; Manzi, S.; Yarboro, C.; Rairie, J.; McInnes, I.; Averthelyi, D.; Sinicropi, D.; Hale, V.G.; Balow, J.; Austin, H.; et al.
Recombinant human Dnase I (thDNase) in patients with lupus nephritis. Lupus 1999, 8, 68-76. [CrossRef] [PubMed]
Macanovic, M.; Sinicropi, D.; Shak, S.; Baughman, S.; Thiru, S.; Lachmann, P.J. The treatment of systemic lupus erythematosus
(SLE) in NZB/W F1 hybrid mice; studies with recombinant murine DNase and with dexamethasone. Clin. Exp. Immunol. 1996,
106, 243-252. [CrossRef]

Lachmann, PJ. Allergic reactions, connective tissue, and disease. Sci. Basis Med. Annu. Rev. 1967, 36-58.

Wisnieski, ].].; Baer, A.N.; Christensen, J.; Cupps, T.R.; Flagg, D.N.; Jones, ].V.; Katzenstein, P.L.; McFadden, E.R.; McMillen, ].J.;
Pick, M.A; et al. Hypocomplementemic urticarial vasculitis syndrome. Clinical and serologic findings in 18 patients. Medicine
1995, 74, 24-41. [CrossRef]

Hamad, A.; Jithpratuck, W.; Krishnaswamy, G. Urticarial vasculitis and associated disorders. Ann. Allergy Asthma Immunol. 2017,
118, 394-398. [CrossRef]

Ion, O.; Obrisca, B.; Ismail, G.; Sorohan, B.; Balanica, S.; Mircescu, G.; Sinescu, I. Kidney Involvement in Hypocomplementemic
Urticarial Vasculitis Syndrome-A Case-Based Review. J. Clin. Med. 2020, 9, 2131. [CrossRef]

Ueki, M.,; Takeshita, H.; Fujihara, J.; lida, R; Yuasa, I.; Kato, H.; Panduro, A.; Nakajima, T.; Kominato, Y.; Yasuda, T. Caucasian-
specific allele in non-synonymous single nucleotide polymorphisms of the gene encoding deoxyribonuclease I-like 3, potentially
relevant to autoimmunity, produces an inactive enzyme. Clin. Chim. Acta Int. . Clin. Chem. 2009, 407, 20-24. [CrossRef]
Stevenson, H.L.; Estes, M.D.; Thirumalapura, N.R.; Walker, D.H.; Ismail, N. Natural killer cells promote tissue injury and systemic
inflammatory responses during fatal Ehrlichia-induced toxic shock-like syndrome. Am. |. Pathol. 2010, 177, 766-776. [CrossRef]
Thomas, R.J.; Dumler, ].S.; Carlyon, ]J.A. Current management of human granulocytic anaplasmosis, human monocytic ehrlichiosis
and Ehrlichia ewingii ehrlichiosis. Expert Rev. Anti Infect. Ther. 2009, 7, 709-722. [CrossRef] [PubMed]

Saito, T.B.; Walker, D.H. A Tick Vector Transmission Model of Monocytotropic Ehrlichiosis. J. Infect. Dis. 2015, 212, 968-977.
[CrossRef] [PubMed]


http://doi.org/10.1126/science.aam8897
http://www.ncbi.nlm.nih.gov/pubmed/29191910
http://doi.org/10.1053/j.gastro.2015.08.026
http://doi.org/10.1073/pnas.1005743107
http://doi.org/10.1016/j.ebiom.2021.103382
http://doi.org/10.1073/pnas.0909927107
http://www.ncbi.nlm.nih.gov/pubmed/20439745
http://www.ncbi.nlm.nih.gov/pubmed/33986957
http://doi.org/10.1172/JCI105479
http://doi.org/10.1002/art.38365
http://www.ncbi.nlm.nih.gov/pubmed/24470458
http://doi.org/10.1016/j.autrev.2015.07.003
http://www.ncbi.nlm.nih.gov/pubmed/26164648
http://doi.org/10.1038/76032
http://doi.org/10.1038/ng.975
http://doi.org/10.1084/jem.20201138
http://doi.org/10.1007/s00439-018-01966-7
http://www.ncbi.nlm.nih.gov/pubmed/30707351
http://doi.org/10.1002/art.38010
http://doi.org/10.1038/91070
http://www.ncbi.nlm.nih.gov/pubmed/11479590
http://doi.org/10.1191/096120399678847380
http://www.ncbi.nlm.nih.gov/pubmed/10025601
http://doi.org/10.1046/j.1365-2249.1996.d01-839.x
http://doi.org/10.1097/00005792-199501000-00003
http://doi.org/10.1016/j.anai.2017.01.017
http://doi.org/10.3390/jcm9072131
http://doi.org/10.1016/j.cca.2009.06.022
http://doi.org/10.2353/ajpath.2010.091110
http://doi.org/10.1586/eri.09.44
http://www.ncbi.nlm.nih.gov/pubmed/19681699
http://doi.org/10.1093/infdis/jiv134
http://www.ncbi.nlm.nih.gov/pubmed/25737562

Encyclopedia 2021, 1 540

74.

75.

76.

77.

78.

79.

80.

81.

82.
83.

84.

85.

86.

87.

88.

89.
90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

Rikihisa, Y. Molecular Pathogenesis of Ehrlichia chaffeensis Infection. Annu. Rev. Microbiol. 2015, 69, 283-304. [CrossRef]
[PubMed]

Shiokawa, D.; Shika, Y.; Saito, K.; Yamazaki, K.; Tanuma, S. Physical and biochemical properties of mammalian DNase X proteins:
Non-AUG translation initiation of porcine and bovine mRNAs for DNase X. Biochem. J. 2005, 392, 511-517. [CrossRef]
Shiokawa, D.; Matsushita, T.; Shika, Y.; Shimizu, M.; Maeda, M.; Tanuma, S. DNase X is a glycosylphosphatidylinositol-anchored
membrane enzyme that provides a barrier to endocytosis-mediated transfer of a foreign gene. J. Biol. Chem. 2007, 282, 17132-17140.
[CrossRef]

Teymournejad, O.; Lin, M.; Rikihisa, Y. Ehrlichia chaffeensis and Its Invasin EtpE Block Reactive Oxygen Species Generation by
Macrophages in a DNase X-Dependent Manner. mBio 2017, 8. [CrossRef] [PubMed]

Mohan Kumar, D.; Yamaguchi, M.; Miura, K.; Lin, M.; Los, M.; Coy, ].EF; Rikihisa, Y. Ehrlichia chaffeensis uses its surface protein
EtpE to bind GPI-anchored protein DNase X and trigger entry into mammalian cells. PLoS Pathog. 2013, 9, e1003666. [CrossRef]
Kallick, C.A. Diabetic retinopathy and ehrlichia: The possible relationship. Med. Hypothesis Discov. Innov. Ophthalmol. 2012, 1,
33-36.

Brumpton, B.M.; Ferreira, M.A. Multivariate eQTL mapping uncovers functional variation on the X-chromosome associated with
complex disease traits. Hum. Genet. 2016, 135, 827-839. [CrossRef]

Zhu, B.; Gong, Y.; Chen, P; Zhang, H.; Zhao, T; Li, P. Increased DNase I activity in diabetes might be associated with injury of
pancreas. Mol. Cell. Biochem. 2014, 393, 23-32. [CrossRef] [PubMed]

Brady, S.P. Parakeratosis. J. Am. Acad. Dermatol. 2004, 50, 77-84. [CrossRef]

Liang, Y.; Sarkar, M.K.; Tsoi, L.C.; Gudjonsson, ].E. Psoriasis: A mixed autoimmune and autoinflammatory disease. Curr. Opin.
Immunol. 2017, 49, 1-8. [CrossRef] [PubMed]

Fischer, H.; Szabo, S.; Scherz, J.; Jaeger, K.; Rossiter, H.; Buchberger, M.; Ghannadan, M.; Hermann, M.; Theussl, H.C.; Tobin, D.J.;
et al. Essential role of the keratinocyte-specific endonuclease DNaselL2 in the removal of nuclear DNA from hair and nails. J.
Investig. Dermatol. 2011, 131, 1208-1215. [CrossRef]

Ueki, M.; Takeshita, H.; Kimura-Kataoka, K.; Fujihara, J.; lida, R.; Yasuda, T. Identification of functional SNPs potentially served
as a genetic risk factor for the pathogenesis of parakeratosis in the gene encoding human deoxyribonuclease I-like 2 (DNase 1L2)
implicated in terminal differentiation of keratinocytes. Gene 2015, 561, 15-22. [CrossRef] [PubMed]

Manils, J.; Fischer, H.; Climent, J.; Casas, E.; Garcia-Martinez, C.; Bas, J.; Sukseree, S.; Vavouri, T.; Ciruela, F.; de Anta, ].M.; et al.
Double deficiency of Trex2 and DNaselL2 nucleases leads to accumulation of DNA in lingual cornifying keratinocytes without
activating inflammatory responses. Sci. Rep. 2017, 7, 11902. [CrossRef] [PubMed]

Fischer, H.; Fumicz, J.; Rossiter, H.; Napirei, M.; Buchberger, M.; Tschachler, E.; Eckhart, L. Holocrine Secretion of Sebum Is a
Unique DNase2-Dependent Mode of Programmed Cell Death. J. Investig. Dermatol. 2017, 137, 587-594. [CrossRef]

Galas, D.J.; Schmitz, A. DNAse footprinting: A simple method for the detection of protein-DNA binding specificity. Nucleic Acids
Res. 1978, 5, 3157-3170. [CrossRef]

Shak, S. Aerosolized recombinant human DNase I for the treatment of cystic fibrosis. Chest 1995, 107, 655-70S. [CrossRef]

Shak, S.; Capon, D.J.; Hellmiss, R.; Marsters, S.A.; Baker, C.L. Recombinant human DNase I reduces the viscosity of cystic fibrosis
sputum. Proc. Natl. Acad. Sci. USA 1990, 87, 9188-9192. [CrossRef]

Shah, P.L.; Scott, S.F.; Knight, R.A.; Marriott, C.; Ranasinha, C.; Hodson, M.E. In vivo effects of recombinant human DNase I on
sputum in patients with cystic fibrosis. Thorax 1996, 51, 119-125. [CrossRef]

Delfino, D.; Mori, G.; Rivetti, C.; Grigoletto, A.; Bizzotto, G.; Cavozzi, C.; Malatesta, M.; Cavazzini, D.; Pasut, G.; Percudani, R.
Actin-Resistant DNaselL2 as a Potential Therapeutics for CF Lung Disease. Biomolecules 2021, 11, 410. [CrossRef] [PubMed]
Cagliani, J.; Yang, W.L.; Brenner, M.; Wang, P. Deoxyribonuclease Reduces Tissue Injury and Improves Survival after Hemorrhagic
Shock. J. Surg. Res. 2020, 249, 104-113. [CrossRef] [PubMed]

da Cunha, A.A.; Nunez, N.K,; de Souza, R.G.; Moraes Vargas, M.H,; Silveira, ].S.; Antunes, G.L.; Durante Lda, S.; Porto, B.N.;
Marczak, E.S.; Jones, M.H.; et al. Recombinant human deoxyribonuclease therapy improves airway resistance and reduces DNA
extracellular traps in a murine acute asthma model. Exp. Lung. Res. 2016, 42, 66-74. [CrossRef] [PubMed]

Boogaard, R.; de Jongste, ].C.; Merkus, PJ. Pharmacotherapy of impaired mucociliary clearance in non-CF pediatric lung disease.
A review of the literature. Pediatr. Pulmonol. 2007, 42, 989-1001. [CrossRef] [PubMed]

Laukova, L.; Konecna, B.; Janovicova, L.; Vlkova, B.; Celec, P. Deoxyribonucleases and Their Applications in Biomedicine.
Biomolecules 2020, 10, 1036. [CrossRef] [PubMed]

Brill, A.; Fuchs, T.A.; Savchenko, A.S.; Thomas, G.M.; Martinod, K.; De Meyer, S.F.; Bhandari, A.A.; Wagner, D.D. Neutrophil
extracellular traps promote deep vein thrombosis in mice. J. Thromb. Haemost. 2012, 10, 136-144. [CrossRef]

Vokalova, L.; Laukova, L.; Conka, J.; Meliskova, V.; Borbelyova, V.; Babickova, J.; Tothova, L.; Hodosy, J.; Vlkova, B.; Celec, P.
Deoxyribonuclease partially ameliorates thioacetamide-induced hepatorenal injury. Am. J. Physiol. Gastrointest. Liver Physiol.
2017, 312, G457-G463. [CrossRef]

Takada, S.; Watanabe, T.; Mizuta, R. DNase gamma-dependent DNA fragmentation causes karyolysis in necrotic hepatocyte. J.
Vet. Med. Sci. 2020, 82, 23-26. [CrossRef]

Tetz, V.; Tetz, G. Effect of deoxyribonuclease I treatment for dementia in end-stage Alzheimer’s disease: A case report. J. Med.
Case Rep. 2016, 10, 131. [CrossRef]


http://doi.org/10.1146/annurev-micro-091014-104411
http://www.ncbi.nlm.nih.gov/pubmed/26488275
http://doi.org/10.1042/BJ20051114
http://doi.org/10.1074/jbc.M610428200
http://doi.org/10.1128/mBio.01551-17
http://www.ncbi.nlm.nih.gov/pubmed/29162709
http://doi.org/10.1371/journal.ppat.1003666
http://doi.org/10.1007/s00439-016-1674-6
http://doi.org/10.1007/s11010-014-2043-1
http://www.ncbi.nlm.nih.gov/pubmed/24676545
http://doi.org/10.1016/S0190-9622(03)02801-9
http://doi.org/10.1016/j.coi.2017.07.007
http://www.ncbi.nlm.nih.gov/pubmed/28738209
http://doi.org/10.1038/jid.2011.13
http://doi.org/10.1016/j.gene.2015.01.006
http://www.ncbi.nlm.nih.gov/pubmed/25576224
http://doi.org/10.1038/s41598-017-12308-4
http://www.ncbi.nlm.nih.gov/pubmed/28928425
http://doi.org/10.1016/j.jid.2016.10.017
http://doi.org/10.1093/nar/5.9.3157
http://doi.org/10.1378/chest.107.2_Supplement.65S
http://doi.org/10.1073/pnas.87.23.9188
http://doi.org/10.1136/thx.51.2.119
http://doi.org/10.3390/biom11030410
http://www.ncbi.nlm.nih.gov/pubmed/33802146
http://doi.org/10.1016/j.jss.2019.11.036
http://www.ncbi.nlm.nih.gov/pubmed/31926397
http://doi.org/10.3109/01902148.2016.1143537
http://www.ncbi.nlm.nih.gov/pubmed/27070484
http://doi.org/10.1002/ppul.20693
http://www.ncbi.nlm.nih.gov/pubmed/17902149
http://doi.org/10.3390/biom10071036
http://www.ncbi.nlm.nih.gov/pubmed/32664541
http://doi.org/10.1111/j.1538-7836.2011.04544.x
http://doi.org/10.1152/ajpgi.00446.2016
http://doi.org/10.1292/jvms.19-0499
http://doi.org/10.1186/s13256-016-0931-6

Encyclopedia 2021, 1 541

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

Mayes, M.D.; Bossini-Castillo, L.; Gorlova, O.; Martin, ].E.; Zhou, X.; Chen, W.V,; Assassi, S.; Ying, J.; Tan, EK.; Arnett, EC.; et al.
Immunochip analysis identifies multiple susceptibility loci for systemic sclerosis. Am. J. Hum. Genet. 2014, 94, 47-61. [CrossRef]
Zochling, ].; Newell, F,; Charlesworth, J.C.; Leo, P.; Stankovich, J.; Cortes, A.; Zhou, Y.; Stevens, W.; Sahhar, J.; Roddy, J.; et al. An
Immunochip-based interrogation of scleroderma susceptibility variants identifies a novel association at DNASE1L3. Arthritis Res.
Ther. 2014, 16, 438. [CrossRef]

Westra, H.J.; Martinez-Bonet, M.; Onengut-Gumuscu, S.; Lee, A.; Luo, Y.; Teslovich, N.; Worthington, J.; Martin, J.; Huizinga, T.;
Klareskog, L.; et al. Fine-mapping and functional studies highlight potential causal variants for rheumatoid arthritis and type 1
diabetes. Nat. Genet. 2018, 50, 1366-1374. [CrossRef]

Lenert, A.; Fardo, D.W. Detecting novel micro RNAs in rheumatoid arthritis with gene-based association testing. Clin. Exp.
Rheumatol. 2017, 35, 586-592.

Zhao, Q.; Yang, C.; Wang, ].; Li, Y.; Yang, P. Serum level of DNasell3 in patients with dermatomyositis/polymyositis, systemic
lupus erythematosus and rheumatoid arthritis, and its association with disease activity. Clin. Exp. Med. 2017, 17, 459-465.
[CrossRef]

Malickova, K.; Duricova, D.; Bortlik, M.; Hruskova, Z.; Svobodova, B.; Machkova, N.; Komarek, V.; Fucikova, T.; Janatkova, I.; Zima,
T.; et al. Impaired deoxyribonuclease I activity in patients with inflammatory bowel diseases. Autoimmune Dis. 2011, 2011, 945861.
Wang, K.; Gao, M,; Yang, M.; Meng, F.; Li, D.; Lu, R.; Wang, Y.; Zhuang, H.; Li, M.; Cheng, G.; et al. Transcriptome analysis of
bronchoalveolar lavage fluid from children with severe Mycoplasma pneumoniae pneumonia reveals novel gene expression and
immunodeficiency. Hum. Genom. 2017, 11, 4. [CrossRef]

Berthon, B.S.; Gibson, P.G.; Wood, L.G.; MacDonald-Wicks, L.K.; Baines, K.J. A sputum gene expression signature predicts oral
corticosteroid response in asthma. Eur. Respir. J. 2017, 49, 1700180. [CrossRef] [PubMed]

Herrera-Luis, E.; Lorenzo-Diaz, F.; Samedy-Bates, L.A.; Eng, C.; Villar, J.; Rodriguez-Santana, J.R.; Burchard, E.G.; Pino-Yanes, M. A
deoxyribonuclease 1-like 3 genetic variant associates with asthma exacerbations. J. Allergy Clin. Immunol. 2021, 147, 1095-1097 e1010.
[CrossRef] [PubMed]

Kawai, Y.; Yoshida, M.; Arakawa, K.; Kumamoto, T.; Morikawa, N.; Masamura, K.; Tada, H.; Ito, S.; Hoshizaki, H.; Oshima,
S.; et al. Diagnostic use of serum deoxyribonuclease I activity as a novel early-phase marker in acute myocardial infarction.
Circulation 2004, 109, 2398-2400. [CrossRef] [PubMed]

Kumamoto, T.; Kawai, Y.; Arakawa, K.; Morikawa, N.; Kuribara, J.; Tada, H.; Taniguchi, K.; Tatami, R.; Miyamori, I.; Kominato, Y.;
et al. Association of GIn222Arg polymorphism in the deoxyribonuclease I (DNase I) gene with myocardial infarction in Japanese
patients. Eur. Heart ]. 2006, 27, 2081-2087. [CrossRef] [PubMed]

Wang, S.; Ma, H.; Li, X.; Mo, X.; Zhang, H.; Yang, L.; Deng, Y.; Yan, Y.; Yang, G.; Liu, X,; et al. DNASE1L3 as an indicator of
favorable survival in hepatocellular carcinoma patients following resection. Aging 2020, 12, 1171-1185. [CrossRef]

Bhalla, S.; Chaudhary, K.; Kumar, R.; Sehgal, M.; Kaur, H.; Sharma, S.; Raghava, G.P. Gene expression-based biomarkers for
discriminating early and late stage of clear cell renal cancer. Sci. Rep. 2017, 7, 44997. [CrossRef]

Deng, Z.; Xiao, M.; Du, D.; Luo, N,; Liu, D.; Liu, T.; Lian, D.; Peng, ]. DNASE1L3 as a Prognostic Biomarker Associated with
Immune Cell Infiltration in Cancer. OncoTargets Ther. 2021, 14, 2003—-2017. [CrossRef]

Ouyang, B.; Xie, Q.Q.; Huang, W.; Wang, L.; Tang, S.; Fu, J. Diagnostic Value of Serum DNASE1L3 in Hepatitis B Virus-Related
Hepatocellular Carcinoma. Clin. Lab. 2021, 67. [CrossRef] [PubMed]

Jiang, P,; Xie, T.; Ding, S.C.; Zhou, Z.; Cheng, S.H.; Chan, RW.Y,; Lee, W.S.; Peng, W.; Wong, J.; Wong, VW.S,; et al. Detection and
characterization of jagged ends of double-stranded DNA in plasma. Genome Res. 2020, 30, 1144-1153. [CrossRef]

Chan, RW.Y,; Serpas, L.; Ni, M.; Volpi, S.; Hiraki, L.T.; Tam, L.S.; Rashidfarrokhi, A.; Wong, P.C.H.; Tam, L.H.P,; Wang, Y.; et al.
Plasma DNA Profile Associated with DNASE1L3 Gene Mutations: Clinical Observations, Relationships to Nuclease Substrate
Preference, and In Vivo Correction. Am. |. Hum. Genet. 2020, 107, 882-894. [CrossRef]

Badeau, M.; Lindsay, C.; Blais, J.; Nshimyumukiza, L.; Takwoingi, Y.; Langlois, S.; Legare, F.; Giguere, Y.; Turgeon, A.F; Witteman,
W.; et al. Genomics-based non-invasive prenatal testing for detection of fetal chromosomal aneuploidy in pregnant women.
Cochrane Database Syst. Rev. 2017, 11, CD011767. [CrossRef] [PubMed]

Wu, Y,; Werlang, A.; Cheng, W.; Lanes, A.; Wen, S.W.; Walker, M. Association between Levels of Total Cell-Free DNA and
Development of Preeclampsia-A Literature Review. AJP Rep. 2021, 11, e38—e48. [PubMed]

Alix-Panabieres, C.; Pantel, K. Liquid Biopsy: From Discovery to Clinical Application. Cancer Discov. 2021, 11, 858-873. [CrossRef]
Vrablicova, Z.; Tomova, K.; Tothova, L.; Babickova, J.; Gromova, B.; Konecna, B.; Liptak, R.; Hlavaty, T.; Gardlik, R. Nuclear and
Mitochondrial Circulating Cell-Free DNA Is Increased in Patients With Inflammatory Bowel Disease in Clinical Remission. Front.
Med. 2020, 7,593316. [CrossRef] [PubMed]

Duvvuri, B.; Lood, C. Cell-Free DNA as a Biomarker in Autoimmune Rheumatic Diseases. Front Immunol 2019, 10, 502. [CrossRef]
[PubMed]

Leon, S.A.; Shapiro, B.; Sklaroff, D.M.; Yaros, M.]. Free DNA in the serum of cancer patients and the effect of therapy. Cancer Res
1977, 37, 646—650.

Volik, S.; Alcaide, M.; Morin, R.D.; Collins, C. Cell-free DNA (cfDNA): Clinical Significance and Utility in Cancer Shaped By
Emerging Technologies. Mol. Cancer Res. MCR 2016, 14, 898-908. [CrossRef] [PubMed]

Bronkhorst, A.J.; Ungerer, V.; Holdenrieder, S. The emerging role of cell-free DNA as a molecular marker for cancer management.
Biomol. Detect. Quantif. 2019, 17, 100087. [CrossRef]


http://doi.org/10.1016/j.ajhg.2013.12.002
http://doi.org/10.1186/s13075-014-0438-8
http://doi.org/10.1038/s41588-018-0216-7
http://doi.org/10.1007/s10238-016-0448-8
http://doi.org/10.1186/s40246-017-0101-y
http://doi.org/10.1183/13993003.00180-2017
http://www.ncbi.nlm.nih.gov/pubmed/28663317
http://doi.org/10.1016/j.jaci.2020.09.027
http://www.ncbi.nlm.nih.gov/pubmed/33035569
http://doi.org/10.1161/01.CIR.0000129232.61483.43
http://www.ncbi.nlm.nih.gov/pubmed/15148274
http://doi.org/10.1093/eurheartj/ehl177
http://www.ncbi.nlm.nih.gov/pubmed/16877481
http://doi.org/10.18632/aging.102675
http://doi.org/10.1038/srep44997
http://doi.org/10.2147/OTT.S294332
http://doi.org/10.7754/Clin.Lab.2020.200627
http://www.ncbi.nlm.nih.gov/pubmed/33739053
http://doi.org/10.1101/gr.261396.120
http://doi.org/10.1016/j.ajhg.2020.09.006
http://doi.org/10.1002/14651858.CD011767.pub2
http://www.ncbi.nlm.nih.gov/pubmed/29125628
http://www.ncbi.nlm.nih.gov/pubmed/33747613
http://doi.org/10.1158/2159-8290.CD-20-1311
http://doi.org/10.3389/fmed.2020.593316
http://www.ncbi.nlm.nih.gov/pubmed/33381513
http://doi.org/10.3389/fimmu.2019.00502
http://www.ncbi.nlm.nih.gov/pubmed/30941136
http://doi.org/10.1158/1541-7786.MCR-16-0044
http://www.ncbi.nlm.nih.gov/pubmed/27422709
http://doi.org/10.1016/j.bdq.2019.100087

	History and Overview of the Dnase1 Family 
	Discovery of Dnase1 Family Members 
	Evolution of Dnases 
	Extranuclear DNA Is Inflammatory 

	Mechanism of Action for the Dnase1 Family 
	The Pathophysiology of the Dnase1 Family 
	Clearance of Neutrophil Extracellular Traps (Dnase1/Dnase1L3) 
	Systemic Lupus Erythematosus (Dnase1/Dnase1L3) 
	Hypocomplementemic Urticarial Vasculitis (Dnase1L3) 
	Ehrlichiosis (Dnase1L1) 
	Psoriasis (Dnase1L2) 

	Clinical and Experimental Applications of Dnases 
	Experimental Applications of Dnase1 
	Clinical Applications of Dnase1 
	Dnase1 Family Members and Cell-Free DNA as Potential Biomarkers 

	Conclusions 
	References

