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Detection of microbial nucleic acids by the innate immune system is mediated by

numerous intracellular nucleic acids sensors. Upon the detection of nucleic acids these

sensors induce the production of inflammatory cytokines, and thus play a crucial role

in the activation of anti-microbial immunity. In addition to microbial genetic material,

nucleic acid sensors can also recognize self-nucleic acids exposed extracellularly

during turn-over of cells, inefficient efferocytosis, or intracellularly upon mislocalization.

Safeguard mechanisms have evolved to dispose of such self-nucleic acids to impede

the development of autoinflammatory and autoimmune responses. These safeguard

mechanisms involve nucleases that are either specific to DNA (DNases) or RNA (RNases)

as well as nucleic acid editing enzymes, whose biochemical properties, expression

profiles, functions and mechanisms of action will be detailed in this review. Fully

elucidating the role of these enzymes in degrading and/or processing of self-nucleic acids

to thwart their immunostimulatory potential is of utmost importance to develop novel

therapeutic strategies for patients affected by inflammatory and autoimmune diseases.

Keywords: DNases, RNases, systemic lupus erythematosus, DNA sensing, RNA sensing, interferonopathies,

aicardi goutieres syndrome, toll-like receptors

INTRODUCTION

The innate immune system is the first line of defense of an organism against microbial infections.
Upon the sensing of microbial components called pathogen associatedmolecular patterns (PAMPs)
by pattern recognition receptors (PRR), the innate immune system produces inflammatory
mediators viz. type-I Interferons (IFN-I) that are critical for the activation of antimicrobial
immunity. Multiple PRR have evolved to recognize microbial nucleic acids (NAs) which represent a
major PAMP (1). This ability of PRR to detect microbial genetic material confers a great advantage
to the host, by enabling the activation of the immune system against a broad range of microbes.
However, this specificity of PRR comes with an imminent risk, as PRR specialized in NA sensing
do not robustly discriminate between self (endogenous) and foreign NAs (2). To avoid the aberrant
immune activation by self-DNA, DNA sensors are strategically located in cellular compartments
commonly devoid of self-DNA such as the cytosol and endolysosomes (3). Furthermore, NA
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sensors preferentially recognize sequences and/or structures
that are enriched in microbial genetic material including un-
methylated CpG motifs (abundant in microbial DNAs) and
uncapped 5′ tri- and bi-phosphates (abundant in viral RNAs)
(2). It was recently reported that histones also prevent aberrant
activation of inflammatory responses by genomic DNA (gDNA),
through the inhibition of intracellular DNA sensors (4–7). While
these mechanisms clearly prevent abnormal activation of NA
sensors by endogenous NAs, they are not sufficient given the
abundance and availability of self-NAs. Indeed, the natural
turnover of cells accounts for millions of dying cells every
day that release significant amounts of their genetic material,
while cellular stress conditions including genotoxic and oxidative
stress, autophagy, etc. can lead to exposure of nuclear and
mitochondrial genetic material into the cytosol. Therefore, the
relative abundance and antigenicity of self-NAs must also be
tightly regulated to limit their immunostimulatory potential
and prevent the development of inflammatory and autoimmune
disorders (3). This role is ensured by nucleases (DNases
and RNases) and NA-editing enzymes, that function extra
and intracellularly to prevent self-NA-mediated autoimmunity.
After briefly describing the NA sensors and the main sources
of potentially immunostimulatory self-NAs, this review will
focus on the nucleases and NA-editing enzymes involved in
the regulation of self-NA immunogenicity. Particularly we
will describe their expression profiles, biochemical properties,
functions and mechanisms of action. Moreover, we will
simultaneously address how dysregulation and deficiencies in
these enzymes contribute to inflammatory and autoimmune
diseases. The functional analysis of nucleases’ and NA-editing
enzymes will be further extended to cancer, another pathological
context that involves NA sensing. Finally, the potential
therapeutic avenues to overcome pathologies mediated by
nucleases and NA-editing enzyme dysfunction will be discussed.

INNATE IMMUNE SENSORS OF NUCLEIC
ACIDS

There are two major subtypes of NA sensing PRR that were
classified according to their subcellular localization, including
cytosolic and endolysosomal NA sensors. Their function,
regulation and signaling pathways were recently thoroughly
reviewed (2), therefore we will briefly describe them to
understand the function of nucleases and NA-editing enzymes in
the regulation of NA sensing.

Cytosolic NA sensors are widely expressed across immune
and non-immune cells, and recognize cytosolic NAs. Cytosolic
double stranded (ds)RNA is sensed by RIG-I-like receptors
(RLRs) including RIG-I (retinoic acid-inducible gene I) and
MDA5 (melanoma differentiation-associated protein 5). RIG-
I is activated by 5′ tri-phosphorylated, 5′ di-phosphorylated
and to lesser extent by 5′-OH short dsRNA (8), while MDA5
recognizes highly branched forms of dsRNA of >1 kbp (9), none
of which are found endogenously. RIG-I and MDA5 interact
with the mitochondrial antiviral signaling protein (MAVS)
on the outer mitochondrial membrane, which activates the

MAVS signaling complex leading to IFN-I and proinflammatory
cytokine production (3). The principal cytosolic DNA sensor
is cGAS (cyclic GMP-AMP synthase), which upon DNA
recognition, synthesizes cyclic GMP–AMP (cGAMP), that
functions as a second messenger to activate the stimulator of
IFN genes (STING) on the endoplasmic reticulum (ER). STING
engagement also causes IFN-I production (10). Another cytosolic
dsDNA sensor is absent in melanoma 2 (AIM2), which upon
activation engages the inflammasome to cause production of
interleukin (IL)-1β, IL-18 and other inflammatory cytokines (11).
However, all mouse AIM2-like receptors (ALRs) and human
IFI16 are dispensable for the IFN-I response to intracellular DNA
(12). Most cytosolic RNA sensors mediate responses to various
classes of RNA viruses, whereas cytosolic DNA sensors induce
antiviral immunity against DNA viruses and retroviruses. Recent
reports show that cGAS can also be localized to the nucleus
preferentially to centromeric DNA and LINE-DNA repeats upon
disruption of nuclear membrane during cell migration and
interphase of the cell cycle. Nuclear localization of cGAS has been
suggested as a process that might regulate tonic or basal IFN-I
signaling (13–15).

Endolysosomal NA sensors consist of the Toll-like receptor
(TLR) family members TLR3, −7, −8, −9, and −13. They are
mainly expressed by immune cells and identify endocytosed NAs.
TLR9 preferentially recognizes unmethylated CpG dinucleotides
in dsDNA sequences (16, 17), while TLR3 is activated by 39-
48bp of dsRNA (18). TLR8, which is reportedly non-responsive
to stimulation by RNA in mice contrary to humans, is
expressed in human monocytes, dendritic cells (DCs) and
neutrophils, whereas TLR7 is widely expressed in immune
cells of both humans and mice (19). Both TLR7 and TLR8
recognize single stranded (ss)RNA and its degradation products.
Recent biophysical and biochemical studies have identified
critical differences between the two, wherein TLR8 recognizes
ssRNA uridine and short oligonucleotides (20), while TLR7 is
preferentially activated by guanosine and its derivatives (21).
TLR13 is a murine-specific endosomal sensor of bacterial 23S
rRNA (22). Ligand binding to TLR7, −8, −9, and 13 initiates
signaling via the adaptor proteinMyD88 (myeloid differentiation
primary response protein 88), while TLR3 signals via the
adaptor protein TRIF (TIR domain-containing adaptor inducing
interferon-β). Both TRIF and MyD88 pathways lead to NF-κB-
mediated inflammatory cytokine production and IFN regulatory
factor (IRF)-3/7-mediated IFN-I production, which are both
necessary for antimicrobial immune responses (23–25).

SOURCES, FORMS AND
IMMUNOGENICITY OF SELF NUCLEIC
ACIDS

Most NA sensing PRR do not properly discriminate between
microbial and endogenous NAs. Accordingly, endogenous NAs
were reported to activate NA sensing pathways and contribute
to inflammatory and autoimmune syndromes (2). In this section
we will discuss the main sources, forms and properties of
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endogenous NAs and how they may gain access to cellular
compartments containing NA sensors.

Cell free extracellular NAs were first identified in the
circulation of a patient with leukemia in 1931 by Labbe et al.
(26) and several years later Mandel and Metais were able to
extract both DNA and RNA from the plasma of healthy patients
(27). These pioneering studies indicated that endogenous NAs
are present systemically and that their quantities are altered
in pathological settings. Since then, technological advances in
purification, quantification and sequencing has led to better
characterization of circulating cell free (cf)-NAs (28).

CfDNA is relatively abundant in the circulation of healthy
individuals, ranging from 5 to 10 ng/mL of plasma (29). Studies
using gel electrophoresis (30–32) and DNA sequencing (33–
35) have indicated a laddering pattern of cfDNA reminiscent
of apoptotic DNA products with a dominant DNA species
of 167bp corresponding to the length of DNA associated
with a single chromatosome. Further examination of cfDNA
in sex-mismatched bone marrow (BM) recipients (36) and
its methylation profiles (37, 38), have revealed that 80% of
cfDNA originates from dying hematopoietic cells, including
granulocytes, and lymphocytes. Importantly, these contributions
can shift during pregnancy and aging and in pathological
contexts (cancer, transplantation, and autoimmune syndromes)
(39). In addition, to gDNA, mitochondrial DNA (mtDNA) is
readily detected in the circulation of healthy individuals (40),
originates from dying cells (41) and was found to be 56-fold more
abundant than circulating gDNA (42).

Various forms of gDNA and mtDNA are present in the
circulation. They can be free (“naked”), associated with proteins
such as histones and HMGB1 (High mobility group box 1) for
gDNA and TFAM (Mitochondrial transcription factor A) for
mtDNA, and finally they may be associated with microparticles
(MPs). MPs are extracellular vesicles typically between 0.1 and
1.0µm in diameter that originate from the outward budding of
the plasma membrane (43). DNA isolated from MPs shows a
laddering pattern (31), suggesting that MP-associated DNA is
derived, in part, from apoptotic cells. DNA that is associated with
MPs can be exposed on their surface and/or remain inside, and
usually consists of chromatin fragments containing histones and
DNA associated proteins (HMGB-1 and TFAM) (44–46).

While cfDNA derived from apoptotic cells arises naturally,
infection, inflammatory conditions, and cancer may lead to
release of circulating DNA with different properties. It was
reported that necrosis (accidental cell death characterized by
a rapid loss of plasma membrane integrity in the absence
of nuclear fragmentation) of cancer cells contributes to the
accumulation of larger fragments (>1 kb) of cfDNA in the
circulation (47). Furthermore, neutrophils undergo a specific
cell death process called NETosis, which results in the release
of DNA in the form of neutrophil extracellular traps (NETs)
(48). These structures facilitate trapping of bacteria, and thus are
important for antimicrobial immunity (48). In addition to gDNA,
NETs are composed of mtDNA, and both can be associated
with the anti-microbial peptide LL37 (48) which protects such
DNA from degradation (49). In addition, DNA that is extruded
by neutrophils is oxidized, further facilitating its protection

from nucleases (50) and enhancing its immunostimulatory
potential (51).

Naked forms of gDNA found in the circulation are
mostly inert and display relatively low immunostimulatory
capacities (52). On the other hand, mtDNA which shares
many features with bacterial DNA, harbors elevated levels
of unmethylated immunostimulatory CpG motifs (53), and
was reported to activate TLR9 (54). The association of
cfDNA with HMGB1 and its mitochondrial counterpart
TFAM also contributes to the immunogenicity of cfDNA.
Indeed, HMGB1 and TFAM were shown to promote cfDNA
transport into intracellular compartments and to enhance
TLR9 activation by self-DNA particularly in plasmacytoid
dendritic cells (pDCs) which are specialized in IFN-I production
(55, 56). Moreover, they confer self-DNA-specific secondary
structures capable of activating cGAS (57). DNA associated
with MPs also carries the potential to activate innate immune
responses mainly through TLR9 (58). This ability is likely
mediated by the endocytosis of MPs, which grants access
to the endolysosomal compartment for further processing
but does not facilitate the stimulation of cGAS and other
cytosolic DNA sensors. In addition to their forms, it is
becoming clear that the size of cfDNA directly impacts its
immunogenic potential. Longer DNA fragments stimulate cGAS
mediated IFN-I production more efficiently (59) and bind with
higher affinity to dsDNA autoantibodies that accumulate in
autoimmune syndromes such as systemic lupus erythematosus
(SLE) (60). Finally, DNA that is extruded during the process
of NETosis is also highly immunogenic and induces IFN-
I production in a TLR9- (61, 62) and cGAS-dependent
manner (51).

CfRNA levels, sources, physical forms and its potential to
become immunostimulatory is less characterized compared
to cfDNA. Many attributes of RNA make its presence in
circulation unlikely. RNA is a short-lived highly labile molecule
susceptible to alkaline pH, heavy metal ions, and RNases
abundant in circulation (63). In spite of its instability, several
studies have identified numerous RNA species in the plasma,
the most prevalent of which include miRNA and piwiRNA
and to a lesser extent mRNA, lncRNA, rRNA, and tRNA
(64). A study from the Lo group found that “naked” RNA
was degraded in human plasma after only 15 s of incubation,
suggesting that any RNA normally found in plasma must
be protected (65). Indeed, after passing plasma through a
0.2µm filter there was a 10-fold reduction in the amount of
RNA recovered, suggesting a mix of MP-associated and MP-
free RNA in circulation (65). Several studies have also shown
that cell-free miRNA is particularly resistant to nucleases (66),
due to its association to proteins rather than with vesicles,
indicating multiple methods of cfRNA stabilization may exist.
The immunostimulatory capacity of circulatory MP-associated
RNA has been investigated to some degree in the context of
RNA specific TLR activation; however this as well as the role of
MP-free circulating RNA species remain active areas of research
(67, 68).

Intracellular NAs represent a much larger pool of self-
NAs residing within cells in the form of gDNA, mtDNA and
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RNA. gDNA and mtDNA are segregated from intracellular
DNA sensors and post-transcriptional modifications of
endogenous RNA restrict its capacity to stimulate cytosolic

RNA sensors (2). However, gDNA and mtDNA are known to
gain access to the cytosol. Micronuclei are small organelles
surrounded by a nuclear envelope containing condensed

FIGURE 1 | In red are extracellular source of NAs that originate from dying cells in multiple forms including free, microparticle (MP)-associated, Neutrophil Extracellular

Trap (NET)-associated, and protein-associated (Histones, HMGB1, and TFAM). Such NAs can be internalized into endolysosomes where they are recognized by Toll

like receptors (TLR), which via MyD88 activate NF-kB and IRF7 transcription factors that upon their translocation to the nucleus induce the production of inflammatory

cytokines and type I interferons (IFN-I). The detection of extracellular RNA by NA-sensing PRRs is poorly documented. In blue are represented intracellular sources of

NAs. They originate from mitochondria and such mtDNA in the presence of ROS (reactive oxygen species) can be oxidized and acquire the ability to activate NLRP3

inflammasome, which triggers caspase 1-mediated cleavage of pro-IL-1β into active IL-1β. mtDNA can also activate cGAS which upon detection of DNA produces

cGAMP that is specifically recognized by STING. STING stimulation triggers IRF3-mediated IFN-I production and NF-kB-mediated inflammatory cytokine production.

Upon autophagy mtDNA can gain access to endolysosomal compartments and stimulate TLR9 as well. Furthermore mitochondrial double-stranded RNA (mtdsRNA)

if not degraded by mitochondrial RNA-degradosome machinery can activate the RNA sensor MDA5 which via the adaptor molecule MAVS activates IRF3-mediated

IFN-I production. Endogenous LTR-retrotransposons are also a source of intracellular NAs, they can lead to the production of dsRNA duplexes that activate IFN-I

production after their sensing by MDA5. In purple are common pathways of intracellular and extracellular NA sensing. mtDNA and NET-associated DNA from the

extracellular space are internalized in the cytosol and activate cGAS. The same pathway can be activated by ssDNA originating from the reverse transcription of

endogenous LTR-retrotransposons and by nuclear DNA released into the cytosol during stress conditions in forms of micronuclei or “speckles”.
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nuclear DNA, and “speckles” are less condensed cytosolic
DNA structures (69), which form during mitosis and DNA
damage, respectively. Exposure of gDNA in cytosolic “speckles”
and/or micronuclei upon rupture of the nuclear envelope
(69) stimulate cGAS and induce IFN-I production (70–72).
Cell stress and cell death (54) also participate in the release
of mtDNA into the cytosol. The proximity of mtDNA to
reactive oxygen species (ROS) makes it more susceptible to
oxidation, a modification that makes mtDNA more resistant to
degradation by nucleases (50), and boosts its immunostimulatory
potential. Accordingly, once in the cytosol, unmodified mtDNA
stimulates the cGAS-STING pathway (73, 74), while its oxidized
counterpart acquires the capacity to activate the NLR family
pyrin domain containing 3 (NLRP3) inflammasome (75). As
discussed previously mtDNA is rich in un-methylated CpG
motifs that constitute the main ligand for TLR9. In addition
to the uptake of extracellular mtDNA into endolysosomal
compartments containing TLR9 (58), mtDNA can be directly
transported to endolysosomes by autophagy and trigger
TLR9 activation if mtDNA degradation during this process is
incomplete (54).

Endogenous RNAs, as discussed previously, are poor
stimulators of intracellular RNA sensors due to their biochemical
properties. Nevertheless, non-coding retroelements that make
up a large portion of the human genome, are known to produce
dsRNA duplexes resembling viral dsRNA. Although not all
retroelements are active in this way, the dsRNA products of
many have been shown to activate intracellular NA sensors
(76). There is some evidence that retroelement-derived dsRNA
duplexes, if not degraded, are recognized by intracellular
RLRs (77, 78) and trigger inflammatory cytokines and IFN-I
production. Recently, mtdsRNA was also shown to signal
through MDA5-MAVS to induce IFN-I production if not
degraded by mitochondrial RNA-degradosome machinery
(79). Finally, endogenous retroelements not only form dsRNA
product but also contribute to the generation of complementary
DNA (cDNA) upon reverse transcription. These cDNA were
also described to be an important source of intracellular DNA,
the levels of which if not properly regulated may contribute
to the aberrant activation of the cGAS-STING pathway
(80, 81).

There are thus multiple sources of endogenous NAs that can
be distributed both extra and intra-cellularly (Figure 1). They
assume various forms that regulate their half-life, distribution
and immunostimulatory properties. Endogenous NAs are
readily detected extracellularly, but in pathological contexts
their abundance is commonly increased, and their physical
form is altered. In addition, impairment of the intracellular
distribution of NAs, renders them accessible to intracellular
NA sensors. According to their source, form, distribution
and modifications, endogenous NAs exhibit differential
immunostimulatory properties. Nevertheless, most endogenous
NAs are capable of activating innate immune receptors and
stimulate the secretion of inflammatory cytokines (Figure 1).
Due to the imminent danger such NAs pose to the host,
their availability and immunogenicity must be subjected to
stringent regulation.

NUCLEASES: SAFETY NETS THAT
PREVENT SELF NUCLEIC ACID
IMMUNOGENICITY

There are multiple nucleases and NA-editing enzymes that
regulate the abundance and the immunostimulatory potential of
self-NAs. They can be subdivided in two classes, extracellular and
intracellular NA processing enzymes. Their expression profiles,
functions and their contribution to pathologies in both mice and
humans are summarized in Table 1.

Extracellular Nucleases
Apoptotic cells are rapidly cleared by tissue macrophages. This
process, termed efferocytosis, plays a crucial role in the disposal
of extracellular self-NAs thus limiting their pathogenic potential
(149). Circulatory cfNAs are also eliminated by hepatorenal
clearance mechanisms (150, 151); however, both of these
regulatory processes are not sufficient and require further help
from extracellular nucleases. These enzymes, comprising both
DNases and RNases, play a crucial role in the regulation of the
abundance, the size, and the immunostimulatory potential of
endogenous cfNAs as supported by in vivo studies and clinical
observations indicating that their deficiencies and dysregulation
contribute to the development of autoimmune syndromes.

Extracellular DNases: Key Regulators of

Cfdna-Mediated Systemic Autoimmunity
The main extracellular nucleases targeting DNA belong to
the deoxyribonuclease (DNase)-1 family and include DNASE1,
DNASE1like1 (DNASE1L1), and DNASE1like3 (DNASE1L3).
They show a high degree of homology (∼51%) and comparable
structures including a DNASE domain preceded by a signal
sequence that is required for their trafficking to the ER and
intracellular inhibition of their DNASE activity (29). Upon
trafficking to the ER the signal sequence is cleaved, allowing the
secretion of fully active DNases (152, 153). Contrary to DNASE1,
DNASE1L1, and DNASE1L3 have unique C-terminal domains
whose function will be discussed below. In addition to their
structure these extracellular DNases share common biochemical
properties: they function at neutral pH, their enzymatic activity
is dependent on divalent cations (Ca2+/Mg2+/Mn2+) and they
cleave phosphodiester bonds leaving 3’ hydroxy/5’ phosphor
(3’OH/5’-P) ends (154). Their unique functions in the regulation
of endogenous cfDNA abundance and immunogenicity will be
further detailed.

DNASE1 is expressed primarily in the kidneys, pancreas,
salivary glands, stomach and the small intestine (152). It can
also be detected in body fluids such as plasma and urine (155)
reflecting its secreted nature. Initially DNASE1 was thought
to play an important role in the degradation of DNA from
nutrients in the digestive tract but its systemic distribution
suggested a broader function in the regulation of extracellular
cfDNA levels. DNASE1 present in the plasma is capable of
digesting “naked” DNA and nucleosomal DNA in the presence
of heparin and/or plasmin (152, 156, 157). Moreover, DNASE1
was shown to digest DNA originating from NETs in vitro as
well as in vivo (158, 159). Its functional characterization and
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TABLE 1 | Comparative analysis of murine and human nucleases and NA-processing enzymes.

Nuclease Main tissue

expression (mice

and humans)

Main cell types

(mice and

humans)

Substrates Mutations in humans

and associated

pathologies

Deficiency in

mice and

associated

pathologies

Signaling

pathway

activated upon

deficiency

DNASE1 Salivary glands;

Kidney; Gut;

Plasma

Exocrine cells;

Paneth cells

Apoptotic cell-derived DNA;

Neutrophil extracellular trap

(NET) DNA

Systemic Lupus

Erythematosus (SLE)a

(82)

SLEa (83) Unknown

DNASE1L1 Skeletal and

Cardiac muscle

Myocytes Liposome associated DNA

(natural substrate unknown)

Pompe’s diseasea;

ANCA-associated

vasculitis (84–86)

Muscle weakness

and reduced total

body mass (87)

Unknown

DNASE1L3 Spleen; Liver;

Plasma

Dendritic cells,

Macrophages

“Naked” DNA;

Nucleosome-bound form;

Microparticle

(MP)-associated DNA;

NET-DNA

Pediatric-onset SLE;

Systemic sclerosis

(SSc), Rheumatoid

Arthritis (RA) (88–99)

SLE (Strong

serological

features) (45, 100)

TLR7; TLR9;

Myd88 dependent

(45, 101)

RNASET2 Ubiquitous Most cells Extra and intracellular

ssRNA

Cystic

leukoencephalopathy

(102)

Neuropathology

and deficits in

memory (103)*

Unknown

DNASE2A Ubiquitous Macrophages Apoptotic cell-derived

dsDNA and endogenous

genomic dsDNA

Rheumatoid arthritis

(RA); Anemia, Lupus

nephritis (104–106)

Embryonic lethal;

Anemia,

Rheumatoid

arthritis; Nucleic

acid specific

autoantibodies

(107–111)

cGAS/STING,

AIM2 and

endolysosomal

TLRs dependent

(111–115)

DNASE2B Lens Lens fiber cells Nuclear dsDNA Unknown Cataracts (116) Unknown

PLD3/PLD4 Most tissue Macrophages; DC ssDNA originating from

apoptotic cells

Rheumatoid arthritis

(RA); Systemic

sclerosis (SSc)

(117–119)

Chronic immune

activation resulting

in inflammatory

disease (120)

TLR9 dependent

(120)

DNASE1L2 Epidermis Keratinocytes Nuclear dsDNA Parakeratosis;

Psoriasis. (121)

Hair and nail

parakeratosis

(122)

Unknown

TREX1 Ubiquitous Ubiquitous ssDNA derived from

retrotranscribed

retroelements

Aicardi Goutières

Syndrome (AGS);

Familial Chilblain Lupus

(FCL), Retinal

Vasculopathy with

Cerebral

Leukodystrophy

(RVCL); SLE (123–130)

Lethal

autoimmunity,

Myocarditis, Lupus

like disease;

FCL-like disease

(81, 128)

STING, cGAS,

TBK1, IRF7, IRF3,

and IFNAR1

dependent.

(80, 81, 113, 128,

131, 132)

RNase H2

complex

Ubiquitous Ubiquitous RNA in RNA: DNA hybrid

structures

Aicardi Goutières

Syndrome (AGS), SLE

(133, 134)

Embryonic lethal;

IFN-mediated

autoimmunity

(135, 136)

cGAS/STING

dependent

(135, 136)

SAMHD1 Most tissue Immune cells dNTPs Aicardi Goutières

Syndrome (AGS);

Familial Chilblain Lupus

(FCL); Arthropathy

(137, 138)

Spontaneous

type-I IFN

production and

upregulation of

ISGs; No

inflammatory

disease (139, 140)

Unknown

ADAR1 Ubiquitous Ubiquitous dsRNA duplexes Aicardi Goutières

Syndrome (AGS). (141)

Embryonic lethal

(142)

MDA5; MAVS-

dependent

(143, 144)

RNA

Exome

Ubiquitous Ubiquitous dsRNA Trichohepatoenteric

syndrome (145)

Unknown RLRs (146)

Endo G Ubiquitous Ubiquitous mtDNA Unknown Cardiac

hypertrophy (147)

cGAS/STING (148)

Blue are extracellular, Green are endolysosomal and yellow are intracellular nucleases or NA processing enzymes.
aControversial; *Study in rats.
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relevance in the regulation of extracellular cfDNA abundance
and immunogenicity was assessed after the generation of
Dnase1-deficient (KO) mice (160). These mice spontaneously
developed anti-dsDNA and anti-nucleosome autoantibodies, and
ultimately glomerulonephritis. With these specific pathological
manifestations, Dnase1 deficiency was suggested to cause SLE
development in vivo (160). However, these results were obtained
in mice that were on a mixed 129sv-C57/Bl6 background which
are genetically predisposed to autoimmunity (161), and were
not reproduced in Dnase1 KO mice backcrossed to pure 129Sv
and C57/Bl6 backgrounds (162). In addition, genetic targeting
of Dnase1 in these mice caused inactivation of the Trap1 gene,
encoding a mitochondrial chaperone, due to the location of its
open reading frame on the opposite DNA strand of Dnase1
(163). Therefore, the impact of Dnase1 deficiency on SLE
development is dependent on the genetic background and may
be confounded by the unintentional Trap1 inactivation. The
levels of circulatory cfDNA and its overall size distribution was
also recently shown to be similar between control and Dnase1
KO mice (164), further supporting a redundant, rather than
primary role for DNASE1 in the regulation of cfDNA abundance
and immunogenicity. Interestingly, Kenny et al. have generated
a new Dnase1 KO strain on a C57/Bl6 background without
affecting the expression of Trap1, which shows divergent results.
These mice develop SLE features as manifested by elevated levels
of anti-dsDNA antibodies and a mild glomerulonephritis (83).
It is difficult to estimate the significance of the autoantibody
titers detected in these mice in comparison to other SLE-prone
mouse strains, therefore further studies are needed to clarify
the role of DNASE1 in SLE and its mechanisms of action in
mice. Similarly, the involvement of DNASE1 in SLE pathogenesis
in humans remains unclear. Genetic studies have identified a
heterozygous non-sense mutation in DNASE1 of SLE patients
(82) and single nucleotide polymorphisms (SNP) inDNASE1 that
are associated with susceptibility to SLE (165, 166). Nevertheless,
follow up studies failed to shed light on mutations in DNASE1
in numerous cohorts of SLE patients (167–171). Moreover, SLE
patients were reported to exhibit a reduced circulatory DNASE1
activity (172) and such reduced activity was later associated with
the development of kidney disease (158). DNASE1 activity in
these studies was established by analyzing the ability of SLE
patient sera to digest either naked (172) or NET-associated
DNA (158), which are substrates shared with other circulatory
nucleases such as DNASE1L3 (156). Finally, trials aiming to
supplement SLE patients with recombinant human DNASE1
failed to show clinical benefits (173). Hence, in both humans and
mice, DNASE1 doesn’t seem to be a major safeguard mechanism
preventing the break of tolerance to self-DNA. Rather than
displaying a systemic function, numerous studies point toward a
local role of DNASE1, particularly in kidneys where it may limit
the pathogenic properties of immune complexes in SLE patients
(174, 175).

DNASE1L3 was initially identified in rat thymocytes (176)
and later in the liver and the spleen (177, 178), pointing to
a specific expression in hematopoietic cells. Further studies
showed that DNASE1L3 is highly expressed in cells of myeloid
origin, including DCs and macrophages (45, 179). In addition,

inflammatory signals such as IL-4 were recently reported to
induce DNASE1L3 expression in human myeloid cells (180).
Together with DNASE1, DNASE1L3 was shown to account for
most of the DNase activity measured in murine serum (156).
DNASE1L3 is capable of digesting “naked” DNA and DNA in
NETs, although less efficiently than DNASE1 (156, 158, 159).
Besides its shared function with DNASE1, DNASE1L3 possesses
a unique ability to degrade nucleosomal DNA (chromatin)
without helper proteases (152, 181) and DNA encapsulated
in liposomes (179), as reflected by its ability to prevent cell
transfection. Given its potential to digest liposome encapsulated
DNA, we investigated what may be the natural substrate of
DNASE1L3 and identified DNA associated to MPs released
by dying cells (45). These unique properties of DNASE1L3
rely on its C-terminal α-helical domain of 21 amino acids
that is positively charged and highly hydrophobic. Deletion
of DNASE1L3 C-terminus abrogates its potential to digest
nucleosomal, liposome-encapsulated and MP-associated DNA
without affecting its ability to degrade “naked” DNA (45, 179).
The biochemical features of DNASE1L3 C-terminal domain
may facilitate lipid membrane binding, penetration as well as
the displacement of histones from nucleosomes. Nevertheless,
the mechanisms of action of DNASE1L3 C-terminal domain
are still speculative and require further investigation. Overall,
DNASE1L3 regulates the abundance of numerous sources of
extracellular endogenous DNA. The implications of DNASE1L3
in regulating the immunostimulatory potential of endogenous
DNA came initially from human studies. Pioneering work by
Al-Mayouf et al. has led to the identification of autosomal
recessive homozygous null mutation in DNASE1L3 that caused
severe childhood-onset SLE (88). Additional studies followed
and identified multiple families with different null mutations in
DNASE1L3 that were associated with the development of early
onset SLE and SLE associated diseases (89–92). In addition,
SNPs inDNASE1L3 that cause mutations and functionally impair
DNASE1L3 were reported to confer susceptibility to SLE, and
related autoimmune diseases such as systemic sclerosis and
rheumatoid arthritis (93–99). Altogether these results clearly
indicate that DNASE1L3 regulates the potential of endogenous
DNA to aberrantly activate autoimmune responses. Similar to
humans, Dnase1l3 KO mice developed anti-DNA and anti-
nucleosome antibodies by 5 weeks of age, that accumulated over
time and ultimately caused minor kidney pathology (45). The
phenotype induced by Dnase1l3 deficiency in mice was milder
than in humans and did not result in lethality. This difference
is likely due to the housing of Dnase1l3 KO mice in specific
pathogen free facilities, since their treatment with exogenous
IFN-I significantly accelerated the diseases and induced lethality
(45). Similar SLE features were reported in an additional strain
of Dnase1l3-deficient mice and the autoimmune phenotype was
further enhanced when associated with Fc gamma receptor IIB
(Fcgr2b) deficiency (100). Abrogation of DNASE1L3 both inmice
and humans caused the accumulation of endogenous cfDNA
particularly in MPs (45). Contrary to Dnase1 KOmice, Dnase1l3
KO mice (182), and DNASE1L3 null humans (183) also display
significant modifications of their circulatory cfDNA, including
elevated levels of long poly-nucleosomal DNA fragments. These

Frontiers in Immunology | www.frontiersin.org 7 February 2021 | Volume 12 | Article 629922

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Santa et al. Nucleases Regulate Nucleic-Acid Sensing

results clearly demonstrate an important function of DNASE1L3
in reducing the availability of immunogenic cfDNA by restricting
DNA length and reducing its exposure on MPs derived from
apoptotic cells. The development of SLE features in Dnase1L3
deficient mice was STING independent but MyD88 dependent
supporting the role of endolysosomal TLR in the detection of
cfDNA accumulating in these mice (45). TLR7 together with
TLR9 were later shown to play a crucial role in SLE development
in Dnase1l3 KO mice (101). The apparent redundancy of
TLR7 and 9 in Dnase1l3 KO may rely on the ability of
TLR9 to recognize DNA and TLR7 to broadly recognize NA
degradation products such as deoxyguanosines (21). Finally,
TLR7/9 activation by endogenous DNA is crucial for stimulating
the production of anti-DNA antibodies by B cells and induces
production of IFN-I by pDCs which further “boosts” autoreactive
B cell responses (101). Therefore, in both mice and humans,
DNASE1L3 plays a crucial role in preventing the pathogenic
activation of immune responses by endogenous DNA released by
dying cells (Figure 2).

DNASE1L1 expression is restricted to the skeletal muscle
and cardiomyocytes (184, 185). DNASE1L1 contains a
glycosylphosphatidylinositol (GPI) anchor located in its C-
terminus that prevents its secretion (184) as reflected by
its absence in body fluids. DNASE1L1 is anchored to the
cell membrane with its DNase domain sticking out in the
extracellular space and thus likely functions extracellularly
(184). DNASE1L1 is also capable of digesting naked
DNA, but its specific function remains poorly understood.
Overexpression and siRNA-mediated knockdown in a human
rhabdomyosarcoma cell-line demonstrated that DNASE1L1
reduced the transfection of DNA encoding a reporter
protein (184). These observations suggest that DNASE1L1,
similar to DNASE1L3, may degrade DNA complexed with
transfection reagents, but its mechanism of action and natural
substrates remain unknown. Dnase1l1-deficient mice displayed
reduced fatigue tolerance and revealed notable evidence of
damage/regeneration in muscle fibers (87), providing further
evidence of its specific function in muscle tissues. Myocytes of
skeletal muscle contain specialized structures, like T-tubules and
caveolae, that have been proposed as entry sites for exogenous
DNA and express multiple NA sensing PRR involved in the
induction of muscle inflammation (186). Whether DNASE1L1
functions to protect myocytes from extracellular DNA mediated
tissue inflammation requires further investigation. Supporting
its role in muscle tissue, human studies have identified SNPs in
DNASE1L1 associated with the development of Pompe’s disease
(84), which is a metabolic disorder characterized by myopathy,
respiratory weakness, physical disability and premature death.
However, studies involving larger and more diverse cohorts
did not validate these observations (85) and the only SNP in
DNASE1L1 that abrogates its endonuclease activity was not
associated with Pompe’s disease (187). Conversely, a recent
analysis suggested that DNASE1L1 SNPs may be linked to
type 1 diabetes, schizophrenia and ANCA-associated vasculitis
(86). Therefore, further studies of DNASE1L1 are required
to understand its function and whether it also regulates the
immunostimulatory potential of cfDNA.

FIGURE 2 | DNASE1L3 deficiency leads to the accumulation of numerous

forms of DNA including chromatin, MP associated DNA and NET-associated

DNA. Accumulation of such DNA contributes to the aberrant activation of

TLR7,9 in B cells and plasmacytoid dendritic cells (pDCs). In B cells TLR7,9

activation leads to their differentiation into plasma cells and antibody forming

cells (AFC) that produce autoreactive antibodies mostly directed against

dsDNA. In pDCs TLR7,9 activation induces the production of type I interferons

(IFN-I) which also play an important role in the transition of B cells into AFC.

The production of anti-dsDNA antibodies and of IFN-I will ultimately cause the

development of Systemic Lupus Erythematosus (SLE).

Overall, extracellular DNases have distinct tissue distributions
and functions (Table 1). While DNASE1L1 function is less
understood, DNASE1 and DNASE1L3 are required in different
ways for the prevention of autoimmune responses induced
by cfDNA. DNASE1 deficiency does not cause severe disease
nor does it alter the overall length distribution of circulating
cfDNA, likely due to the presence of DNASE1L3 and primary
role of this enzyme in cfDNA maintenance. It may however
display tissue-specific function, i.e., in the kidney where it may
alleviate the pathogenic properties of immune complexes. On the
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other hand, DNASE1L3 uniquely disposes of poly-nucleosomal
DNA and MP-associated DNA, which otherwise contribute
to SLE development both in mice and humans (Figure 2).
Beyond their individual roles, DNASE1 and DNASE1L3 were
recently shown to work in concert to prevent vascular
occlusion induced by NETs during chronic neutrophilia and
sepsis (159).

Extracellular RNases: Unclear Function in the

Regulation of Cfrna Abundance and

Immunostimulatory Potential
The potential of cfRNA to become immunostimulatory is less
characterized compared to cfDNA, and so are the functions of
extracellular RNases in the regulation of these processes. There
are twomain families of extracellular RNases, including RNASEA
(also known as RNASE1) and RNASET2.

RNASEA is a vertebrate-specific superfamily of extracellular
secreted small cationic ribonucleases expressed mostly within
immune cells that share sequence similarities, a disulfide-
bonded tertiary structure and the common ability to degrade
ssRNA at neutral pH. The family has eight canonical members
(RNASE 1-8) that have a conserved RNA-degrading catalytic
domain. Additionally, there are 5 reported non-canonical
members (RNASE 9-13), that are involved in male-reproductive
functions but do not possess ribonuclease activity (188).
Although the major function of several RNase A family members
is digestion of dietary RNA, several of them have evolved
to perform antibacterial, antiviral and immune modulatory
functions (189). Importantly, a variety of host defense-related
activities attributed to members of the RNase A family are
independent of their ribonuclease function (190, 191). A
role for RNASEA in the regulation of extracellular cfRNA
abundance and immunostimulatory potential was reported in
pathological models of hepatic and cardiac ischemia (192,
193). Supplementation of RNASEA prevented the accumulation
of circulatory cfRNA released by hypoxic tissues during
ischemia and its ability to induce further complications
through the activation of inflammatory responses (192, 193).
However, there is no clear genetic evidence yet, that RNASEA
family members represent important safeguard mechanisms
to avoid development of autoimmunity, likely due to their
redundant activities.

RNASET2 belongs to a family of ancient RNases whose
expression and function are conserved from viruses to humans
(194). In vertebrates RNASET2 is broadly expressed, digests
ssRNA and functions at acidic pH (194). Although, RNASET2
localizes in lysosomes, where the acidic pH facilitates its
RNA digesting activity, it can also be secreted in the
extracellular milieu. RNASET2 performs a variety of functions,
including modulating host immune responses and serving
as extra- or intracellular cytotoxins, reviewed by Luhtala
et al. (194). The latter functions of RNASET2 are either
dependent or independent of its ribonuclease activity but its
role in the degradation of extracellular cfRNA and regulation
of RNA-mediated inflammatory responses has only been
marginally explored. Loss of function mutation of RNASET2
in humans was shown to lead to the development of a

neurological disease called cystic leukoencephalopathy (102).
The clinical manifestations induced by RNASET2 deficiency
resulted from aberrant central nervous system inflammation,
that may be induced by accumulation of either extra or
intracellular immunostimulatory RNA (102). RnaseT2 deficient
rats reproduced neurological clinical features (103) providing an
interesting model for the exploration of cellular and molecular
mechanisms involved in this process. It would be particularly
interesting to understand how the deficiency of a broadly
expressed RNase preferentially affects the central nervous system.

Therefore, the function of RNases in the regulation of
endogenous RNA abundance, immunostimulatory potential and
their involvement in autoimmune and inflammatory disorders
await further discoveries.

Intracellular Nucleases and NA-Editing
Enzymes
NAs released extracellularly can reach the intracellular space
upon uptake by innate immune cells. Intracellular NAs
originating from mitochondria and the nucleus can also gain
access to these intracellular compartments where they can
activate NA sensing PRR and an inflammatory response.
Therefore, strategies to regulate the abundance of intracellular
NA are crucial for avoiding harmful immune activation.
Such safety measures have been selected over the course of
evolution and involve intracellular nucleases and NA modifying
enzymes. The control of intracellular NA levels and their
immunostimulatory potential by these enzymes provides a
second line of defense from NAs that escape extracellular
control and the first line of defense for NAs derived from
intracellular compartments. These nucleases and NA-editing
enzymes can be subdivided in two main classes: those which
reside in endolysosomes and control NAs internalized from the
extracellular space by endocytosis and from the intracellular
space by autophagy and those residing in the cytosol which
control the levels of intracellular NAs. Their unique properties,
functions and their involvement in the induction of tolerance to
self-NA will be discussed in detail bellow and are summarized in
Table 1.

Endolysosomal DNases Prevent Fatal Inflammatory

Responses Induced by Self-DNA
DNASE2 family is comprised of 3 members including
DNASE2A, DNASE2B and Leucocyte Elastase Inhibitor
(LEI) DNASEII (L-DNaseII). While DNASE2A and DNASE2B
are conserved between species and share 66% homology,
L-DNASEII shows only 29% homology with the two others
(29). L-DNASEII is peculiar in that it is derived from
post-translational modifications of LEI also called SerpinB1
(195). Due to the inability to dissociate L-DNASEII specific
function from LEI, its role in the regulation of endogenous DNA
is poorly characterized and thus won’t be considered further in
this review. On the other hand, DNASE2A and DNASE2B were
extensively studied and play an important role in the control
of immunogenic self-DNA. They share similar structures with
a signal sequence and two phospholipase D (PLD) signature
motifs in their catalytic domain. The signal sequence goes
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through glycosylation, which is required for their transition
into active enzymes (196). The PLD motifs form a single active
site containing histidines which are essential for their catalytic
function (197, 198). Furthermore, both DNASE2A and 2B
harbor conserved mannose phosphorylation motifs involved in
their transport into endolysosomes (199). They cleave dsDNA
into short oligonucleotides bearing 3’-P rather than 3’-OH
ends. The activity of these enzymes is independent of divalent
cations and is optimal at acidic pH, found in endolysosomal
compartments (195). Although they share many similarities,
DNASE2A and DANSE2B have different tissue expression
profiles and their dysregulation or deficiency induces different
consequences in vivo.

DNASE2A is highly expressed in macrophages that are
present in most tissues. Initial observations that inhibition
of macrophage endolysosomal acidification blocked the
fragmentation of engulfed DNA from apoptotic cells, suggested
that DNASE2A plays an important role in the disposal of DNA
from apoptotic cells (200, 201). This function was confirmed
in Dnase2a KO mice in which DNA-containing bodies (DCB)
originating from apoptotic cells accumulated in multiple
organs early in development (107). The highest number of
DCB was present in the liver and attributed to the impaired
ability of fetal liver macrophages to dispose of extruded nuclei
from erythrocytes (107, 108). Consequently, Dnase2a KO
mice exhibited severe anemia and inflammation caused by
the improper clearance erythrocytes’ nuclei, that ultimately
induced lethality at an early stage of mouse development
(E17.5) (108, 202). In addition, thymic development of T
cells was severely impaired in Dnase2a deficient mice due
to poor elimination of apoptotic thymocytes and subsequent
inflammation (203). To avoid embryonic lethality and study
Dnase2a function in adult mice, BM chimeras were established
and Dnase2a-floxed animals were generated. Mice reconstituted
with Dnase2a deficient BM cells developed severe chronic
polyarthritis, indicating that specific deletion of Dnase2a
in hematopoietic cells regulates the ability of endogenous
DNA to cause arthritis (109). Similar results were obtained
in Dnase2a-floxed animals crossed with the Mx1-cre strain,
in which Dnase2a was abrogated in all IFN-I responsive
cells following poly(I:C) treatment (110). Interestingly, the
conditional deletion of Dnase2a caused an accumulation of
DNA in multiple cell lineages beyond macrophages including
T cells, B cells and fibroblasts, suggesting a broader function
of DNASE2A (204, 205). In this context DNASE2A was
proposed to function in a cell-autonomous manner and to
regulate DNA originating from the nucleus and accumulating
in autophagosomes (204, 205). Embryonic lethality induced by
Dnase2a deficiency was attributed to an aberrant production
of IFN-I, since Dnase2a-Ifnar1 double-KO mice were healthy
for at least 8 weeks post birth (206). The sensing of DNA
causing this IFN-I production in Dnase2a deficient mice was
shown to be independent of endosomal TLRs (207) but fully
dependent on the cGAS-STING pathway (112, 113). These
results suggested that DNA from engulfed apoptotic cells
and/or that accumulates in a cell autonomous manner, can
exit from endolysosomal compartments into the cytosol in
the absence of DNASE2A to stimulate cGAS-STING-mediated

IFN-I production. Interestingly, while Dnase2a-Tmem173 (gene
encoding STING) double KO mice were healthy (112, 113)
Dnase2a-Ifnar1 double-KO mice develop rheumatoid arthritis
that was driven by TNFα (Tumor Necrosis Factor-α) (109, 110).
Therefore, aberrant activation of the cGAS-STING pathway
in the absence of DNASE2A also contributed to polyarthritis
development by inducing the production of TNFα. Furthermore,
Aim2 deletion added to Dnase2a-Ifnar1 double-deficiency
ameliorated the polyarthritis phenotype in these mice, indicating
AIM2 inflammasome activation in the absence of DNASE2A
contributes as well to this disease (114, 115). Dnase2a-Ifnar1
double-KO mice develop elevated levels of autoreactive
antibodies directed against nuclear material as they age (114).
Surprisingly, this production of anti-nuclear antibodies was
independent of STING and AIM2 but fully dependent on
endolysosomal TLRs (114). Thus, DNA that accumulates in
Dnase2a deficient mice activates most of the DNA sensing
pathways that then differentially contribute to pathological
features. These observation in mice were corroborated in human
studies by the identification of individuals with null mutations
in DNASE2A that show severe non-regenerative anemia
and deforming arthropathy (104). DNASE2A deficiency was
accompanied by an up-regulation of interferon-stimulated genes
(ISGs) and elevated TNFα levels, suggesting similar pathogenic
pathways at play in these patients as in Dnase2a KO mice (104).
In addition, SNPs in DNASE2A were associated with rheumatoid
arthritis (105, 110) and revealed weak association with the risk
of renal pathology in SLE patients (106). Therefore, in both mice
and humans, DNASE2A is critical for eliminating self-DNA
and limiting its capacity to induce harmful inflammatory and
autoimmune responses (Figure 3).

DNASE2B expression is restricted to lens cells where it
plays a key role in degrading fiber cell nuclei to regulate their
differentiation (116). Accordingly, Dnase2b KO mice present
undifferentiated fiber cells containing condensed undigested
DNA leading to the development of cataracts (116). The
expression of Dnase2b is regulated by lens-specific heat shock
transcription factor 4 (HSF4) (208, 209), the deficiency of which
in mice caused cataracts and SNPs in humans were linked
to cataractogenesis (210–212). Unlike DNASE2A, DNASE2B is
relocated from the endolysosomal compartment to the nucleus
of lens cells where it degrades nuclear DNA (213). DNASE2B
transport to the nucleus is mediated by cyclin-dependent
kinase 1 (CDK1) inhibitor p27kip1 whose specific deletion in
the lens delays the de-nucleation of lens fiber cells (214).
Despite DNA accumulation induced by DNASE2B deficiency, no
inflammation was observed in the lens or other tissues of these
animals (116). This is likely due to the specific expression of
DNASE2B in the eye which is an immune-privileged site that
expresses low levels of proteins involved in NA sensing pathways.
Thus, DNASE2B displays a cell-autonomous function to allow
differentiation of functional lens fiber cells by degrading their
nuclear material (209).

Phospholipase D (PLD) are a family of enzymes that
are broadly expressed and whose function is conserved from
bacteria to mammals. They comprise 4 members (PLD1-4).
PLD1 and PLD2 catalyze phosphatidylcholine into choline
and phosphatidic acid. In contrast, PLD3 and PLD4 are
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FIGURE 3 | DNASE2A deficiency causes an accumulation of phagocytosed dsDNA as well as nuclear dsDNA transported by autophagy into endolysosomal

compartments. Such dsDNA can gain access to the cytosol and activate the cGAS/STING pathway (orange) that leads to the production of type I interferons (IFN-I),

which ultimately causes the development of fatal autoimmunity. In the absence of IFN-I signaling DNASE2A deficiency will induce the development of rheumatoid

arthritis which is mediated by TNFα, whose production is triggered by the cGAS/STING pathway, but also by IL-1β and IL-18 which are inflammatory cytokines

produced upon the activation of the AIM2 inflammasome by cytosolic self-DNA. Finally, DNASE2A deficiency also induces aberrant activation of endolysosomal TLR

(red) which contribute via the activation of the MyD88 to the production of autoantibodies. PLD3/4 are novel endolysosomal nucleases (green) involved in the

degradation of ssDNA. Their deficiency induces an accumulation of ssDNA in endolysosomes that ultimately activates TLR9-MyD88-NFκB mediated inflammatory

cytokine (IL-6 and IL-12) production, causing fatal autoimmunity.

non-classical PLDs that lack phospholipase D activity (215, 216),
but contain an N-terminal transmembrane domain allowing
their localization in endolysosomes (217, 218). While rare
coding variants of PLD3 were associated with Alzheimer’s
disease (219, 220) and SNPs in PLD4 conferred susceptibility
to rheumatoid arthritis and systemic sclerosis (117–119), their
function remained largely unknown until recently. Gavin et
al. have shown that PLD3 and PLD4 are 5’ exonucleases
that degrade ssDNA at both neutral and acidic pH, which is
compatible with their endolysosomal localization (120). Hence
Pld4 KO mice showed signs of chronic inflammation including
splenomegaly and aberrant innate immune cell activation which
were dependent on IFNγ and TLR9 but independent of T and
B cells (120). Conditional deletion of Pld4 in DCs but not in
macrophages showed a similar phenotype, indicating that TLR9
activation by endogenous ssDNA in DCs is mostly responsible
for the inflammation induced by Pld4-deficiency (120). On

the other hand, Pld3 KO mice did not show inflammatory
manifestations of Pld4 KO mice, but macrophages from Pld3
KO mice produced elevated levels of proinflammatory cytokines
in response to TLR9 stimulation (120). DCs express Pld4
and macrophages express Pld3 and they exhibit functional
redundancy since Pld3-Pld4 double deficient animals did not
survive longer than 21 days due to severe liver inflammation
(120). Thus, PLD3 and PLD4 are novel nucleases working
together in the endolysosomes of innate immune cells to
prevent endogenous ssDNA sensing by TLR9 and thus the
development of inflammatory syndromes (Figure 3), but further
investigation is needed to address the relevance of PLD3/4 in
humans and how they may contribute to specific autoimmune
disorders (117–119).

DNASE1L2 belongs to the DNASE1 family and shares similar
structure and properties with other family members described
above, except that DNASE1L2 functions optimally at acidic
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pH (154). The fact that DNASE1L2 degrades its substrates at
acidic pH, suggests an endolysosomal and/or autophagosomal
localization of this enzyme. DNASE1L2 is specifically expressed
in keratinocytes and participates in their differentiation into
corneocytes by degrading their nuclei (221). Dnase1l2 deficient
mice, showed a retention of nuclear DNA (parakeratosis) in the
hair, nails and other epithelial tissues but did not show any
skin defect (122) suggesting that DNASE1L2 function in skin
keratinocytes may be compensated. It was indeed the case, and
DANSE1L2 was reported to work together with DNASE2A in
the disposal of nuclear DNA from skin keratinocytes (222) and
with the exonuclease TREX2 in the degradation of DNA from
lingual keratinocytes (223). Nevertheless, Dnase1l2-Dnase2a and
Dnase1l2-Trex2 keratinocyte specific double deficient animals
generated in these studies did not develop signs of epithelial
tissue inflammation despite the accumulation of DNA (223).
The inability of DNA to aberrantly activate inflammatory
responses in this instance is likely due to the low expression
of NA sensors in keratinocytes (223) as well as the formation
of a cornified envelope that physically prevents DNA from
reaching epidermal and dermal compartments rich in innate
immune cells. Observations in humans however show that
SNPs in DNASE1L2 are associated with psoriasis (121) and that
DNASE1L2 expression is reduced in the inflamed psoriatic skin
(221). These observations suggest that DNASE1L2 in humans
may somehow regulate skin inflammation but requires further
investigation to understand its mechanism of action.

It appears that endolysosomal DNases expressed by innate
immune cells are of paramount importance to prevent the
development of severe inflammatory disorders induced by the
accumulation of intracellular self-DNA (Table 1). Particularly
DNASE2A disposes of self-dsDNA and prevents its ability to
activate most NA sensing pathways, while PLD3/4 degrade
self-ssDNA capable of aberrantly activating TLR9 (Figure 3).
Conversely, DNASE2B and DNASE1L2 are tissue specific
nucleases involved in the degradation of nuclear DNA of lens
cells and keratinocytes, respectively. Their primary function is
thus to contribute to tissues development, while their role in
the regulation of immunostimulatory DNA seems secondary or
even non-existent. Finally, endolysosomal RNases are poorly
characterized and will not be discussed in greater detail here.
RNASET2, which was previously discussed, can be found in
endolysosomes (194), but its function in the regulation of RNA
immunostimulatory potential remains poorly characterized.

Cytosolic Nucleases and NA-Editing Enzymes

Prevent IFN-I-Mediated Syndromes

(Interferonopathies)
TREX1 (Three Prime Repair Exonuclease 1), also called
DNASE3, is a broadly expressed 3’→ 5’ exonuclease that is
associated with the ER at steady state, and re-localizes into
the nucleus after DNA-damage (224, 225). TREX1 contains
an N-terminal domain with an exonuclease activity and a C-
terminal transmembrane domain allowing its attachment to the
ER and regulating its overall activity (226–228). Its exonuclease
domain is key for DNA digestion and it has been shown to
dispose of ssDNA and dsDNA (229, 230). Initially TREX1 was
described to play a role in DNA repair upon its translocation

to the nucleus (132, 226), but observations that Trex1 deficient
mouse embryonic fibroblasts (MEFs) accumulated ssDNA in the
ER following induction of DNA damage showed that TREX1
is essential for ssDNA degradation (224, 225). TREX1 was
also recently ascribed novel functions independent of DNA
degradation that mostly rely on its C-terminal domain. Indeed,
TREX1 was reported to control the biogenesis of endolysosomal
compartments (131) and, through an interaction with the
ER resident oligosaccharyltransferase (OST), to regulate the
production immunogenic free glycans (129). The generation of
Trex1 deficient mice demonstrated that its main function is
to prevent the development of aberrant inflammatory immune
responses. Trex1 KO mice did not show excessive DNA
damage but displayed severe inflammatory myocarditis, systemic
inflammation and elevated titers of autoantibodies, causing their
premature death (81, 130). TREX1 loss of function mutations in
humans were also associated with the development of Aicardi-
Goutières-syndrome (AGS) (123). AGS is an inflammatory
syndrome characterized by an encephalitis accompanied by
lymphocyte infiltration in the central nervous system and an
IFN-I signature (124). Furthermore, different mutations affecting
TREX1 in humans were also shown to be associated with
SLE pathogenesis (125, 126) and to cause monogenic familial
chilblain lupus (FCL), an inflammatory pathology manifested
by ulcerating lesions of the skin (124, 127). Some AGS patients
also show characteristic skin lesions similar to those of patients
with FLC. Most of the mutations associated with AGS, SLE,
and FCL are localized in the N-terminal exonuclease domain
of TREX1 (231), suggesting an important function of TREX1
in the disposal of potentially immunostimulatory endogenous
DNA. The phenotypes induced by the loss of TREX1 are different
between mice and humans in that mice do not show neurological
manifestations (80). Nevertheless, Trex1 KO mice provided an
excellent tool to further characterize the mechanisms through
which TREX1 may control aberrant immune activation. Fatal
autoimmunity in Trex1 KO was rescued by the deletion of
the cGAS-STING pathway (80, 81, 113, 132, 232), indicating
that absence of TREX1 results in aberrant activation of DNA
sensing pathways. ssDNA that is originating from the reverse
transcription of endogenous retroelements was proposed the
be the main source of endogenous DNA that accumulates
upon Trex1 deficiency and activates the cGAS-STING pathway
(81). In agreement with these observations, fibroblasts from
AGS patients with TREX1 mutations showed elevated cytosolic
DNA levels originating from endogenous retroelements (233).
However, inhibition of reverse transcriptase in Trex1 KO mice
did not protect them from disease (234), suggesting that
additional sources of endogenous DNA may contribute to the
pathology observed in these mice. These additional sources
of endogenous DNA may include dsDNA (235, 236) and
micronuclei (237, 238) that were recently reported as TREX1
substrates. Interestingly, Trex1-deficient mice showed elevated
levels of free glycan which is reminiscent of the ability of
TREX1 C-terminal domain do regulate OST activity. Inhibition
of OST ameliorated inflammatory manifestations and prolonged
the survival of Trex1 KO mice, indicating that free glycan
contributes to aberrant immune activation in these mice (129).
Given that free glycans act independently of the cGAS-STING
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FIGURE 4 | Intracellular nuclease and NA-editing enzyme deficiency aberrantly activates inflammatory and autoimmune responses. Mutations in TREX1 (yellow) that

affect its exonuclease activity or cause its deficiency, lead to the cytosolic accumulation of ssDNA originating from the reverse transcription of endogenous

LTR-retrotransposons that activate the cGAS/STING pathway causing the secretion of pathogenic type-I interferons (IFN-I) and the development of familial chilblain

lupus (FLC) and Aicardi Goutières Syndrome (AGS). Furthermore, dsDNA and micronuclei may be detected in the cytosol of individuals with dysfunctional TREX1 and

contribute the aberrant activation of the cGAS/STING pathway as well. Mutation in SAMHD1 (red) causes the release of ssDNA from stalled replication forks that

stimulates IFN-I production upon the activation of the cGAS/STING pathway that may ultimately contribute to AGS and FCL. AGS is also associated with mutations in

RNase H2 complex (green) that reduces ribonucleotide excision repair (RER) and thus increases DNA damage and possibly the release of DNA:RNA hybrids,

micronuclei and ribonucleotide containing gDNA into the cytosol that may activate cGAS/STING-mediated production of deleterious IFN-I. Finally, dysfunction in

ADAR1 (purple) leads to the accumulation of dsRNA duplexes originating from endogenous retrotransposon RNA in the cytosol which upon activation of the MDA5

pathway causes the secretion of pathogenic IFN-I responsible for AGS development.

pathway (129), it is difficult to reconcile these results with the
observation that cGAS-STING deletion fully protects Trex1 KO
mice from disease (80). Furthermore, TREX1 C-terminal domain
mutations were also identified in humans but were not associated
with AGS nor with FCL, but rather with retinal vasculopathy
with cerebral leukodystrophy (RVCL) (128). Hence, how TREX1
mediated regulation of free glycans contributes to pathologies
associated with TREX1 deficiency requires further investigation.
At the cellular level, Trex1 deficiency in non-hematopoietic
cells was proposed to initiate inflammatory pathogenesis as
Trex1 KO mice reconstituted with WT BM cells developed
inflammatory disease (80). Trex1 KO host cells were shown
to produce high levels of IFN-I that signals through IFNAR
on hematopoietic cells and ultimately causes the disease (80).
Nevertheless, Trex1 KO BM cells were also shown to induce
an inflammatory disease when transferred to WT recipients
(239, 240), and conditional ablation of Trex1 in DCs (CD11c-cre)

and hematopoietic cells (Cx3CR1-Cre and Tie2-Cre) caused
premature death (240). Therefore, both hematopoietic and non-
hematopoietic cells are important sources of pathogenic IFN-I
induced by Trex1 deficiency. Finally, T cells and B cells were
shown to contribute to the inflammatory pathogenesis mediated
by Trex-1 deficiency, since their individual deletion prolonged
survival in Trex1 KO mice and their combined deficiency fully
rescued these mice from mortality (80). Thus, TREX1 is an
essential enzyme preventing cytosolic DNA accumulation and
its ability to activate cGAS-STING-mediated IFN-I production
that ultimately causes fatal inflammatory syndromes (Figure 4).
TREX1 deficiency differentially affects humans and mice, likely
due to species-specific expression profiles of TREX1 and the fact
that TREX1 is globally abrogated in mice while humanmutations
may only lead to partial dysfunction of the enzyme. Accordingly,
when the D18N mutation found in FCL patients was knocked
into (KI) mice, it induced a milder disease thanTrex1 deficiency
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with multiple similarities to human FCL patients including
systemic inflammation, production of autoantibodies and kidney
disease (235). Interestingly, the FCL-like pathogenesis in TREX1
D18N KI mice was due to failed degradation of dsDNA (235),
rather than of ssDNA as described in Trex1 KO mice (81).
Hence, investigating human TREX1mutations in murine models
in vivo, may be of particular relevance to better understand its
pathogenic functions.

RNases and NA editing enzymes, within the nucleus and
the cytosol are essential for the limiting the immunostimulatory
potential of several endogenous NAs, and thus protect the host
from the development AGS and IFN-I mediated inflammatory
pathologies, as summarized in Table 1.

The RNase H2 complex belongs to the ribonuclease H family
of ubiquitously expressed enzymes that cleave the RNA in
RNA-DNA hybrids that form during replication and repair in
a non-sequence-specific manner, or cleave the phosphodiester
bond 5’ of a single ribonucleotide embedded within a DNA
duplex. The RNase H2 complex is comprised of three proteins:
the catalytic subunit RNASEH2A, and subunits RNASEH2B
and RNASEH2C, which do not harbor catalytic activity but
are necessary for the overall function of RNase H2 complex,
including its translocation from the cytosol to the nucleus
(241, 242). Biallelic loss-of-function mutations in any of the
three RNase H2 subunits cause AGS (133). RNase H2 enzyme
complex initiates the process of ribonucleotide excision repair
(RER) by removing ribonucleotides from gDNA which have
been incorrectly incorporated by replicative polymerases, and
hence is an integral part of the genome surveillance machinery
(243, 244). This function is essential in higher eukaryotes, as
loss of RNase H2-mediated RER renders gDNA susceptible
to DNA strand breaks. Indeed, RNase H2 deficient mice are
embryonic lethal due to a p53-dependent DNA damage response
and cell cycle arrest. Not surprisingly, biallelic null mutations of
RNase H2 in humans have not yet been reported. Heterozygous
mutations in RNase H2 complex were shown to be associated
with SLE (134) and hypomorphic RNASEH2A/B/C mutations
were reported to cause AGS (132), both of which are enough
to enhance levels of embedded ribonucleotides in gDNA (242).
The ensuing sub-lethal DNA damage induces a chronic DNA
damage response characterized by a heightened IFN-I response
to UV light-induced thymidine-dimers (134). Using KI mouse
models of human RNASEH2A and 2Bmissense mutants detected
in AGS patients, the induction of IFN-I and ISGs was found
to be dependent on reduced RER and increased stimulation
of the cytosolic cGAS-STING DNA sensing pathway (135,
136). Although RNase H2 mutant mice do not recapitulate
the pathological features of human type-I interferonopathies,
they provide compelling evidence that in the absence of a
functional RNase H2 complex, endogenous NAs accumulate
in the cells and are improperly sensed as non-self, leading
to induction of IFN-I-mediated immune responses (Figure 4).
RNase H2 dysfunction causes DNA damage due to failure to
remove embedded ribonucleotides from gDNA (135, 243, 245),
with micronuclei formation as one of the consequences (72).
Micronuclear DNA (72, 246) as well as cytosolic RNA-DNA
hybrids (247) have been shown to activate cGAS, however, the

exact chemical nature of NAs stimulating the cGAS-STING
pathway in vivo in absence of functional RNase H2 complex
needs further investigation.

SAMHD1 [Sterile alpha motif (SAM) domain and
Histidine-aspartate (HD) domain-containing protein 1] is a
deoxynucleotide triphosphohydrolase that is mostly expressed
within immune cells. It prevents viral infections in macrophages
andDCs by hydrolyzing the intracellular pool of deoxynucleotide
triphosphates (dNTPs) into 2’ deoxynucleoside and inorganic
phosphates, thereby blocking reverse transcription of the viral
genome (248). Moreover, it is upregulated through IFN-I in
a MyD88-independent manner (137). Therefore, it can be
surmised that dysfunction of SAMHD1 would lead to an increase
in intracellular dNTP pools, thereby promoting viral replication.
Interestingly, apart from TREX1 and RNase H2, a SNP array
genome-wide scan of several AGS patients and families revealed
homozygous mutations in the SAMHD1 gene, identifying a
monogenic cause of AGS (137). In addition to typical AGS,
dominant inheritance of a heterozygous mutation in SAMHD1
causes FCL (138). Indeed, it was subsequently shown that
increased dNTP concentrations due to SAMHD1 deficiency
cause genome instability, constitutive DNA-damage signaling,
cellular senescence and upregulation of ISGs (249). Similarly,
in mice, the absence of Samhd1 triggers spontaneous IFN-I
production and upregulation of ISGs in various cells types,
however, pathological AGS-like symptoms or any inflammatory
features are absent (139, 140). These studies establish SAMHD1
as a negative regulator of IFN-I signaling across species, but
IFN-I production induced by Samhd1 deficiency in mice is
not sufficient to induce the development of inflammatory
disorders. Although the mechanism(s) of SAMHD1 are still
under investigation, it has been postulated that the excessive
availability of dNTPs in the absence of SAMHD1 allows for the
generation of aberrant immunostimulatory DNA intermediates
which potentially trigger IFN-I response through DNA sensors
(250). Additionally, recent studies have uncovered a novel
function of SAMHD1 as a DNA-ds break repair enzyme working
in a complex with C-terminal binding protein 1-interacting
protein (CtIP) and the exonuclease meiotic recombination
11 (MRE11) (251). Mutations in SAMHD1 outside of its
dNTPase activity site were found to prevent degradation of
nascent DNA at stalled replication forks. The ssDNA which
accumulated in the cytosol due to this defect caused aberrant
activation of IFN-I signaling via the cGAS-STING pathway (252)
(Figure 4).

ADAR (adenosine deaminases that act on RNA) are a family
of broadly expressed post-transcriptional RNA editing enzymes
catalyzing adenosine (A) deamination to create inosine (I) in
highly structured dsRNA in a non-sequence specific manner.
Most polymerases recognize inosine as a guanosine, thus by
changing the primary sequence information in an RNA, ADARs
generate new protein isoforms. In addition, because inosine base-
pairs with cytidine, ADARs can change the structure of an RNA
by changing an AU base-pair to an IU mismatch (253). In
addition to its role in generating functional protein diversity,
ADAR is a crucial negative regulator of IFN responses. ADAR1
deletion in mice causes embryonic lethality at E11.5–E12.5,
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accompanied by liver pathology, global upregulation of type
I and II IFN–inducible transcripts and rapid apoptosis of
hematopoietic cells (142). Not surprisingly, ADAR1 null humans
are unknown, whereas mutations in ADAR1 cause AGS, with
typical IFN-I signature (141). The conclusive evidence affirming
the direct negative regulatory role of ADAR1 in the IFN-I
pathway came from mouse studies, wherein conditional ADAR1
deficiency in hematopoietic cells caused a global overexpression
of ISGs (141). Furthermore, the death of ADAR1 RNA editing-
deficient mice (Adar1E861A) at embryonic day 13.5, was rescued
by concurrent deletion of the cytosolic sensor of dsRNA,
MDA5 (143). Similarly, ablation of MAVS, the downstream
adaptor of MDA5 and RIG-I, rescued ADAR1-null mice to
birth, overall demonstrating a suppressive function of ADAR1
in the RLR pathway (144). It is known that about half of
the human and mouse genome is composed of non-coding
retroelements such as SINEs and Alu-repeats, which typically
form dsRNA duplexes. Importantly, retroelements are known
substrates for extensive A-to-I RNA editing (254, 255). Indeed,
genome-wide analysis of the in vivo substrates of ADAR1
identified clustered hyper-editing of long dsRNA stem loops
within 3′ untranslated regions of endogenous transcripts, while
in the absence of ADAR1 editing, long dsRNA stem loops
formed that activated MDA5 (143). Overall, it is speculated
that in the absence of ADAR1, unedited dsRNA transcripts
originating from endogenous retroelements accumulate and
activate MDA5 to induce IFN-I signaling (Figure 4). Thus, the
primary physiological function of ADAR1 is to edit endogenous
dsRNA to prevent sensing of this substrate as non-self by MDA5
and subsequent IFN-I response.

RNA exosome is a multimeric protein complex that is found
in all cells and plays an essential role in the degradation of
endogenous RNA. Superkiller viralicidic activity 2-like (SKIV2L)
helicase which is part of the RNA exosome was recently
proposed to play an important role in preventing the ability
of endogenous RNA to activate IFN-I responses. shRNA-
mediated knock down of Skiv2l in BM-derived macrophages
increased RLR mediated IFN-I stimulation. Reduction of Skiv2l
expression also induced IFN-I production in macrophages
once the unfolded protein response was stimulated in a
MAVS dependent manner. Furthermore, individuals with
hypomorphic SKIV2L variants showed an elevated IFN-I
signature (146). Therefore, RNA exosome through SKIV2L may
negatively control endogenous RNAs to prevent activation of
RLR mediated IFN-I response and thus the development of
interferonopathies. Nevertheless, further investigation is needed
to identify endogenous RNAs regulated by SKIV2L and its
relevance in the control of the immunostimulatory potential
of endogenous RNA in vivo, since SKIV2L hypomorphic
mutations in humans are associated with tricohepatoenteric
syndrome a rare congenital bowel disorder (145) and not
severe autoimmunity.

Overall cytosolic TREX1, RNase H2 and NA-editing
enzymes regulate the potential of endogenous DNA
and RNA to causes inflammatory and autoimmune
disorders (Table 1, Figure 4). Their dysfunction in mice
and humans induces severe interferonopathies caused

by an aberrant stimulation of intracellular NA sensors by
endogenous NAs.

New Players in the Regulation of Mitochondrial

Nucleic Acids
Endonuclease G belongs to the family of DNA/RNA-non-
specific nucleases that are located in the mitochondrial
intermembrane space (256, 257). MEFs deficient for
endonuclease G show increased levels of ROS and elevated
levels of mtDNA in the cytosol, indicating that this enzyme
may regulate mtDNA abundance. In addition, mtDNA that
accumulates in endonuclease G deficient MEFs was shown
to induce the expression of multiple ISGs in a cGAS-STING
dependent manner. mtDNA in the absence of endonuclease G
accumulates into the intermembrane space of mitochondria and
ultimately reaches the cytosol through voltage-dependent anion
channel (VDAC) (148). SLE patients were shown to accumulate
mtDNA in their circulation mostly originating from NETs
(51, 61) and such accumulation of mtDNA was associated with
reduced endonuclease G activity (148). Blockade of mtDNA
transport to the cytoplasm using VDAC inhibitors reduced
the amount of circulatory mtDNA and ameliorated lupus-like
symptoms in SLE prone mice (148). Therefore, endonuclease G
is an important regulator of mtDNA abundance and prevents its
potential to active IFN-I production.

SUV3 and PNPase: Novel Regulators of mtdsRNA
Cellular RNA degradation is known to be mediated by protein
complexes in specific subcellular granules such as processing
bodies (P-bodies), found in the cytoplasm of eukaryotes (258).
Moreover, it was shown that human mtRNA degradation is
mediated by the mitochondrial RNA degradosome comprising
an RNA-helicase (hSuV3) and a polynucleotide phosphorylase
(PNPase), that occur in distinct foci within the mitochondria.
Indeed, silencing of PNPase and/or hSuv3 caused accumulation
of undegraded mtRNA decay intermediates (259, 260). More
recently, the mtRNA degradosome machinery was characterized
in vivo and the clinical and physiological relevance of mtdsRNA
degradation was presented (79). A hepatocyte-specific PNPase1
deficiency caused modest increases in IFN-β and ISGs.
Accordingly, patients carrying hypomorphic mutations
in PNPT1, which encodes PNPase, displayed mtdsRNA
accumulation coupled with upregulation of ISGs and other
markers of immune activation, underscoring the importance
of preventing cytosolic sensing of mtdsRNA for which the
MDA5-MAVS pathway of cytosolic RNA sensing was required
but TLR3 signaling was dispensable (79).

ROLE OF NUCLEASES IN PROMOTING
INNATE IMMUNE RESPONSES AND NA
SENSING

Nucleases not only prevent accumulation of immunogenic
ligands but also promote their generation. Dnase2a deficiency
causes pathogenic activation of the cytosolic cGAS-STING
pathway and autoinflammation, whereas it prevents processing

Frontiers in Immunology | www.frontiersin.org 15 February 2021 | Volume 12 | Article 629922

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Santa et al. Nucleases Regulate Nucleic-Acid Sensing

of CpGA-DNA and consequently abrogates TLR9 activation
in DCs. Accordingly, CpG-DNA that was pre-processed
by DNASE2A was able to stimulate inflammatory cytokine
production in Dnase2a deficient DCs (261). In addition,
Dnase2a deficient B cells were also unresponsive to TLR9
activation by DNA complexed immunoglobulins (111). Thus,
DNASE2A seems to positively regulate endosomal DNA sensing
and negatively regulate cytoplasmic DNA-sensing which may
be dependent on the size of DNA fragments generated by
DNASE2A-dependent processing. Similarly, in addition to
their role in restricting self-RNA/DNA sensing, as discussed
above, intracellular RNases are also involved in generating
immunogenic RNA ligands necessary for responses against
pathogenic RNA. Recently, two endolysosomal enzymes RNASE2
and RNASET2 were shown to cooperatively process RNA to
release uridine from RNA ligands which promote stimulation of
TLR8 and provide protection against pathogenicmicroorganisms
(262, 263). Interestingly, in addition to processing NA in
order to create better ligands for PRR, nucleases may play
broader regulatory functions. Particularly DNASE1L3 was
reported to regulate the activation of inflammasomes. Indeed,
DNASE1L3 inhibition in vitro, significantly altered NLRP3
and NLRC4 mediated IL-1β production upon activation (264).
However, the importance of this regulatory loop in vivo awaits
further investigation.

ROLE OF NUCLEASES IN CANCER

It is becoming evident that the activation of anti-tumor immune
responses is intimately connected with the activation of NA
sensing pathways (265). Ablation of cGAS and STING prevented
the activation of spontaneous anti-tumor immune responses
(266), and suppressed the immunogenic potential of cytotoxic
treatments such as radiotherapy (267) and chemotherapy (268).
Similarly, TLR9 mediated IFN-I production was required for the
therapeutic activity of multiple chemotherapeutic drugs (269).
To activate potent anti-tumor immune responses, endogenous
tumor-derived NAs have to escape degradation by nucleases
and processing by NA editing enzymes. Upregulation of TREX1
following lethal irradiation of tumor cells was recently reported
to prevent cGAS-STING mediated IFN-I production in tumor
cells and tumor infiltrating DCs. Sequential delivery of sub-
lethal doses of irradiation prevented TREX1 upregulation in
tumor cells and allowed the activation of anti-tumor immune
responses in an IFN-I-dependent manner, indicating that TREX1
may act as a rheostat to control radiation-induced tumor-
derived immunostimulatory DNA (270). Multiple studies have
also described the function of ADAR1 in the regulation of anti-
tumor immunity. Deletion of ADAR1 in tumor cells delayed
tumor growth and increased the therapeutic potential of immune
checkpoint blockade therapies. ADAR1 was shown to edit RNA
originating from endogenous retroelements in tumor cells and
thus inhibited their ability to stimulate MDA5-mediated IFN-
I production that is required for the activation of anti-tumor
immune responses (271). Furthermore, epigenetic therapies
that increase the expression of endogenous retroelements were

potent stimulators of anti-tumor immune responses only when
ADAR1 was depleted from cancer cells (272). The endolysosomal
DNASE2A was also shown to negatively regulate the production
of inflammatory cytokines induced upon the uptake of dying
tumor cells by macrophages (273). Therefore, in the context of
cancer, blocking cell-intrinsic nucleases and NA-editing enzymes
that limit the immunostimulatory potential of endogenous NA
may be of relevance to enhance anti-tumor immune responses.
Alternately, homozygous deletion of RNASEH2B has been shown
to occur in chronic lymphocytic leukemia (CLL) and other
malignancies (274), Similarly, pathogenicmutations in SAMHD1
have been reported in up to 11% of CLL patients (275). These
studies suggest tumor suppressor roles for SAMHD1 and RNase
H2 and are currently under investigation.

Patients with cancer present elevated levels of circulatory
cfDNA,mostly originating from tumors. Such elevation of cancer
cfDNA arises from a combination of increased cancer cell
abundance and the reduced activity of extracellular DNases in
cancer patients’ sera (276). In agreement with their overall low
DNase activity, patients with cancer also showed increased levels
of circulatory NETs (277, 278). The accumulation of NETs in
mice and individuals with cancer contributed to metastasis by
trapping circulatory cancer cells in target organs. Importantly
targeting NETs by the administration of recombinant DNASE1
significantly inhibited metastasis in murine models of cancer
(279, 280). DNASE1L3, an important regulator of several
sources of cfDNA, was shown to be downregulated in multiple
cancers. Importantly, a recent study that stratified patients
with hepatocellular carcinoma found a significant correlation
between reduced DNASE1L3 expression and poor survival (281).
These results suggest that extracellular DNases are impaired
in cancer patients and may contribute to tumor growth
and metastasis.

CONCLUSION AND THERAPEUTIC
AVENUES

Overall, comprehensive studies performed in patients and
validated in experimental mouse models certify the prominent
role of nucleases and NA-editing enzymes in the prevention
of autoimmunity, autoinflammation, and malignancy. Not
surprisingly, all of these pathogenic conditions involve
irregularities in inflammation because NA degrading and
processing enzymes function as sentinels to restrict the
activation of PRRs, which are central to all inflammatory
pathways. Prudently, a significant amount of research and
pharmaceutical effort focuses on finding therapeutics to
block PRR-mediated inflammatory pathways in autoimmune
inflammatory conditions. However, the greatest challenge in
targeting the PRR-pathway of autoinflammation is the unwanted
subversion of immune-responses against opportunistic
infections. Therefore, to achieve the best therapeutic outcomes,
a clear understanding of the genetic aberrations that cause
autoinflammatory conditions is essential, and yet, this path
also has considerable challenges. For example, it is evident
that monogenic aberrations in one or more intracellular
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nucleases and NA editing enzymes lead to interferonopathies
mediated by the activation of the cytosolic cGAS-STING
pathway, which makes these attractive targets for therapeutic
intervention in such patients. However, caution needs to be
exercised when using STING inhibitors in AGS patients because,
as detailed in the previous section, disruption of cGAS and
STING suppresses spontaneous anti-tumor immune surveillance
(266). Indeed, several STING agonists are being tested as
therapeutics in clinical trials for solid tumors (clinicaltrials.gov).
Nonetheless, PRRs are key targets for therapeutic interventions.
In fact, as a proof of principle, well-known antimalarial
drugs—chloroquine and hydroxychloroquine (Plaquenil), are
TLR-signaling inhibitors, successfully in clinical use as first
line treatments for SLE, rheumatoid arthritis and Sjogren’s
syndrome (282). Not surprisingly, several small molecule
inhibitors, antibodies, oligonucleotides, lipid-A analogs and
microRNAs that interfere with TLR signaling are emerging as
promising therapeutics for inflammatory autoimmune diseases,
reviewed in detail by Gao et al. (283). Other important rational
targets of therapeutic intervention include effector cytokines
and their signaling components. Indeed, monoclonal antibodies
against IFN-I (Sifalimumab) and IFNAR1 (Anifrolumab), and
inhibitors of Janus Kinases (Baricitinib, Tofacitinib), have
shown promising results in clinical trials for SLE and type-I
interferonopathies (284–286).

Another notable methodology to tackle NA-mediated
inflammation is to target the immunogenic NAs themselves
by: (1) preventing immunogenic NA generation, or (2)
promoting immunogenic NA degradation. As noted previously,
retroelements constitute about 40% of the human genome,
which are reverse transcribed within the cells and potentially
generate highly immunogenic NAs due to their microbial
origins. The immunogenic potential of these self-NAs is
restricted by TREX1 and ADAR1, which play a central role
in endogenous retroelement metabolism. Indeed, restriction
of reverse transcriptase activity by using inhibitors (RTIs) like
abacavir, lamivudine and zidovudine have shown clinical efficacy
in reducing inflammatory responses in AGS patients (286).
Extracellular nucleases, specifically, DNASE1L3 has emerged as
a novel immunosuppressive cell-extrinsic agent that regulates
extracellular immunogenic DNA (45, 182). Unlike intracellular

nucleases that could be difficult to manipulate, exogenous
supplementation of recombinant DNASE1L3 protein offers a
viable therapeutic modality to prevent immunogenic DNA-
dependent TLR signaling. This process would perhaps involve
engineering and modifying DNASE1L3 protein to enhance its
nuclease activity and increase its half-life in circulation.

In conclusion, clinical and experimental studies support
the fact that regulation of NA-metabolism is at the heart of
maintaining self-tolerance. Undoubtedly, nucleases and NA-
editing enzymes have emerged as crucial sentinels in preventing
autoinflammation and should be explored as viable therapeutic
targets for autoimmune and inflammatory disease conditions.

AUTHOR CONTRIBUTIONS

PS wrote the section on extracellular nucleases. AG wrote
the section on intracellular DNases. LS wrote the section on
endogenous nucleic acid forms and sources. CS wrote the part
on nucleic acids sensors and RNases and VS wrote the rest
of the manuscript and together with CS compiled the entire
manuscript. AF, PS, AG, and VS designed figures and the table
and PB edited the manuscript and provided valuable advice
throughout the writing process. All authors listed have made
a substantial, direct, intellectual contribution to the work, and
approved it for publication.

FUNDING

This work in our lab is supported by research grants from the
Cancer Research Institute CLIP program (VS), the IdEx Junior
Chair program from the University of Bordeaux (VS and AG),
the Bristol-Myers Squib foundation (VS), PhD grants from the
University of Bordeaux (PS) and the Hospital of Bordeaux (AF),
NIH grants GM007308 (LS), AI100853 (LS), and AR069515 (LS).

ACKNOWLEDGMENTS

Figures were created with biorender.com. There is an extensive
literature on nucleases, but given space constrains of this review
we had to be quite selective in the citations thus we apologize to
the authors whose work we could not cover.

REFERENCES

1. Barbalat R, Ewald SE, Mouchess ML, Barton GM. Nucleic acid recognition
by the innate immune system. Annu Rev Immunol. (2011) 29:185–214.
doi: 10.1146/annurev-immunol-031210-101340

2. Bartok E, Hartmann G. Immune sensing mechanisms that discriminate self
from altered self and foreign nucleic acids. Immunity. (2020) 53:54–77.
doi: 10.1016/j.immuni.2020.06.014

3. Crowl JT, Gray EE, Pestal K, Volkman HE, Stetson DB. Intracellular nucleic
acid detection in autoimmunity. Annu Rev Immunol. (2017) 35:313–36.
doi: 10.1146/annurev-immunol-051116-052331

4. Kujirai T, Zierhut C, Takizawa Y, Kim R, Negishi L, UrumaN, et al. Structural
basis for the inhibition of cGAS by nucleosomes. Science. (2020) 370:455–8.
doi: 10.1126/science.abd0237

5. Michalski S, de Oliveira Mann CC, Stafford CA, Witte G, Bartho J, Lammens
K, et al. Structural basis for sequestration and autoinhibition of cGAS by
chromatin. Nature. (2020) 587:678–82. doi: 10.1038/s41586-020-2748-0

6. Pathare GR, Decout A, Glück S, Cavadini S, Makasheva K, Hovius R, et al.
Structural mechanism of cGAS inhibition by the nucleosome.Nature. (2020)
587:668–72. doi: 10.1038/s41586-020-2750-6

7. Zhao B, Xu P, Rowlett CM, Jing T, Shinde O, Lei Y, et al. The molecular
basis of tight nuclear tethering and inactivation of cGAS. Nature. (2020)
587:673–7. doi: 10.1038/s41586-020-2749-z

8. Devarkar SC, Wang C, Miller MT, Ramanathan A, Jiang F, Khan AG, et
al. Structural basis for m7G recognition and 2′-O-methyl discrimination in
capped RNAs by the innate immune receptor RIG-I. Proc Natl Acad Sci USA.
(2016) 113:596–601. doi: 10.1073/pnas.1515152113

9. Kato H, Takeuchi O, Mikamo-Satoh E, Hirai R, Kawai T, Matsushita K, et
al. Length-dependent recognition of double-stranded ribonucleic acids by
retinoic acid-inducible gene-I and melanoma differentiation-associated gene
5. J Exp Med. (2008) 205:1601–10. doi: 10.1084/jem.20080091

10. Cai X, Chiu Y-H, Chen ZJ. The cGAS-cGAMP-STING pathway of
cytosolic DNA sensing and signaling. Mol Cell. (2014) 54:289–96.
doi: 10.1016/j.molcel.2014.03.040

Frontiers in Immunology | www.frontiersin.org 17 February 2021 | Volume 12 | Article 629922

https://biorender.com/
https://doi.org/10.1146/annurev-immunol-031210-101340
https://doi.org/10.1016/j.immuni.2020.06.014
https://doi.org/10.1146/annurev-immunol-051116-052331
https://doi.org/10.1126/science.abd0237
https://doi.org/10.1038/s41586-020-2748-0
https://doi.org/10.1038/s41586-020-2750-6
https://doi.org/10.1038/s41586-020-2749-z
https://doi.org/10.1073/pnas.1515152113
https://doi.org/10.1084/jem.20080091
https://doi.org/10.1016/j.molcel.2014.03.040
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Santa et al. Nucleases Regulate Nucleic-Acid Sensing

11. Fernandes-Alnemri T, Yu J-W, Datta P, Wu J, Alnemri ES. AIM2 activates
the inflammasome and cell death in response to cytoplasmic DNA. Nature.
(2009) 458:509–13. doi: 10.1038/nature07710

12. Gray EE, Winship D, Snyder JM, Child SJ, Geballe AP, Stetson
DB. The AIM2-like receptors are dispensable for the interferon
response to intracellular DNA. Immunity. (2016) 45:255–66.
doi: 10.1016/j.immuni.2016.06.015

13. Raab M, Gentili M, Belly H de, Thiam H-R, Vargas P, Jimenez AJ, et
al. ESCRT III repairs nuclear envelope ruptures during cell migration
to limit DNA damage and cell death. Science. (2016) 352:359–62.
doi: 10.1126/science.aad7611

14. Denais CM, Gilbert RM, Isermann P, McGregor AL, Lindert M te, Weigelin
B, et al. Nuclear envelope rupture and repair during cancer cell migration.
Science. (2016) 352:353–8. doi: 10.1126/science.aad7297

15. Gentili M, Lahaye X, Nadalin F, Nader GPF, Puig Lombardi E, Herve S, et al.
The N-Terminal domain of cGAS determines preferential association with
centromeric DNA and innate immune activation in the nucleus. Cell Rep.
(2019) 26:2377–93.e13. doi: 10.1016/j.celrep.2019.01.105

16. Hemmi H, Takeuchi O, Kawai T, Kaisho T, Sato S, Sanjo H, et al. A
Toll-like receptor recognizes bacterial DNA. Nature. (2000) 408:740–5.
doi: 10.1038/35047123

17. Ohto U, Shibata T, Tanji H, Ishida H, Krayukhina E, Uchiyama S, et al.
Structural basis of CpG and inhibitory DNA recognition by toll-like receptor
9. Nature. (2015) 520:702–5. doi: 10.1038/nature14138

18. Kawai T, Akira S. The role of pattern-recognition receptors in innate
immunity: update on Toll-like receptors. Nat Immunol. (2010) 11:373–84.
doi: 10.1038/ni.1863

19. Alexopoulou L, Desnues B, Demaria O. [Toll-like receptor 8: the awkward
TLR].Med Sci MS. (2012) 28:96–102. doi: 10.1051/medsci/2012281023

20. Tanji H, Ohto U, Shibata T, Taoka M, Yamauchi Y, Isobe T, et al. Toll-like
receptor 8 senses degradation products of single-stranded RNA. Nat Struct
Mol Biol. (2015) 22:109–15. doi: 10.1038/nsmb.2943

21. Shibata T, Ohto U, Nomura S, Kibata K, Motoi Y, Zhang Y, et al. Guanosine
and its modified derivatives are endogenous ligands for TLR7. Int Immunol.

(2016) 28:211–22. doi: 10.1093/intimm/dxv062
22. Oldenburg M, Krüger A, Ferstl R, Kaufmann A, Nees G, Sigmund A,

et al. TLR13 recognizes bacterial 23S rRNA devoid of erythromycin
resistance-forming modification. Science. (2012) 337:1111–5.
doi: 10.1126/science.1220363

23. Brubaker SW, Bonham KS, Zanoni I, Kagan JC. Innate immune pattern
recognition: a cell biological perspective.Annu Rev Immunol. (2015) 33:257–
90. doi: 10.1146/annurev-immunol-032414-112240

24. Iwasaki A, Medzhitov R. Regulation of adaptive immunity by the innate
immune system. Science. (2010) 327:291–5. doi: 10.1126/science.1183021

25. Theofilopoulos AN, Baccala R, Beutler B, Kono DH. Type I interferons
(alpha/beta) in immunity and autoimmunity. Annu Rev Immunol. (2005)
23:307–36. doi: 10.1146/annurev.immunol.23.021704.115843

26. Labbe M, Petresco M, Fabrykant M. Le Taux du phosphore sanguin et de
ses differentes formes dans les leucemies et les anemies. J Société Biol. (1931)
107 T2:1087–9.

27. Mandel P, Metais P. Les acides nucleiques du plasma sanguin chez l’homme.
J Société Biol. (1948) 142:241–3.

28. Kustanovich A, Schwartz R, Peretz T, Grinshpun A. Life and death
of circulating cell-free DNA. Cancer Biol Ther. (2019) 20:1057–67.
doi: 10.1080/15384047.2019.1598759

29. Keyel PA. Dnases in health and disease. Dev Biol. (2017) 429:1–11.
doi: 10.1016/j.ydbio.2017.06.028

30. Giacona MB, Ruben GC, Iczkowski KA, Roos TB, Porter DM, Sorenson GD.
Cell-free DNA in human blood plasma: length measurements in patients
with pancreatic cancer and healthy controls. Pancreas. (1998) 17:89–97.
doi: 10.1097/00006676-199807000-00012

31. Reich CF, Pisetsky DS. The content of DNA and RNA in microparticles
released by Jurkat and HL-60 cells undergoing in vitro apoptosis. Exp Cell

Res. (2009) 315:760–8. doi: 10.1016/j.yexcr.2008.12.014
32. Stroun M, Maurice P, Vasioukhin V, Lyautey J, Lederrey C, Lefort

F, et al. The origin and mechanism of circulating DNA. Ann N

Y Acad Sci. (2000) 906:161–8. doi: 10.1111/j.1749-6632.2000.tb06
608.x

33. Fan HC, Blumenfeld YJ, Chitkara U, Hudgins L, Quake SR. Noninvasive
diagnosis of fetal aneuploidy by shotgun sequencing DNA from
maternal blood. Proc Natl Acad Sci USA. (2008) 105:16266–71.
doi: 10.1073/pnas.0808319105

34. Lo YMD, Chan KCA, Sun H, Chen EZ, Jiang P, Lun FMF, et al.
Maternal plasma DNA sequencing reveals the genome-wide genetic
and mutational profile of the fetus. Sci Transl Med. (2010) 2:61ra91.
doi: 10.1126/scitranslmed.3001720

35. Snyder MW, Kircher M, Hill AJ, Daza RM, Shendure J. Cell-free DNA
Comprises an In Vivo Nucleosome Footprint that Informs Its Tissues-Of-
Origin. Cell. (2016) 164:57–68. doi: 10.1016/j.cell.2015.11.050

36. Lui YYN, Chik K-W, Chiu RWK, Ho C-Y, Lam CWK, Lo YMD.
Predominant hematopoietic origin of cell-free DNA in plasma and serum
after sex-mismatched bone marrow transplantation. Clin Chem. (2002)
48:421–7. doi: 10.1093/clinchem/48.3.421

37. Moss J, Magenheim J, Neiman D, Zemmour H, Loyfer N, Korach A, et
al. Comprehensive human cell-type methylation atlas reveals origins of
circulating cell-free DNA in health and disease.Nat Commun. (2018) 9:5068.
doi: 10.1038/s41467-018-07466-6

38. Sun K, Jiang P, Chan KCA, Wong J, Cheng YKY, Liang RHS, et al.
Plasma DNA tissue mapping by genome-wide methylation sequencing for
noninvasive prenatal, cancer, and transplantation assessments. Proc Natl

Acad Sci USA. (2015) 112:E5503–12. doi: 10.1073/pnas.1508736112
39. Jiang P, Lo YMD. The long and short of circulating cell-free DNA and

the ins and outs of molecular diagnostics. Trends Genet. (2016) 32:360–71.
doi: 10.1016/j.tig.2016.03.009

40. Zhong S, Ng MC, Lo YM, Chan JC, Johnson PJ. Presence of mitochondrial
tRNA(Leu(UUR)) A to G 3243 mutation in DNA extracted from serum
and plasma of patients with type 2 diabetes mellitus. J Clin Pathol. (2000)
53:466–9. doi: 10.1136/jcp.53.6.466

41. Chiu RWK, Chan LYS, Lam NYL, Tsui NBY, Ng EKO, Rainer TH, et al.
Quantitative analysis of circulating mitochondrial DNA in plasma. Clin
Chem. (2003) 49:719–26. doi: 10.1373/49.5.719

42. Burnham P, Kim MS, Agbor-Enoh S, Luikart H, Valantine HA, Khush KK,
et al. Single-stranded DNA library preparation uncovers the origin and
diversity of ultrashort cell-free DNA in plasma. Sci Rep. (2016) 6:27859.
doi: 10.1038/srep27859

43. Colombo M, Raposo G, Théry C. Biogenesis, secretion, and intercellular
interactions of exosomes and other extracellular vesicles. Annu Rev Cell Dev

Biol. (2014) 30:255–89. doi: 10.1146/annurev-cellbio-101512-122326
44. Gauley J, Pisetsky DS. The translocation of HMGB1 during cell

activation and cell death. Autoimmunity. (2009) 42:299–301.
doi: 10.1080/08916930902831522

45. Sisirak V, Sally B, D’Agati V, Martinez-Ortiz W, Özçakar ZB, David J,
et al. Digestion of chromatin in apoptotic cell microparticles prevents
autoimmunity. Cell. (2016) 166:88–101. doi: 10.1016/j.cell.2016.05.034

46. Spencer DM, Dye JR, Piantadosi CA, Pisetsky DS. The release of
microparticles and mitochondria from RAW 264.7 murine macrophage cells
undergoing necroptotic cell death in vitro. Exp Cell Res. (2018) 363:151–9.
doi: 10.1016/j.yexcr.2017.12.024

47. Muhanna N, Di GrappaMA, Chan HHL, Khan T, Jin CS, Zheng Y, et al. Cell-
Free DNA kinetics in a pre-clinical model of head and neck cancer. Sci Rep.
(2017) 7:16723. doi: 10.1038/s41598-017-17079-6

48. Delgado-Rizo V, Martínez-Guzmán MA, Iñiguez-Gutierrez L, García-
Orozco A, Alvarado-Navarro A, Fafutis-Morris M. Neutrophil extracellular
traps and its implications in inflammation: an overview. Front Immunol.

(2017) 8:81. doi: 10.3389/fimmu.2017.00081
49. Lande R, Gregorio J, Facchinetti V, Chatterjee B, Wang Y-H, Homey B, et

al. Plasmacytoid dendritic cells sense self-DNA coupled with antimicrobial
peptide. Nature. (2007) 449:564–9. doi: 10.1038/nature06116

50. Gehrke N, Mertens C, Zillinger T, Wenzel J, Bald T, Zahn S, et al.
Oxidative damage of DNA confers resistance to cytosolic nuclease TREX1
degradation and potentiates STING-dependent immune sensing. Immunity.

(2013) 39:482–95. doi: 10.1016/j.immuni.2013.08.004
51. Lood C, Blanco LP, Purmalek MM, Carmona-Rivera C, De Ravin SS, Smith

CK, et al. Neutrophil extracellular traps enriched in oxidized mitochondrial
DNA are interferogenic and contribute to lupus-like disease.NatMed. (2016)
22:146–53. doi: 10.1038/nm.4027

Frontiers in Immunology | www.frontiersin.org 18 February 2021 | Volume 12 | Article 629922

https://doi.org/10.1038/nature07710
https://doi.org/10.1016/j.immuni.2016.06.015
https://doi.org/10.1126/science.aad7611
https://doi.org/10.1126/science.aad7297
https://doi.org/10.1016/j.celrep.2019.01.105
https://doi.org/10.1038/35047123
https://doi.org/10.1038/nature14138
https://doi.org/10.1038/ni.1863
https://doi.org/10.1051/medsci/2012281023
https://doi.org/10.1038/nsmb.2943
https://doi.org/10.1093/intimm/dxv062
https://doi.org/10.1126/science.1220363
https://doi.org/10.1146/annurev-immunol-032414-112240
https://doi.org/10.1126/science.1183021
https://doi.org/10.1146/annurev.immunol.23.021704.115843
https://doi.org/10.1080/15384047.2019.1598759
https://doi.org/10.1016/j.ydbio.2017.06.028
https://doi.org/10.1097/00006676-199807000-00012
https://doi.org/10.1016/j.yexcr.2008.12.014
https://doi.org/10.1111/j.1749-6632.2000.tb06608.x
https://doi.org/10.1073/pnas.0808319105
https://doi.org/10.1126/scitranslmed.3001720
https://doi.org/10.1016/j.cell.2015.11.050
https://doi.org/10.1093/clinchem/48.3.421
https://doi.org/10.1038/s41467-018-07466-6
https://doi.org/10.1073/pnas.1508736112
https://doi.org/10.1016/j.tig.2016.03.009
https://doi.org/10.1136/jcp.53.6.466
https://doi.org/10.1373/49.5.719
https://doi.org/10.1038/srep27859
https://doi.org/10.1146/annurev-cellbio-101512-122326
https://doi.org/10.1080/08916930902831522
https://doi.org/10.1016/j.cell.2016.05.034
https://doi.org/10.1016/j.yexcr.2017.12.024
https://doi.org/10.1038/s41598-017-17079-6
https://doi.org/10.3389/fimmu.2017.00081
https://doi.org/10.1038/nature06116
https://doi.org/10.1016/j.immuni.2013.08.004
https://doi.org/10.1038/nm.4027
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Santa et al. Nucleases Regulate Nucleic-Acid Sensing

52. Stacey KJ, Young GR, Clark F, Sester DP, Roberts TL, Naik S, et
al. The molecular basis for the lack of immunostimulatory activity
of vertebrate DNA. J Immunol Baltim Md. (2003) 170:3614–20.
doi: 10.4049/jimmunol.170.7.3614

53. Zhang Q, Raoof M, Chen Y, Sumi Y, Sursal T, Junger W, et al. Circulating
mitochondrial DAMPs cause inflammatory responses to injury. Nature.
(2010) 464:104–7. doi: 10.1038/nature08780

54. Oka T, Hikoso S, Yamaguchi O, Taneike M, Takeda T, Tamai T, et al.
Mitochondrial DNA that escapes from autophagy causes inflammation and
heart failure. Nature. (2012) 485:251–5. doi: 10.1038/nature10992

55. Julian MW, Shao G, Bao S, Knoell DL, Papenfuss TL, VanGundy ZC, et al.
Mitochondrial transcription factor a serves as a danger signal by augmenting
plasmacytoid dendritic cell responses to DNA. J Immunol. (2012) 189:433–
43. doi: 10.4049/jimmunol.1101375

56. Tian J, Avalos AM,Mao SY, Chen B, Senthil K, WuH, et al. Toll-like receptor
9-dependent activation by DNA-containing immune complexes is mediated
by HMGB1 and RAGE. Nat Immunol. (2007) 8:487–96. doi: 10.1038/ni1457

57. Andreeva L, Hiller B, Kostrewa D, Lässig C, Mann CC de O, Drexler DJ,
et al. cGAS senses long and HMGB/TFAM-bound U-turn DNA by forming
protein-DNA ladders. Nature. (2017) 549:394–8. doi: 10.1038/nature23890

58. Garcia-Martinez I, Santoro N, Chen Y, Hoque R, Ouyang X, Caprio S, et
al. Hepatocyte mitochondrial DNA drives nonalcoholic steatohepatitis by
activation of TLR9. J Clin Invest. (2016) 126:859–64. doi: 10.1172/JCI83885

59. Luecke S, Holleufer A, ChristensenMH, Jønsson KL, Boni GA, Sørensen LK,
et al. cGAS is activated by DNA in a length-dependent manner. EMBO Rep.

(2017) 18:1707–15. doi: 10.15252/embr.201744017
60. Pisetsky DS, Reich CF. The influence of DNA size on the binding of anti-

DNA antibodies in the solid and fluid phase. Clin Immunol Immunopathol.

(1994) 72:350–6. doi: 10.1006/clin.1994.1152
61. Caielli S, Athale S, Domic B, Murat E, Chandra M, Banchereau R, et

al. Oxidized mitochondrial nucleoids released by neutrophils drive type I
interferon production in human lupus. J Exp Med. (2016) 213:697–713.
doi: 10.1084/jem.20151876

62. Garcia-Romo GS, Caielli S, Vega B, Connolly J, Allantaz F, Xu Z, et
al. Netting neutrophils are major inducers of type I IFN production in
pediatric systemic lupus erythematosus. Sci Transl Med. (2011) 3:73ra20.
doi: 10.1126/scitranslmed.3001201

63. Zaporozhchenko IA, Ponomaryova AA, Rykova EY, Laktionov PP.
The potential of circulating cell-free RNA as a cancer biomarker:
challenges and opportunities. Expert Rev Mol Diagn. (2018) 18:133–45.
doi: 10.1080/14737159.2018.1425143

64. Yuan T, Huang X, Woodcock M, Du M, Dittmar R, Wang Y, et al. Plasma
extracellular RNA profiles in healthy and cancer patients. Sci Rep. (2016)
6:19413. doi: 10.1038/srep19413

65. Tsui NBY, Ng EKO, Lo YMD. Stability of endogenous and added RNA
in blood specimens, serum, and plasma. Clin Chem. (2002) 48:1647–53.
doi: 10.1093/clinchem/48.10.1647

66. Umu SU, Langseth H, Bucher-Johannessen C, Fromm B, Keller A, Meese E,
et al. A comprehensive profile of circulating RNAs in human serum. RNA
Biol. (2018) 15:242–50. doi: 10.1080/15476286.2017.1403003

67. Fabbri M, Paone A, Calore F, Galli R, Gaudio E, Santhanam R,
et al. MicroRNAs bind to Toll-like receptors to induce prometastatic
inflammatory response. Proc Natl Acad Sci USA. (2012) 109:E2110–6.
doi: 10.1073/pnas.1209414109

68. Xiao Y, Driedonks T, Witwer KW, Wang Q, Yin H. How does an RNA selfie
work? EV-associated RNA in innate immunity as self or danger. J Extracell
Vesicles. (2020) 9:1793515. doi: 10.1080/20013078.2020.1793515

69. Li T, Chen ZJ. The cGAS-cGAMP-STING pathway connects DNA damage
to inflammation, senescence, and cancer. J Exp Med. (2018) 215:1287–99.
doi: 10.1084/jem.20180139

70. Dou Z, Ghosh K, Vizioli MG, Zhu J, Sen P, Wangensteen KJ, et al.
Cytoplasmic chromatin triggers inflammation in senescence and cancer.
Nature. (2017) 550:402–6. doi: 10.1038/nature24050

71. Härtlova A, Erttmann SF, Raffi FA, Schmalz AM, Resch U, Anugula S,
et al. DNA damage primes the type I interferon system via the cytosolic
DNA sensor STING to promote anti-microbial innate immunity. Immunity.

(2015) 42:332–43. doi: 10.1016/j.immuni.2015.01.012

72. Mackenzie KJ, Carroll P, Martin C-A, Murina O, Fluteau A, Simpson DJ,
et al. cGAS surveillance of micronuclei links genome instability to innate
immunity. Nature. (2017) 548:461–5. doi: 10.1038/nature23449

73. Rongvaux A, Jackson R, Harman CCD, Li T, West AP, de Zoete
MR, et al. Apoptotic caspases prevent the induction of type I
interferons by mitochondrial DNA. Cell. (2014) 159:1563–77.
doi: 10.1016/j.cell.2014.11.037

74. White MJ, McArthur K, Metcalf D, Lane RM, Cambier JC, Herold MJ, et al.
Apoptotic caspases suppress mtDNA-induced STING-mediated type I IFN
production. Cell. (2014) 159:1549–62. doi: 10.1016/j.cell.2014.11.036

75. Shimada K, Crother TR, Karlin J, Dagvadorj J, Chiba N, Chen S, et al.
Oxidized mitochondrial DNA activates the NLRP3 inflammasome during
apoptosis. Immunity. (2012) 36:401–14. doi: 10.1016/j.immuni.2012.01.009

76. Kawasaki T, Kawai T. Discrimination between self and non-self-nucleic
acids by the innate immune system. Int Rev Cell Mol Biol. (2019) 344:1–30.
doi: 10.1016/bs.ircmb.2018.08.004

77. Chung H, Calis JJA, Wu X, Sun T, Yu Y, Sarbanes SL, et al. Human ADAR1
prevents endogenous RNA from triggering translational shutdown. Cell.
(2018) 172:811–24.e14. doi: 10.1016/j.cell.2017.12.038

78. Wu B, Peisley A, Richards C, Yao H, Zeng X, Lin C, et al. Structural basis
for dsRNA recognition, filament formation, and antiviral signal activation
by MDA5. Cell. (2013) 152:276–89. doi: 10.1016/j.cell.2012.11.048

79. Dhir A, Dhir S, Borowski LS, Jimenez L, Teitell M, Rötig A, et al.
Mitochondrial double-stranded RNA triggers antiviral signalling in humans.
Nature. (2018) 560:238–42. doi: 10.1038/s41586-018-0363-0

80. Gall A, Treuting P, Elkon KB, Loo Y-M, Gale M, Barber GN, et al.
Autoimmunity initiates in nonhematopoietic cells and progresses via
lymphocytes in an interferon-dependent autoimmune disease. Immunity.

(2012) 36:120–31. doi: 10.1016/j.immuni.2011.11.018
81. Stetson DB, Ko JS, Heidmann T, Medzhitov R. Trex1 prevents

cell-intrinsic initiation of autoimmunity. Cell. (2008) 134:587–98.
doi: 10.1016/j.cell.2008.06.032

82. Yasutomo K, Horiuchi T, Kagami S, Tsukamoto H, Hashimura C, Urushihara
M, et al. Mutation of DNASE1 in people with systemic lup us erythematosus.
Nat Genet. (2001) 28:313–4. doi: 10.1038/91070

83. Kenny EF, Raupach B, Abu Abed U, Brinkmann V, Zychlinsky A. Dnase1-
deficient mice spontaneously develop a systemic lupus erythematosus-like
disease. Eur J Immunol. (2019) 49:590–9. doi: 10.1002/eji.201847875

84. Malferrari G, Mirabella M, D’Alessandra Y, Servidei S, Biunno I.
Deletion polymorphism of DNASE1L1, an X-Linked DNase I-like gene,
in acid maltase deficiency disorders. Exp Mol Pathol. (2001) 70:173–4.
doi: 10.1006/exmp.2001.2374

85. Lichtenbelt KD, Kroos MA, Sinke RJ, Wokke JJH, Reuser AJJ, Ausems
MGEM. Frequency of the deletion polymorphism of DNASE1L1 in 137
patients with acid maltase deficiency (Pompe disease). Exp Mol Pathol.

(2006) 80:308–9. doi: 10.1016/j.yexmp.2006.02.003
86. Brumpton BM, Ferreira MAR. Multivariate eQTL mapping uncovers

functional variation on the X-chromosome associated with complex disease
traits. Hum Genet. (2016) 135:827–39. doi: 10.1007/s00439-016-1674-6

87. Rashedi I. The Role of DNase X in Skeletal Muscle Addressed by Targeted
Disruption of the Gene in aMouseModel. (2008). Available online at: https://
mspace.lib.umanitoba.ca/xmlui/handle/1993/21248

88. Al-Mayouf SM, Sunker A, Abdwani R, Abrawi SA, Almurshedi F,
Alhashmi N, et al. Loss-of-function variant in DNASE1L3 causes a familial
form of systemic lupus erythematosus. Nat Genet. (2011) 43:1186–8.
doi: 10.1038/ng.975

89. Belot A, Rice GI, Omarjee SO, Rouchon Q, Smith EMD, Moreews M, et al.
Contribution of rare and predicted pathogenic gene variants to childhood-
onset lupus: a large, genetic panel analysis of British and French cohorts.
Lancet Rheumatol. (2020) 2:e99–109. doi: 10.1016/S2665-9913(19)30142-0

90. Carbonella A, Mancano G, Gremese E, Alkuraya FS, Patel N, Gurrieri
F, et al. An autosomal recessive DNASE1L3 -related autoimmune disease
with unusual clinical presentation mimicking systemic lupus erythematosus.
Lupus. (2017) 26:768–72. doi: 10.1177/0961203316676382

91. Özçakar ZB, Foster J, Diaz-Horta O, Kasapcopur O, Fan Y-S, Yalçinkaya
F, et al. DNASE1L3 mutations in hypocomplementemic urticarial vasculitis
syndrome. Arthritis Rheum. (2013) 65:2183–9. doi: 10.1002/art.38010

Frontiers in Immunology | www.frontiersin.org 19 February 2021 | Volume 12 | Article 629922

https://doi.org/10.4049/jimmunol.170.7.3614
https://doi.org/10.1038/nature08780
https://doi.org/10.1038/nature10992
https://doi.org/10.4049/jimmunol.1101375
https://doi.org/10.1038/ni1457
https://doi.org/10.1038/nature23890
https://doi.org/10.1172/JCI83885
https://doi.org/10.15252/embr.201744017
https://doi.org/10.1006/clin.1994.1152
https://doi.org/10.1084/jem.20151876
https://doi.org/10.1126/scitranslmed.3001201
https://doi.org/10.1080/14737159.2018.1425143
https://doi.org/10.1038/srep19413
https://doi.org/10.1093/clinchem/48.10.1647
https://doi.org/10.1080/15476286.2017.1403003
https://doi.org/10.1073/pnas.1209414109
https://doi.org/10.1080/20013078.2020.1793515
https://doi.org/10.1084/jem.20180139
https://doi.org/10.1038/nature24050
https://doi.org/10.1016/j.immuni.2015.01.012
https://doi.org/10.1038/nature23449
https://doi.org/10.1016/j.cell.2014.11.037
https://doi.org/10.1016/j.cell.2014.11.036
https://doi.org/10.1016/j.immuni.2012.01.009
https://doi.org/10.1016/bs.ircmb.2018.08.004
https://doi.org/10.1016/j.cell.2017.12.038
https://doi.org/10.1016/j.cell.2012.11.048
https://doi.org/10.1038/s41586-018-0363-0
https://doi.org/10.1016/j.immuni.2011.11.018
https://doi.org/10.1016/j.cell.2008.06.032
https://doi.org/10.1038/91070
https://doi.org/10.1002/eji.201847875
https://doi.org/10.1006/exmp.2001.2374
https://doi.org/10.1016/j.yexmp.2006.02.003
https://doi.org/10.1007/s00439-016-1674-6
https://mspace.lib.umanitoba.ca/xmlui/handle/1993/21248
https://mspace.lib.umanitoba.ca/xmlui/handle/1993/21248
https://doi.org/10.1038/ng.975
https://doi.org/10.1016/S2665-9913(19)30142-0
https://doi.org/10.1177/0961203316676382
https://doi.org/10.1002/art.38010
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Santa et al. Nucleases Regulate Nucleic-Acid Sensing

92. Paç Kisaarslan A, Witzel M, Unal E, Rohlfs M, Akyildiz B,
Dogan ME, et al. Refractory and fatal presentation of severe
autoimmune hemolytic anemia in a child with the DNASE1L3
mutation complicated with an additional DOCK8 variant. J

Pediatr Hematol Oncol. (2020). doi: 10.1097/MPH.00000000000
01780

93. Almlöf JC, Nystedt S, Leonard D, Eloranta ML, Grosso G, Sjöwall C, et al.
Whole-genome sequencing identifies complex contributions to genetic risk
by variants in genes causing monogenic systemic lupus erythematosus.Hum
Genet. (2019) 138:141–50. doi: 10.1007/s00439-018-01966-7

94. Ueki M, Takeshita H, Fujihara J, Iida R, Yuasa I, Kato H, et al. 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 J Clin

Chem. (2009) 407:20–4. doi: 10.1016/j.cca.2009.06.022
95. Zervou MI, Andreou A, Matalliotakis M, Spandidos DA, Goulielmos GN,

Eliopoulos EE. Association of the DNASE1L3 rs35677470 polymorphism
with systemic lupus erythematosus, rheumatoid arthritis and systemic
sclerosis: Structural biological insights. Mol Med Rep. (2020) 22:4492–8.
doi: 10.3892/mmr.2020.11547

96. Acosta-Herrera M, Kerick M, González-Serna D, Consortium MG,
Consortium SG, Wijmenga C, et al. Genome-wide meta-analysis reveals
shared new loci in systemic seropositive rheumatic diseases. Ann Rheum Dis.

(2019) 78:311–9. doi: 10.1136/annrheumdis-2018-214127
97. Mayes MD, Bossini-Castillo L, Gorlova O, Martin JE, Zhou X, Chen WV, et

al. Immunochip analysis identifies multiple susceptibility loci for systemic
sclerosis. Am J Hum Genet. (2014) 94:47–61. doi: 10.1016/j.ajhg.2013.
12.002

98. Westra H-J, Martínez-Bonet M, Onengut-Gumuscu S, Lee A, Luo Y,
Teslovich N, et al. Fine-mapping and functional studies highlight potential
causal variants for rheumatoid arthritis and type 1 diabetes.Nat Genet. (2018)
50:1366–74. doi: 10.1038/s41588-018-0216-7

99. Zochling J, Newell F, Charlesworth JC, Leo P, Stankovich J, Cortes A, et al.
An Immunochip-based interrogation of scleroderma susceptibility variants
identifies a novel association at DNASE1L3.Arthritis Res Ther. (2014) 16:438.
doi: 10.1186/s13075-014-0438-8

100. Weisenburger T, von Neubeck B, Schneider A, Ebert N, Schreyer D, Acs
A, et al. Epistatic interactions between mutations of deoxyribonuclease
1-Like 3 and the inhibitory fc gamma receptor IIB result in very early
and massive autoantibodies against double-stranded DNA. Front Immunol.

(2018) 9:1551. doi: 10.3389/fimmu.2018.01551
101. Soni C, Perez OA, Voss WN, Pucella JN, Serpas L, Mehl J, et al.

Plasmacytoid dendritic cells and type I interferon promote extrafollicular
b cell responses to extracellular self-DNA. Immunity. (2020) 52:1022–38.e7.
doi: 10.1016/j.immuni.2020.04.015

102. Henneke M, Diekmann S, Ohlenbusch A, Kaiser J, Engelbrecht V,
Kohlschütter A, et al. RNASET2-deficient cystic leukoencephalopathy
resembles congenital cytomegalovirus brain infection. Nat Genet. (2009)
41:773–5. doi: 10.1038/ng.398

103. Sinkevicius KW, Morrison TR, Kulkarni P, Caffrey Cagliostro MK, Iriah
S, Malmberg S, et al. RNaseT2 knockout rats exhibit hippocampal
neuropathology and deficits in memory. Dis Model Mech. (2018)
11:dmm032631. doi: 10.1242/dmm.032631

104. Rodero MP, Tesser A, Bartok E, Rice GI, Della Mina E, Depp M, et al. Type
I interferon-mediated autoinflammation due to DNase II deficiency. Nat
Commun. (2017) 8:2176. doi: 10.1038/s41467-017-01932-3

105. Rossol M, Pierer M, Arnold S, Keyßer G, Burkhardt H, Baerwald C, et
al. Homozygosity for DNASE2 single nucleotide polymorphisms in the 5′-
regulatory region is associated with rheumatoid arthritis. Ann Rheum Dis.

(2009) 68:1498–503. doi: 10.1136/ard.2008.092239
106. Shin HD, Park BL, Cheong HS, Lee H-S, Jun J-B, Bae S-C. DNase

II polymorphisms associated with risk of renal disorder among
systemic lupus erythematosus patients. J Hum Genet. (2005) 50:107–11.
doi: 10.1007/s10038-004-0227-3

107. Krieser RJ, MacLea KS, Longnecker DS, Fields JL, Fiering S, Eastman A.
Deoxyribonuclease IIα is required during the phagocytic phase of apoptosis
and its loss causes perinatal lethality. Cell Death Differ. (2002) 9:956–62.
doi: 10.1038/sj.cdd.4401056

108. Kawane K. Requirement of DNase II for definitive erythropoiesis
in the mouse fetal liver. Science. (2001) 292:1546–9.
doi: 10.1126/science.292.5521.1546

109. Kawane K, Tanaka H, Kitahara Y, Shimaoka S, Nagata S. Cytokine-
dependent but acquired immunity-independent arthritis caused by DNA
escaped from degradation. Proc Natl Acad Sci USA. (2010) 107:19432–7.
doi: 10.1073/pnas.1010603107

110. Kawane K, Ohtani M, Miwa K, Kizawa T, Kanbara Y, Yoshioka Y,
et al. Chronic polyarthritis caused by mammalian DNA that escapes
from degradation in macrophages. Nature. (2006) 443:998–1002.
doi: 10.1038/nature05245

111. Greulich W, Wagner M, Gaidt MM, Stafford C, Cheng Y, Linder A, et
al. TLR8 Is a Sensor of RNase T2 Degradation Products. Cell. (2019)
27;179:1264–75.e13. doi: 10.1016/j.cell.2019.11.001

112. Ahn J, Gutman D, Saijo S, Barber GN. STING manifests self DNA-
dependent inflammatory disease. Proc Natl Acad Sci USA. (2012) 109:19386–
91. doi: 10.1073/pnas.1215006109

113. Gao D, Li T, Li XD, Chen X, Li QZ, Wight-Carter M, et al. Activation of
cyclic GMP-AMP synthase by self-DNA causes autoimmune diseases. Proc
Natl Acad Sci USA. (2015) 112:E5699–705. doi: 10.1073/pnas.1516465112

114. Baum R, Sharma S, Carpenter S, Li Q-Z, Busto P, Fitzgerald KA, et al.
Cutting edge: AIM2 and endosomal TLRs differentially regulate arthritis
and autoantibody production in DNase II-deficient mice. J Immunol. (2015)
194:873–7. doi: 10.4049/jimmunol.1402573

115. Jakobs C, Perner S, Hornung V. AIM2 drives joint inflammation in a self-
DNA triggered model of chronic polyarthritis. Ryffel B, editor. PLoS ONE.

(2015) 10:e0131702. doi: 10.1371/journal.pone.0131702
116. Nishimoto S, Kawane K, Watanabe-Fukunaga R, Fukuyama H, Ohsawa Y,

Uchiyama Y, et al. Nuclear cataract caused by a lack of DNA degradation in
the mouse eye lens. Nature. (2003) 424:1071–4. doi: 10.1038/nature01895

117. Chen W-C, Wang W-C, Lu H-F, Okada Y, Chang W-P, Chou Y-H, et
al. rs2841277 (PLD4) is associated with susceptibility and rs4672495 is
associated with disease activity in rheumatoid arthritis. Oncotarget. (2017)
8:64180–90. doi: 10.18632/oncotarget.19419

118. Okada Y, Terao C, Ikari K, Kochi Y, Ohmura K, Suzuki A, et al. Meta-analysis
identifies nine new loci associated with rheumatoid arthritis in the Japanese
population. Nat Genet. (2012) 44:511–6. doi: 10.1038/ng.2231

119. Terao C, Ohmura K, Kawaguchi Y, Nishimoto T, Kawasaki A, Takehara K,
et al. PLD4 as a novel susceptibility gene for systemic sclerosis in a Japanese
population. Arthritis Rheum. (2013) 65:472–80. doi: 10.1002/art.37777

120. Gavin AL, Huang D, Huber C, Mårtensson A, Tardif V, Skog PD,
et al. PLD3 and PLD4 are single-stranded acid exonucleases that
regulate endosomal nucleic-acid sensing. Nat Immunol. (2018) 19:942–53.
doi: 10.1038/s41590-018-0179-y

121. Ueki M, Fujihara J, Kimura-Kataoka K, Takeshita H, Iida R, Yasuda T.
Five non-synonymous SNPs in the gene encoding human deoxyribonuclease
I-like 2 implicated in terminal differentiation of keratinocytes reduce
or abolish its activity: Nucleic acids. Electrophoresis. (2013) 34:456–62.
doi: 10.1002/elps.201200415

122. Fischer H, Szabo S, Scherz J, Jaeger K, Rossiter H, Buchberger M, et al.
Essential role of the keratinocyte-specific endonuclease DNase1L2 in the
removal of nuclear DNA from hair and nails. J Invest Dermatol. (2011)
131:1208–15. doi: 10.1038/jid.2011.13

123. Rice G, Newman WG, Dean J, Patrick T, Parmar R, Flintoff K, et al.
Heterozygous mutations in TREX1 cause familial chilblain lupus and
dominant aicardi-goutières syndrome. Am J Hum Genet. (2007) 80:811–5.
doi: 10.1086/513443

124. Lee-Kirsch MA, Gong M, Chowdhury D, Senenko L, Engel K, Lee Y-A, et
al. Mutations in the gene encoding the 3′-5′ DNA exonuclease TREX1 are
associated with systemic lupus erythematosus. Nat Genet. (2007) 39:1065–7.
doi: 10.1038/ng2091

125. Namjou B, Kothari PH, Kelly JA, Glenn SB, Ojwang JO, Adler A, et al.
Evaluation of the TREX1 gene in a large multi-ancestral lupus cohort. Genes
Immun. (2011) 12:270–9. doi: 10.1038/gene.2010.73

126. Lee-Kirsch MA, Chowdhury D, Harvey S, Gong M, Senenko L, Engel K, et
al. A mutation in TREX1 that impairs susceptibility to granzyme A-mediated
cell death underlies familial chilblain lupus. J Mol Med. (2007) 85:531–7.
doi: 10.1007/s00109-007-0199-9

Frontiers in Immunology | www.frontiersin.org 20 February 2021 | Volume 12 | Article 629922

https://doi.org/10.1097/MPH.0000000000001780
https://doi.org/10.1007/s00439-018-01966-7
https://doi.org/10.1016/j.cca.2009.06.022
https://doi.org/10.3892/mmr.2020.11547
https://doi.org/10.1136/annrheumdis-2018-214127
https://doi.org/10.1016/j.ajhg.2013.12.002
https://doi.org/10.1038/s41588-018-0216-7
https://doi.org/10.1186/s13075-014-0438-8
https://doi.org/10.3389/fimmu.2018.01551
https://doi.org/10.1016/j.immuni.2020.04.015
https://doi.org/10.1038/ng.398
https://doi.org/10.1242/dmm.032631
https://doi.org/10.1038/s41467-017-01932-3
https://doi.org/10.1136/ard.2008.092239
https://doi.org/10.1007/s10038-004-0227-3
https://doi.org/10.1038/sj.cdd.4401056
https://doi.org/10.1126/science.292.5521.1546
https://doi.org/10.1073/pnas.1010603107
https://doi.org/10.1038/nature05245
https://doi.org/10.1016/j.cell.2019.11.001
https://doi.org/10.1073/pnas.1215006109
https://doi.org/10.1073/pnas.1516465112
https://doi.org/10.4049/jimmunol.1402573
https://doi.org/10.1371/journal.pone.0131702
https://doi.org/10.1038/nature01895
https://doi.org/10.18632/oncotarget.19419
https://doi.org/10.1038/ng.2231
https://doi.org/10.1002/art.37777
https://doi.org/10.1038/s41590-018-0179-y
https://doi.org/10.1002/elps.201200415
https://doi.org/10.1038/jid.2011.13
https://doi.org/10.1086/513443
https://doi.org/10.1038/ng2091
https://doi.org/10.1038/gene.2010.73
https://doi.org/10.1007/s00109-007-0199-9
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Santa et al. Nucleases Regulate Nucleic-Acid Sensing

127. Uggenti C, Lepelley A, Crow YJ. Self-awareness: nucleic acid-driven
inflammation and the Type I interferonopathies. Annu Rev Immunol. (2019)
37:247–67. doi: 10.1146/annurev-immunol-042718-041257

128. Ahn J, Ruiz P, Barber GN. Intrinsic Self-DNA Triggers Inflammatory
Disease Dependent on STING. J Immunol. (2014) 193:4634–42.
doi: 10.4049/jimmunol.1401337

129. Morita M, Stamp G, Robins P, Dulic A, Rosewell I, Hrivnak G, et al. Gene-
Targeted Mice Lacking the Trex1 (DNase III) 3′→ 5′ DNA Exonuclease
develop inflammatory myocarditis. Mol Cell Biol. (2004) 24:6719–27.
doi: 10.1128/MCB.24.15.6719-6727.2004

130. Crow YJ, Hayward BE, Parmar R, Robins P, Leitch A, Ali M, et al. Mutations
in the gene encoding the 3′-5′ DNA exonuclease TREX1 cause Aicardi-
Goutières syndrome at the AGS1 locus. Nat Genet. (2006) 38:917–20.
doi: 10.1038/ng1845

131. Hasan M, Fermaintt CS, Gao N, Sakai T, Miyazaki T, Jiang S, et al. Cytosolic
nuclease TREX1 regulates oligosaccharyltransferase activity independent of
nuclease activity to suppress immune activation. Immunity. (2015) 43:463–
74. doi: 10.1016/j.immuni.2015.07.022

132. Hasan M, Koch J, Rakheja D, Pattnaik AK, Brugarolas J, Dozmorov I, et al.
Trex1 regulates lysosomal biogenesis and interferon-independent activation
of antiviral genes. Nat Immunol. (2013) 14:61–71. doi: 10.1038/ni.2475

133. Reijns MAM, Rabe B, Rigby RE, Mill P, Astell KR, Lettice LA, et
al. Enzymatic removal of ribonucleotides from DNA is essential for
mammalian genome integrity and development. Cell. (2012) 149:1008–22.
doi: 10.1016/j.cell.2012.04.011

134. Mackenzie KJ, Carroll P, Lettice L, Tarnauskaite Ž, Reddy K,
Dix F, et al. Ribonuclease H2 mutations induce a cGAS/STING-
dependent innate immune response. EMBO J. (2016) 35:831–44.
doi: 10.15252/embj.201593339

135. Pokatayev V, Hasin N, Chon H, Cerritelli SM, Sakhuja K, Ward JM, et al.
RNaseH2 catalytic core Aicardi-Goutières syndrome-relatedmutant invokes
cGAS-STING innate immune-sensing pathway in mice. J Exp Med. (2016)
213:329–36. doi: 10.1084/jem.20151464

136. Hiller B, Achleitner M, Glage S, Naumann R, Behrendt R, Roers
A. Mammalian RNase H2 removes ribonucleotides from DNA
to maintain genome integrity. J Exp Med. (2012) 209:1419–26.
doi: 10.1084/jem.20120876

137. Ravenscroft JC, Suri M, Rice GI, Szynkiewicz M, Crow YJ. Autosomal
dominant inheritance of a heterozygous mutation in SAMHD1 causing
familial chilblain lupus. Am J Med Genet A. (2011) 155A:235–7.
doi: 10.1002/ajmg.a.33778

138. Kretschmer S, Wolf C, König N, Staroske W, Guck J, Häusler M, et al.
SAMHD1 prevents autoimmunity by maintaining genome stability. Ann
Rheum Dis. (2015) 74:e17. doi: 10.1136/annrheumdis-2013-204845

139. Rehwinkel J, Maelfait J, Bridgeman A, Rigby R, Hayward B, Liberatore RA,
et al. SAMHD1-dependent retroviral control and escape in mice. EMBO J.

(2013) 32:2454–62. doi: 10.1038/emboj.2013.163
140. Lee-Kirsch MA. The Type I interferonopathies. Annu Rev Med. (2017)

68:297–315. doi: 10.1146/annurev-med-050715-104506
141. Rice GI, Kasher PR, Forte GMA,MannionNM,Greenwood SM, Szynkiewicz

M, et al. Mutations in ADAR1 cause Aicardi-Goutières syndrome associated
with a type I interferon signature. Nat Genet. (2012) 44:1243–8.

142. Liddicoat BJ, Piskol R, Chalk AM, Ramaswami G, Higuchi M, Hartner JC, et
al. RNA editing by ADAR1 prevents MDA5 sensing of endogenous dsRNA
as nonself. Science. (2015) 349:1115–20. doi: 10.1126/science.aac7049

143. Mannion NM, Greenwood SM, Young R, Cox S, Brindle J, Read D, et al. The
RNA-editing enzyme ADAR1 controls innate immune responses to RNA.
Cell Rep. (2014) 9:1482–94. doi: 10.1016/j.celrep.2014.10.041

144. Neeman Y, Levanon EY, Jantsch MF, Eisenberg E. RNA editing level in the
mouse is determined by the genomic repeat repertoire. RNA N Y N. (2006)
12:1802–9. doi: 10.1261/rna.165106

145. Prats E, Noël M, Létourneau J, Tiranti V, Vaqué J, Debón R, et al.
Characterization and Expression of the Mouse Endonuclease G Gene. DNA
Cell Biol. (1997) 16:1111–22. doi: 10.1089/dna.1997.16.1111

146. Fabre A, Charroux B, Martinez-Vinson C, Roquelaure B, Odul E,
Sayar E, et al. SKIV2L mutations cause syndromic diarrhea, or
trichohepatoenteric syndrome. Am J Hum Genet. (2012) 90:689–92.
doi: 10.1016/j.ajhg.2012.02.009

147. McDermott-Roe C, Ye J, Ahmed R, Sun X-M, Serafín A, Ware J, et al.
Endonuclease G is a novel determinant of cardiac hypertrophy and
mitochondrial function.Nature. (2011) 478:114–8. doi: 10.1038/nature10490

148. Luo Y, Na Z, Slavoff SA. P-bodies: composition, properties, and
functions. Biochemistry. (2018) 57:2424–31. doi: 10.1021/acs.biochem.7b0
1162

149. Doran AC, Yurdagul A, Tabas I. Efferocytosis in health and disease. Nat Rev
Immunol. (2019) 20:254–67. doi: 10.1038/s41577-019-0240-6

150. Botezatu I, Serdyuk O, Potapova G, Shelepov V, Alechina R, Molyaka Y, et
al. Genetic analysis of DNA excreted in urine: a new approach for detecting
specific genomic DNA sequences from cells dying in an organism. Clin
Chem. (2000) 46:1078–84. doi: 10.1093/clinchem/46.8.1078

151. Chan KCA, Leung SF, Yeung SW, Chan ATC, Lo YMD. Quantitative analysis
of the transrenal excretion of circulating EBV DNA in nasopharyngeal
carcinoma patients. Clin Cancer Res Off J Am Assoc Cancer Res. (2008)
14:4809–13. doi: 10.1158/1078-0432.CCR-08-1112

152. Napirei M, Wulf S, Eulitz D, Mannherz HG, Kloeckl T. Comparative
characterization of rat deoxyribonuclease 1 (Dnase1) and murine
deoxyribonuclease 1-like 3 (Dnase1l3). Biochem J. (2005) 389:355–64.
doi: 10.1042/BJ20042124

153. Nishikawa A, Gregory W, Frenz J, Cacia J, Kornfeld S. The phosphorylation
of bovine DNase I Asn-linked oligosaccharides is dependent on
specific lysine and arginine residues. J Biol Chem. (1997) 272:19408–12.
doi: 10.1074/jbc.272.31.19408

154. Shiokawa D, Tanuma S. Characterization of human dnase i family
endonucleases and activation of dnase γ during apoptosis †. Biochemistry.

(2001) 40:143–52. doi: 10.1021/bi001041a
155. Chitrabamrung S, Rubin RL, Tan EM. Serum deoxyribonuclease I and

clinical activity in systemic lupus erythematosus. Rheumatol Int. (1981)
1:55–60.

156. Napirei M, Ludwig S, Mezrhab J, Klöckl T, Mannherz HG. Murine serum
nucleases - contrasting effects of plasmin and heparin on the activities of
DNase1 and DNase1-like 3 (DNase1l3): murine serum nucleases. FEBS J.

(2009) 276:1059–73. doi: 10.1111/j.1742-4658.2008.06849.x
157. Napirei M, Wulf S, Mannherz HG. Chromatin breakdown during necrosis

by serum Dnase1 and the plasminogen system. Arthritis Rheum. (2004)
50:1873–83. doi: 10.1002/art.20267

158. Hakkim A, Furnrohr BG, Amann K, Laube B, Abed UA, Brinkmann
V, et al. Impairment of neutrophil extracellular trap degradation is
associated with lupus nephritis. Proc Natl Acad Sci USA. (2010) 107:9813–8.
doi: 10.1073/pnas.0909927107

159. Jiménez-Alcázar M, Rangaswamy C, Panda R, Bitterling J, Simsek YJ, Long
AT, et al. Host DNases prevent vascular occlusion by neutrophil extracellular
traps. Science. (2017) 358:1202–6. doi: 10.1126/science.aam8897

160. Napirei M, Karsunky H, Zevnik B, Stephan H, Mannherz HG, Möröy T.
Features of systemic lupus erythematosus in Dnase1-deficient mice. Nat
Genet. (2000) 25:177–81. doi: 10.1038/76032

161. Bygrave AE, Rose KL, Cortes-Hernandez J, Warren J, Rigby RJ, Cook HT,
et al. Spontaneous autoimmunity in 129 and C57BL/6 mice-Implications for
autoimmunity described in gene-targetedmice. DavidNemazee, editor. PLoS
Biol. (2004) 2:e243. doi: 10.1371/journal.pbio.0020243

162. Napirei M, Ricken A, Eulitz D, Knoop H, Mannherz HG. Expression pattern
of the deoxyribonuclease 1 gene: lessons from the Dnase1 knockout mouse.
Biochem J. (2004) 380:929–37. doi: 10.1042/bj20040046

163. Napirei M, Gultekin A, Kloeckl T, Moroy T, Frostegard J, Mannherz
HG. Systemic lupus-erythematosus: deoxyribonuclease 1 in necrotic
chromatin disposal. Int J Biochem Cell Biol. (2006) 38:297–306.
doi: 10.1016/j.biocel.2005.10.023

164. Cheng THT, Lui KO, Peng XL, Cheng SH, Jiang P, Chan KCA, et al.
DNase1 does not appear to play a major role in the fragmentation of
plasma DNA in a knockout mouse model. Clin Chem. (2018) 64:406–8.
doi: 10.1373/clinchem.2017.280446

165. Bodaño A, González A, Balada E, Ordi J, Carreira P, Gómez-Reino
JJ, et al. Study of DNASE I gene polymorphisms in systemic lupus
erythematosus susceptibility. Ann Rheum Dis. (2007) 66:560–1.
doi: 10.1136/ard.2006.067140

166. Mohammadoo-Khorasani M, Musavi M, Mousavi M, Moossavi M,
Khoddamian M, Sandoughi M, et al. Deoxyribonuclease I gene

Frontiers in Immunology | www.frontiersin.org 21 February 2021 | Volume 12 | Article 629922

https://doi.org/10.1146/annurev-immunol-042718-041257
https://doi.org/10.4049/jimmunol.1401337
https://doi.org/10.1128/MCB.24.15.6719-6727.2004
https://doi.org/10.1038/ng1845
https://doi.org/10.1016/j.immuni.2015.07.022
https://doi.org/10.1038/ni.2475
https://doi.org/10.1016/j.cell.2012.04.011
https://doi.org/10.15252/embj.201593339
https://doi.org/10.1084/jem.20151464
https://doi.org/10.1084/jem.20120876
https://doi.org/10.1002/ajmg.a.33778
https://doi.org/10.1136/annrheumdis-2013-204845
https://doi.org/10.1038/emboj.2013.163
https://doi.org/10.1146/annurev-med-050715-104506
https://doi.org/10.1126/science.aac7049
https://doi.org/10.1016/j.celrep.2014.10.041
https://doi.org/10.1261/rna.165106
https://doi.org/10.1089/dna.1997.16.1111
https://doi.org/10.1016/j.ajhg.2012.02.009
https://doi.org/10.1038/nature10490
https://doi.org/10.1021/acs.biochem.7b01162
https://doi.org/10.1038/s41577-019-0240-6
https://doi.org/10.1093/clinchem/46.8.1078
https://doi.org/10.1158/1078-0432.CCR-08-1112
https://doi.org/10.1042/BJ20042124
https://doi.org/10.1074/jbc.272.31.19408
https://doi.org/10.1021/bi001041a
https://doi.org/10.1111/j.1742-4658.2008.06849.x
https://doi.org/10.1002/art.20267
https://doi.org/10.1073/pnas.0909927107
https://doi.org/10.1126/science.aam8897
https://doi.org/10.1038/76032
https://doi.org/10.1371/journal.pbio.0020243
https://doi.org/10.1042/bj20040046
https://doi.org/10.1016/j.biocel.2005.10.023
https://doi.org/10.1373/clinchem.2017.280446
https://doi.org/10.1136/ard.2006.067140
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Santa et al. Nucleases Regulate Nucleic-Acid Sensing

polymorphism and susceptibility to systemic lupus erythematosus. Clin
Rheumatol. (2016) 6:101–5. doi: 10.1007/s10067-015-3111-y

167. Balada E, Ordi-Ros J, Hernanz S, Villarreal J, Cortés F, Vilardell-Tarrés M,
et al. DNASE I mutation and systemic lupus erythematosus in a Spanish
population: comment on the article by Tew et al. Arthritis Rheum. (2002)
46:1974–6. doi: 10.1002/art.10349

168. Chakraborty P, Kacem HH, Makni-Karray K, Jarraya F, Hachicha J, Ayadi H.
The A/T mutation in exon 2 of the DNASE1 gene is not present in Tunisian
patients with systemic lupus erythematosus or in healthy subjects. Arthritis
Rheum. (2003) 48:3297–8. doi: 10.1002/art.11318

169. Shin HD, Park BL, Kim LH, Lee HS, Kim TY, Bae SC. Common
DNase I polymorphism associated with autoantibody production among
systemic lupus erythematosus patients. Hum Mol Genet. (2004) 13:2343–50.
doi: 10.1093/hmg/ddh275

170. Simmonds MJ, Heward JM, Kelly MA, Allahabadia A, Foxall H, Gordon C,
et al. A nonsense mutation in exon 2 of the DNase I gene is not present
in UK subjects with systemic lupus erythematosus and Graves’ disease:
comment on the article by Rood et al. Arthritis Rheum. (2002) 46:3109–10.
doi: 10.1002/art.10414

171. Tew MB, Johnson RW, Reveille JD, Tan FK. A molecular
analysis of the low serum deoxyribonuclease activity
in lupus patients. Arthritis Rheum. (2001) 44:2446–7.
doi: 10.1002/1529-0131(200110)44:10<2446::AID-ART409>3.0.CO;2-U;2-U

172. Sallai K, Nagy E, Derfalvy B, Müzes G, Gergely P. Antinucleosome
antibodies and decreased deoxyribonuclease activity in sera of patients with
systemic lupus erythematosus. Clin Diagn Lab Immunol. (2005) 12:56–9.
doi: 10.1128/CDLI.12.1.56-59.2005

173. Davis JC, Manzi S, Yarboro C, Rairie J, Mcinnes I, Averthelyi D, et al.
Recombinant human Dnase I (rhDNase) in patients with lupus nephritis.
Lupus. (1999) 8:68–76. doi: 10.1191/096120399678847380

174. Seredkina N, Rekvig OP. Acquired loss of renal nuclease activity is restricted
to DNaseI and is an organ-selective feature in murine lupus nephritis. Am J

Pathol. (2011) 179:1120–8. doi: 10.1016/j.ajpath.2011.05.011
175. Zykova SN, Tveita AA, Rekvig OP. Renal Dnase1 enzyme activity and

protein expression is selectively shut down in murine and human
membranoproliferative lupus nephritis. PLoS ONE. (2010) 5:e12096.
doi: 10.1371/journal.pone.0012096

176. Shiokawa D, Ohyama H, Yamada T, Takahashi K, Tanuma S. Identification of
an endonuclease responsible for apoptosis in rat thymocytes. Eur J Biochem.

(1994) 226:23–30. doi: 10.1111/j.1432-1033.1994.tb20022.x
177. Baron WF, Pan CQ, Spencer SA, Ryan AM, Lazarus RA, Baker

KP. Cloning and characterization of an actin-resistant DNase I-like
endonuclease secreted by macrophages. Gene. (1998) 215:291–301.
doi: 10.1016/S0378-1119(98)00281-9

178. Liu QY, Pandey S, Singh RK, Lin W, Ribecco M, Borowy-Borowski H, et
al. DNaseY: A Rat DNaseI-like Gene Coding for a Constitutively Expressed
Chromatin-Bound Endonuclease‡. Biochemistry. (1998) 37:10134–43.
doi: 10.1021/bi9800597

179. Wilber A, Lu M, Schneider MC. Deoxyribonuclease I-like III Is an Inducible
Macrophage Barrier to Liposomal Transfection. Mol Ther. (2002) 6:35–42.
doi: 10.1006/mthe.2002.0625

180. Inokuchi S, Mitoma H, Kawano S, Nakano S, Ayano M, Kimoto Y, et al.
Homeostatic Milieu Induces Production of Deoxyribonuclease 1-like 3 from
Myeloid Cells. J Immunol. (2020) ji1901304. doi: 10.4049/jimmunol.1901304

181. Mizuta R, Araki S, Furukawa M, Furukawa Y, Ebara S, Shiokawa D,
et al. DNase γ Is the Effector Endonuclease for Internucleosomal
DNA Fragmentation in Necrosis. PLOS ONE. 2013 déc;8:e80223.
doi: 10.1371/journal.pone.0080223

182. Serpas L, Chan RWY, Jiang P, Ni M, Sun K, Rashidfarrokhi A,
et al. Dnase1l3 deletion causes aberrations in length and end-motif
frequencies in plasma DNA. Proc Natl Acad Sci USA. (2019) 116:641–9.
doi: 10.1073/pnas.1815031116

183. Chan RWY, Serpas L, Ni M, Volpi S, Hiraki LT, Tam L-S, et al. Plasma DNA
profile associated with DNASE1L3 gene mutations: clinical observations,
relationships to nuclease substrate preference, and in vivo correction. Am
J Hum Genet. (2020) 107:882–94. doi: 10.1016/j.ajhg.2020.09.006

184. 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) 282:17132–40. doi: 10.1074/jbc.M610428200

185. 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) 392:511–7. doi: 10.1042/BJ20051114

186. Marino M, Scuderi F, Provenzano C, Bartoccioni E. Skeletal muscle cells:
from local inflammatory response to active immunity. Gene Ther. (2011)
18:109–16. doi: 10.1038/gt.2010.124

187. Ueki M, Kimura-Kataoka K, Fujihara J, Takeshita H, Iida R, Yasuda T.
Evaluation of all nonsynonymous single-nucleotide polymorphisms in the
gene encoding human deoxyribonuclease I-Like 1, possibly implicated in
the blocking of endocytosis-mediated foreign gene transfer. DNA Cell Biol.

(2014) 33:79–87. doi: 10.1089/dna.2013.2248
188. Sorrentino S. The eight human “canonical” ribonucleases: molecular

diversity, catalytic properties, and special biological actions of the enzyme
proteins. FEBS Lett. (2010) 584:2194–200. doi: 10.1016/j.febslet.2010.04.018

189. Lu L, Li J, Moussaoui M, Boix E. Immune modulation by human
secreted RNases at the extracellular space. Front Immunol. (2018) 9:1012.
doi: 10.3389/fimmu.2018.01012

190. Pulido D, Arranz-Trullén J, Prats-Ejarque G, Velázquez D, Torrent
M, Moussaoui M, et al. Insights into the antimicrobial mechanism
of action of human RNase6: structural determinants for bacterial cell
agglutination and membrane permeation. Int J Mol Sci. (2016) 17:552.
doi: 10.3390/ijms17040552

191. Torrent M, Pulido D, Valle J, Nogués MV, Andreu D, Boix E.
Ribonucleases as a host-defence family: evidence of evolutionarily conserved
antimicrobial activity at the N-terminus. Biochem J. (2013) 456:99–108.
doi: 10.1042/BJ20130123

192. Cabrera-Fuentes HA, Ruiz-Meana M, Simsekyilmaz S, Kostin S, Inserte
J, Saffarzadeh M, et al. RNase1 prevents the damaging interplay
between extracellular RNA and tumour necrosis factor-α in cardiac
ischaemia/reperfusion injury. Thromb Haemost. (2014) 112:1110–9.
doi: 10.1160/th14-08-0703

193. Ma G, Chen C, Jiang H, Qiu Y, Li Y, Li X, et al. Ribonuclease
attenuates hepatic ischemia reperfusion induced cognitive impairment
through the inhibition of inflammatory cytokines in aged mice.
Biomed Pharmacother Biomedecine Pharmacother. (2017) 90:62–8.
doi: 10.1016/j.biopha.2017.02.094

194. Luhtala N, Parker R. T2 family ribonucleases: ancient enzymes with diverse
roles. Trends Biochem Sci. (2010) 35:253–9. doi: 10.1016/j.tibs.2010.02.002

195. Shiokawa D. DLAD, a novel mammalian divalent cation-independent
endonuclease with homology to DNase II.Nucleic Acids Res. (1999) 27:4083–
9. doi: 10.1093/nar/27.20.4083

196. MacLEA KS, Krieser RJ, Eastman A. Structural requirements of human
DNase IIalpha for formation of the active enzyme: the role of the
signal peptide, N-glycosylation, and disulphide bridging. Biochem J. (2003)
371:867–76. doi: 10.1042/bj20021875

197. Schafer P, Cymerman IA, Bujnicki JM, Meiss G. Human lysosomal DNase
II contains two requisite PLD-signature (HxK) motifs: evidence for a
pseudodimeric structure of the active enzyme species. Protein Sci. (2006)
16:82–91. doi: 10.1110/ps.062535307

198. Cheng YC, Hsueh CC, Lu SC, Liao TH. Identification of three crucial
histidine residues (His115, His132 andHis297) in porcine deoxyribonuclease
II. Biochem J. (2006) 398:177–85. doi: 10.1042/BJ20060564

199. Sleat DE, Zheng H, Qian M, Lobel P. Identification of sites of mannose
6-Phosphorylation on lysosomal proteins.Mol Cell Proteomics. (2006) 5:686–
701. doi: 10.1074/mcp.M500343-MCP200

200. McCarty JS, Toh SY, Li P. Multiple domains of DFF45 bind synergistically
to DFF40: roles of caspase cleavage and sequestration of activator
domain of DFF40. Biochem Biophys Res Commun. (1999) 264:181–5.
doi: 10.1006/bbrc.1999.1498

201. McIlroy D, Tanaka M, Sakahira H, Fukuyama H, Suzuki M, Yamamura
K, et al. An auxiliary mode of apoptotic DNA fragmentation provided by
phagocytes. Genes Dev. (2000) 14:549–58. doi: 10.1101/gad.14.5.549

202. Porcu S, Manchinu MF, Marongiu MF, Sogos V, Poddie D, Asunis I,
et al. Klf1 affects DNase II-alpha expression in the central macrophage
of a fetal liver erythroblastic island: a non-cell-autonomous role

Frontiers in Immunology | www.frontiersin.org 22 February 2021 | Volume 12 | Article 629922

https://doi.org/10.1007/s10067-015-3111-y
https://doi.org/10.1002/art.10349
https://doi.org/10.1002/art.11318
https://doi.org/10.1093/hmg/ddh275
https://doi.org/10.1002/art.10414
https://doi.org/10.1002/1529-0131(200110)44:10<2446::AID-ART409>3.0.CO;2-U
https://doi.org/10.1128/CDLI.12.1.56-59.2005
https://doi.org/10.1191/096120399678847380
https://doi.org/10.1016/j.ajpath.2011.05.011
https://doi.org/10.1371/journal.pone.0012096
https://doi.org/10.1111/j.1432-1033.1994.tb20022.x
https://doi.org/10.1016/S0378-1119(98)00281-9
https://doi.org/10.1021/bi9800597
https://doi.org/10.1006/mthe.2002.0625
https://doi.org/10.4049/jimmunol.1901304
https://doi.org/10.1371/journal.pone.0080223
https://doi.org/10.1073/pnas.1815031116
https://doi.org/10.1016/j.ajhg.2020.09.006
https://doi.org/10.1074/jbc.M610428200
https://doi.org/10.1042/BJ20051114
https://doi.org/10.1038/gt.2010.124
https://doi.org/10.1089/dna.2013.2248
https://doi.org/10.1016/j.febslet.2010.04.018
https://doi.org/10.3389/fimmu.2018.01012
https://doi.org/10.3390/ijms17040552
https://doi.org/10.1042/BJ20130123
https://doi.org/10.1160/th14-08-0703
https://doi.org/10.1016/j.biopha.2017.02.094
https://doi.org/10.1016/j.tibs.2010.02.002
https://doi.org/10.1093/nar/27.20.4083
https://doi.org/10.1042/bj20021875
https://doi.org/10.1110/ps.062535307
https://doi.org/10.1042/BJ20060564
https://doi.org/10.1074/mcp.M500343-MCP200
https://doi.org/10.1006/bbrc.1999.1498
https://doi.org/10.1101/gad.14.5.549
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Santa et al. Nucleases Regulate Nucleic-Acid Sensing

in definitive erythropoiesis. Mol Cell Biol. (2011) 31:4144–54.
doi: 10.1128/MCB.05532-11

203. Kawane K, Fukuyama H, Yoshida H, Nagase H, Ohsawa Y, Uchiyama Y, et
al. Impaired thymic development in mouse embryos deficient in apoptotic
DNA degradation. Nat Immunol. (2003) 4:138–44. doi: 10.1038/ni881

204. Fischer H, Fumicz J, Rossiter H, Napirei M, Buchberger M, Tschachler
E, et al. Holocrine secretion of sebum is a unique DNase2-dependent
mode of programmed cell death. J Invest Dermatol. (2017) 137:587–94.
doi: 10.1016/j.jid.2016.10.017

205. Lan YY, Londoño D, Bouley R, Rooney MS, Hacohen N. Dnase2a deficiency
uncovers lysosomal clearance of damaged nuclear DNA via autophagy. Cell
Rep. (2014) 9:180–92. doi: 10.1016/j.celrep.2014.08.074

206. Yoshida H, Okabe Y, Kawane K, Fukuyama H, Nagata S. Lethal anemia
caused by interferon-β produced in mouse embryos carrying undigested
DNA. Nat Immunol. (2005) 6:49–56. doi: 10.1038/ni1146

207. Okabe Y, Kawane K, Akira S, Taniguchi T, Nagata S. Toll-like receptor-
independent gene induction program activated by mammalian DNA
escaped from apoptotic DNA degradation. J Exp Med. (2005) 202:1333–9.
doi: 10.1084/jem.20051654

208. Cui X, Wang L, Zhang J, Du R, Liao S, Li D, et al. HSF4 regulates DLAD
expression and promotes lens de-nucleation. Biochim Biophys Acta BBA -

Mol Basis Dis. (2013) 1832:1167–72. doi: 10.1016/j.bbadis.2013.03.007
209. Nakahara M, Nagasaka A, Koike M, Uchida K, Kawane K, Uchiyama Y, et

al. Degradation of nuclear DNA by DNase II-like acid DNase in cortical fiber
cells of mouse eye lens: Degradation of nuclei in lens cortical fiber cells. FEBS
J. (2007) 274:3055–64. doi: 10.1111/j.1742-4658.2007.05836.x

210. Bu L, Jin Y, Shi Y, Chu R, Ban A, Eiberg H, et al. Mutant DNA-binding
domain of HSF4 is associated with autosomal dominant lamellar andMarner
cataract. Nat Genet. (2002) 31:276–8. doi: 10.1038/ng921

211. Fujimoto M, Izu H, Seki K, Fukuda K, Nishida T, Yamada S, et al. HSF4
is required for normal cell growth and differentiation during mouse lens
development. EMBO J. (2004) 23:4297–306. doi: 10.1038/sj.emboj.7600435

212. Ke T, Wang QK, Ji B, Wang X, Liu P, Zhang X, et al. Novel HSF4 mutation
causes congenital total white cataract in a Chinese Family. Am J Ophthalmol.

(2006) 142:298–303.e2. doi: 10.1016/j.ajo.2006.03.056
213. Siddam AD, Gautier-Courteille C, Perez-Campos L, Anand D, Kakrana

A, Dang CA, et al. The RNA-binding protein Celf1 post-transcriptionally
regulates p27Kip1 and Dnase2b to control fiber cell nuclear degradation
in lens development. Morris AC, editor. PLoS Genet. (2018) 14:e1007278.
doi: 10.1371/journal.pgen.1007278

214. Chaffee BR, Shang F, Chang M-L, Clement TM, Eddy EM, Wagner
BD, et al. Nuclear removal during terminal lens fiber cell differentiation
requires CDK1 activity: appropriating mitosis-related nuclear disassembly.
Development. (2014) 141:3388–98. doi: 10.1242/dev.106005

215. Osisami M, Ali W, Frohman MA. A role for phospholipase D3 in
myotube formation. Sanchis D, editor. PLoS ONE. (2012) 7:e33341.
doi: 10.1371/journal.pone.0033341

216. Yoshikawa F, Banno Y, Otani Y, Yamaguchi Y, Nagakura-Takagi Y,
Morita N, et al. Phospholipase D family member 4, a transmembrane
glycoprotein with no phospholipase d activity, expression in spleen and
early postnatal microglia. Linden R, editor. PLoS ONE. (2010) 5:e13932.
doi: 10.1371/journal.pone.0013932

217. Gonzalez AC, Schweizer M, Jagdmann S, Bernreuther C, Reinheckel T, Saftig
P, et al. Unconventional trafficking of mammalian phospholipase D3 to
lysosomes. Cell Rep. (2018) 22:1040–53. doi: 10.1016/j.celrep.2017.12.100

218. Otani Y, Yamaguchi Y, Sato Y, Furuichi T, Ikenaka K, Kitani H, et al. PLD4
is involved in phagocytosis of microglia: expression and localization changes
of PLD4 are correlated with activation State of Microglia. Linden R, editor.
PLoS ONE. (2011) 6:e27544. doi: 10.1371/journal.pone.0027544

219. Cruchaga C, Karch CM, Jin SC, Benitez BA, Cai Y, Guerreiro R, et al. Rare
coding variants in the phospholipase D3 gene confer risk for Alzheimer’s
disease. Nature. (2014) 505:550–4.

220. Zhang DF, Fan Y, Wang D, Bi R, Zhang C, Fang Y, et al. PLD3 in alzheimer’s
disease: a modest effect as revealed by updated association and expression
analyses.Mol Neurobiol. (2016) 53:4034–45. doi: 10.1007/s12035-015-9353-5

221. Fischer H, Eckhart L, Mildner M, Jaeger K, Buchberger M, Ghannadan M, et
al. DNase1L2 degrades nuclear DNA during corneocyte formation. J Invest
Dermatol. (2007) 127:24–30. doi: 10.1038/sj.jid.5700503

222. Fischer H, BuchbergerM, Napirei M, Tschachler E, Eckhart L. Inactivation of
DNase1L2 and DNase2 in keratinocytes suppresses DNA degradation during
epidermal cornification and results in constitutive parakeratosis. Sci Rep.
(2017) 7:6433. doi: 10.1038/s41598-017-06652-8

223. Manils J, Fischer H, Climent J, Casas E, García-Martínez C, Bas J, et al.
Double deficiency of Trex2 and DNase1L2 nucleases leads to accumulation
of DNA in lingual cornifying keratinocytes without activating inflammatory
responses. Sci Rep. (2017) 7:11902. doi: 10.1038/s41598-017-12308-4

224. Chowdhury D, Beresford PJ, Zhu P, Zhang D, Sung J-S, Demple B, et al. The
Exonuclease TREX1 Is in the SET Complex and Acts in Concert with NM23-
H1 to Degrade DNA during Granzyme A-Mediated Cell Death. Mol Cell.

(2006) 23:133–42. doi: 10.1016/j.molcel.2006.06.005
225. Hoss M. A human DNA editing enzyme homologous to the

Escherichia coli DnaQ/MutD protein. EMBO J. (1999) 18:3868–75.
doi: 10.1093/emboj/18.13.3868

226. Mazur DJ, Perrino FW. Identification and Expression of the TREX1 and
TREX2 cDNA sequences encoding mammalian 3′→ 5′ exonucleases. J Biol
Chem. (1999) 274:19655–60. doi: 10.1074/jbc.274.28.19655

227. Orebaugh CD, Fye JM, Harvey S, Hollis T, Wilkinson JC, Perrino
FW. The TREX1 C-terminal region controls cellular localization
through ubiquitination. J Biol Chem. (2013) 288:28881–92.
doi: 10.1074/jbc.M113.503391

228. Lindahl T, Barnes DE, Yang Y-G, Robins P. Biochemical properties
of mammalian TREX1 and its association with DNA replication and
inherited inflammatory disease. Biochem Soc Trans. (2009) 37:535–8.
doi: 10.1042/BST0370535

229. Lindahl T, Gally JA, Edelman GM. Properties of deoxyribonuclease
3 from mammalian tissues. J Biol Chem. (1969) 244:5014–9.
doi: 10.1016/S0021-9258(18)94303-6

230. Mazur DJ, Perrino FW. Excision of 3′ Termini by the Trex1 and TREX2
3′→ 5′ Exonucleases: characterization of the recombinant proteins. J Biol
Chem. (2001) 276:17022–9. doi: 10.1074/jbc.M100623200

231. Gray EE, Treuting PM, Woodward JJ, Stetson DB. Cutting Edge: cGAS
Is Required for lethal autoimmune disease in the Trex1-Deficient mouse
model of Aicardi-Goutières Syndrome. J Immunol. (2015) 195:1939–43.
doi: 10.4049/jimmunol.1500969

232. Lim YW, Sanz LA, Xu X, Hartono SR, Chedin F. Genome-wide DNA
hypomethylation and RNA:DNA hybrid accumulation in Aicardi-Goutière
syndrome. (2015). doi: 10.7554/eLife.08007.019

233. Achleitner M, Kleefisch M, Hennig A, Peschke K, Polikarpova A,
Oertel R, et al. Lack of Trex1 causes systemic autoimmunity despite
the presence of antiretroviral drugs. J Immunol. (2017) 199:2261–9.
doi: 10.4049/jimmunol.1700714

234. Grieves JL, Fye JM, Harvey S, Grayson JM, Hollis T, Perrino FW.
Exonuclease TREX1 degrades double-stranded DNA to prevent spontaneous
lupus-like inflammatory disease. Proc Natl Acad Sci. (2015) 112:5117–22.
doi: 10.1073/pnas.1423804112

235. Huang KW, Liu TC, Liang RY, Chu LY, Cheng HL, Chu JW, et al. Structural
basis for overhang excision and terminal unwinding of DNA duplexes by
TREX1. PLoS Biol. (2018) 16:e2005653. doi: 10.1371/journal.pbio.2005653

236. Mohr L, Toufektchan E, Chu K, Maciejowski J. ER-directed TREX1
limits cGAS recognition of micronuclei. bioRxiv. (2020) 2020.05.18.102103.
doi: 10.1101/2020.05.18.102103

237. Gratia M, Rodero MP, Conrad C, Bou Samra E, Maurin M, Rice GI, et al.
Bloom syndrome protein restrains innate immune sensing of micronuclei by
cGAS. J Exp Med. (2019) 216:1199–213. doi: 10.1084/jem.20181329

238. Richards A, van den Maagdenberg AMJM, Jen JC, Kavanagh D, Bertram P,
Spitzer D, et al. C-terminal truncations in human 3′-5′ DNA exonuclease
TREX1 cause autosomal dominant retinal vasculopathy with cerebral
leukodystrophy. Nat Genet. (2007) 39:1068–70. doi: 10.1038/ng2082

239. Peschke K, Achleitner M, Frenzel K, Gerbaulet A, Ada SR, Zeller N, et al.
Loss of Trex1 in dendritic cells is sufficient to trigger systemic autoimmunity.
J Immunol. (2016) 197:2157–66. doi: 10.4049/jimmunol.1600722

240. Cerritelli SM, Crouch RJ. Ribonuclease H: the enzymes in eukaryotes:
Ribonucleases H of eukaryotes. FEBS J. (2009) 276:1494–505.
doi: 10.1111/j.1742-4658.2009.06908.x

241. Kind B, Muster B, Staroske W, Herce HD, Sachse R, Rapp A, et al. Altered
spatio-temporal dynamics of RNase H2 complex assembly at replication

Frontiers in Immunology | www.frontiersin.org 23 February 2021 | Volume 12 | Article 629922

https://doi.org/10.1128/MCB.05532-11
https://doi.org/10.1038/ni881
https://doi.org/10.1016/j.jid.2016.10.017
https://doi.org/10.1016/j.celrep.2014.08.074
https://doi.org/10.1038/ni1146
https://doi.org/10.1084/jem.20051654
https://doi.org/10.1016/j.bbadis.2013.03.007
https://doi.org/10.1111/j.1742-4658.2007.05836.x
https://doi.org/10.1038/ng921
https://doi.org/10.1038/sj.emboj.7600435
https://doi.org/10.1016/j.ajo.2006.03.056
https://doi.org/10.1371/journal.pgen.1007278
https://doi.org/10.1242/dev.106005
https://doi.org/10.1371/journal.pone.0033341
https://doi.org/10.1371/journal.pone.0013932
https://doi.org/10.1016/j.celrep.2017.12.100
https://doi.org/10.1371/journal.pone.0027544
https://doi.org/10.1007/s12035-015-9353-5
https://doi.org/10.1038/sj.jid.5700503
https://doi.org/10.1038/s41598-017-06652-8
https://doi.org/10.1038/s41598-017-12308-4
https://doi.org/10.1016/j.molcel.2006.06.005
https://doi.org/10.1093/emboj/18.13.3868
https://doi.org/10.1074/jbc.274.28.19655
https://doi.org/10.1074/jbc.M113.503391
https://doi.org/10.1042/BST0370535
https://doi.org/10.1016/S0021-9258(18)94303-6
https://doi.org/10.1074/jbc.M100623200
https://doi.org/10.4049/jimmunol.1500969
https://doi.org/10.7554/eLife.08007.019
https://doi.org/10.4049/jimmunol.1700714
https://doi.org/10.1073/pnas.1423804112
https://doi.org/10.1371/journal.pbio.2005653
https://doi.org/10.1101/2020.05.18.102103
https://doi.org/10.1084/jem.20181329
https://doi.org/10.1038/ng2082
https://doi.org/10.4049/jimmunol.1600722
https://doi.org/10.1111/j.1742-4658.2009.06908.x
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Santa et al. Nucleases Regulate Nucleic-Acid Sensing

and repair sites in Aicardi-Goutières syndrome. Hum Mol Genet. (2014)
23:5950–60. doi: 10.1093/hmg/ddu319

242. Crow YJ, Leitch A, Hayward BE, Garner A, Parmar R, Griffith E, et al.
Mutations in genes encoding ribonuclease H2 subunits cause Aicardi-
Goutières syndrome and mimic congenital viral brain infection. Nat Genet.
(2006) 38:910–6.

243. Sparks JL, Chon H, Cerritelli SM, Kunkel TA, Johansson E, Crouch RJ,
et al. RNase H2-initiated ribonucleotide excision repair. Mol Cell. (2012)
47:980–6. doi: 10.1016/j.molcel.2012.06.035

244. Günther C, Kind B, Reijns MAM, Berndt N, Martinez-Bueno M, Wolf C,
et al. Defective removal of ribonucleotides from DNA promotes systemic
autoimmunity. J Clin Invest. (2015) 125:413–24. doi: 10.1172/JCI78001

245. Harding SM, Benci JL, Irianto J, Discher DE, Minn AJ, Greenberg RA.
Mitotic progression following DNA damage enables pattern recognition
within micronuclei. Nature. (2017) 548:466–70. doi: 10.1038/nature23470

246. Mankan AK, Schmidt T, Chauhan D, Goldeck M, Höning K, Gaidt M, et al.
Cytosolic RNA:DNA hybrids activate the cGAS-STING axis. EMBO J. (2014)
33:2937–46. doi: 10.15252/embj.201488726

247. Lahouassa H, Daddacha W, Hofmann H, Ayinde D, Logue EC, Dragin L, et
al. SAMHD1 restricts the replication of human immunodeficiency virus type
1 by depleting the intracellular pool of deoxynucleoside triphosphates. Nat
Immunol. (2012) 13:223–8. doi: 10.1038/ni.2236

248. Rice GI, Bond J, Asipu A, Brunette RL, Manfield IW, Carr IM, et al.
Mutations involved in Aicardi-Goutières syndrome implicate SAMHD1 as
regulator of the innate immune response. Nat Genet. (2009) 41:829–32.
doi: 10.1038/ng.373

249. Behrendt R, Schumann T, Gerbaulet A, Nguyen LA, Schubert N,
Alexopoulou D, et al. Mouse SAMHD1 has antiretroviral activity and
suppresses a spontaneous cell-intrinsic antiviral response. Cell Rep. (2013)
4:689–96. doi: 10.1016/j.celrep.2013.07.037

250. Daddacha W, Koyen AE, Bastien AJ, Head PE, Dhere VR, Nabeta
GN, et al. SAMHD1 Promotes DNA End Resection to Facilitate DNA
Repair by Homologous Recombination. Cell Rep. (2017) 20:1921–35.
doi: 10.1016/j.celrep.2017.08.008

251. Coquel F, Silva M-J, Técher H, Zadorozhny K, Sharma S, Nieminuszczy J, et
al. SAMHD1 acts at stalled replication forks to prevent interferon induction.
Nature. (2018) 557:57–61. doi: 10.1038/s41586-018-0050-1

252. Bass BL. RNA editing by adenosine deaminases that
act on RNA. Annu Rev Biochem. (2002) 71:817–46.
doi: 10.1146/annurev.biochem.71.110601.135501

253. Hartner JC, Walkley CR, Lu J, Orkin SH. ADAR1 is essential for the
maintenance of hematopoiesis and suppression of interferon signaling. Nat
Immunol. (2009) 10:109–15. doi: 10.1038/ni.1680

254. Ramaswami G, Lin W, Piskol R, Tan MH, Davis C, Li JB. Accurate
identification of human Alu and non-Alu RNA editing sites. Nat Methods.

(2012) 9:579–81. doi: 10.1038/nmeth.1982
255. Eckard SC, Rice GI, Fabre A, Badens C, Gray EE, Hartley JL, et al. The

SKIV2L RNA exosome limits activation of the RIG-I-like receptors. Nat
Immunol. (2014) 15:839–45. doi: 10.1038/ni.2948

256. Schäfer P, Scholz SR, Gimadutdinow O, Cymerman IA, Bujnicki JM, Ruiz-
Carrillo A, et al. Structural and functional characterization of mitochondrial
EndoG, a sugar non-specific nuclease which plays an important role during
apoptosis. J Mol Biol. (2004) 338:217–28. doi: 10.1016/j.jmb.2004.02.069

257. Kim J, Gupta R, Blanco LP, Yang S, Shteinfer-Kuzmine A, Wang K,
et al. VDAC oligomers form mitochondrial pores to release mtDNA
fragments and promote lupus-like disease. Science. (2019) 366:1531–6.
doi: 10.1126/science.aav4011

258. Szczesny RJ, Borowski LS, Brzezniak LK, Dmochowska A, Gewartowski K,
Bartnik E, et al. Human mitochondrial RNA turnover caught in flagranti:
involvement of hSuv3p helicase in RNA surveillance. Nucleic Acids Res.

(2010) 38:279–98. doi: 10.1093/nar/gkp903
259. Borowski LS, Dziembowski A, Hejnowicz MS, Stepien PP, Szczesny RJ.

Human mitochondrial RNA decay mediated by PNPase-hSuv3 complex
takes place in distinct foci. Nucleic Acids Res. (2013) 41:1223–40.
doi: 10.1093/nar/gks1130

260. Chan MP, Onji M, Fukui R, Kawane K, Shibata T, Saitoh S, et al. DNase
II-dependent DNA digestion is required for DNA sensing by TLR9. Nat
Commun. (2015) 6:5853. doi: 10.1038/ncomms6853

261. Pawaria S, Moody K, Busto P, Nündel K, Choi C-H, Ghayur T, et al. Cutting
Edge: DNase II Deficiency Prevents Activation of Autoreactive B Cells by
Double-Stranded DNA Endogenous Ligands. J Immunol. (2015) 194:1403–7.
doi: 10.4049/jimmunol.1402893

262. Ostendorf T, Zillinger T, Andryka K, Schlee-Guimaraes TM, Schmitz
S, Marx S, et al. Immune Sensing of Synthetic, Bacterial, and
Protozoan RNA by Toll-like Receptor 8 Requires Coordinated
Processing by RNase T2 and RNase 2. Immunity. (2020) 52:591–605.e6.
doi: 10.1016/j.immuni.2020.03.009

263. Shi G, Abbott KN, Wu W, Salter RD, Keyel PA. Dnase1L3 regulates
inflammasome-dependent cytokine secretion. Front Immunol. (2017) 8:522.
doi: 10.3389/fimmu.2017.00522

264. Corrales L, McWhirter SM TWD Jr, Gajewski TF. The host STING pathway
at the interface of cancer and immunity. J Clin Invest. (2016) 126:2404–11.
doi: 10.1172/JCI86892

265. Woo SR, Fuertes MB, Corrales L, Spranger S, Furdyna MJ, Leung
MYK, et al. STING-Dependent Cytosolic DNA sensing mediates innate
immune recognition of immunogenic tumors. Immunity. (2014) 41:830–42.
doi: 10.1016/j.immuni.2014.10.017

266. Deng L, Liang H, Xu M, Yang X, Burnette B, Arina A, et al. STING-
Dependent Cytosolic DNA sensing promotes radiation-induced type
i interferon-dependent antitumor immunity in immunogenic tumors.
Immunity. (2014) 41:843–52. doi: 10.1016/j.immuni.2014.10.019

267. Wang Z, Chen J, Hu J, Zhang H, Xu F, He W, et al. cGAS/STING axis
mediates a topoisomerase II inhibitor-induced tumor immunogenicity. J
Clin Invest. (2019) 129:4850–62. doi: 10.1172/JCI127471

268. Kang TH, Mao CP, Kim YS, Kim TW, Yang A, Lam B, et al.
TLR9 acts as a sensor for tumor-released DNA to modulate anti-
tumor immunity after chemotherapy. J Immunother Cancer. (2019) 7:260.
doi: 10.1186/s40425-019-0738-2

269. Vanpouille-Box C, Alard A, Aryankalayil MJ, Sarfraz Y, Diamond JM,
Schneider RJ, et al. DNA exonuclease Trex1 regulates radiotherapy-
induced tumour immunogenicity. Nat Commun. (2017) 8:15618.
doi: 10.1038/ncomms15618

270. Ishizuka JJ, Manguso RT, Cheruiyot CK, Bi K, Panda A, Iracheta-Vellve A, et
al. Loss of ADAR1 in tumours overcomes resistance to immune checkpoint
blockade. Nature. (2019) 565:43–8. doi: 10.1038/s41586-018-0768-9

271. Mehdipour P, Marhon SA, Ettayebi I, Chakravarthy A, Hosseini A, Wang Y,
et al. Epigenetic therapy induces transcription of inverted SINEs and ADAR1
dependency. Nature. (2020) doi: 10.1038/s41586-020-2844-1

272. Ahn J, Xia T, Capote AR, Betancourt D, Barber GN. Extrinsic Phagocyte-
Dependent STING Signaling Dictates the Immunogenicity of Dying Cells
(2018). Cancer Cell. (2018) 33:862–73.e5. doi: 10.1016/j.ccell.2018.03.027

273. Zimmermann M, Murina O, Reijns MAM, Agathanggelou A, Challis R,
Tarnauskaite Ž, et al. CRISPR screens identify genomic ribonucleotides
as a source of PARP-trapping lesions. Nature. (2018) 559:285–9.
doi: 10.1038/s41586-018-0291-z

274. Clifford R, Louis T, Robbe P, Ackroyd S, Burns A, Timbs AT, et al.
SAMHD1 is mutated recurrently in chronic lymphocytic leukemia and
is involved in response to DNA damage. Blood. (2014). 123:1021–31.
doi: 10.1182/blood-2013-04-490847

275. Hawes MC, Wen F, Elquza E. Extracellular DNA: a bridge to cancer. Cancer
Res. (2015) 75:4260–4. doi: 10.1158/0008-5472.CAN-15-1546

276. Cedervall J, Zhang Y, Huang H, Zhang L, Femel J, Dimberg A, et al.
Neutrophil extracellular traps accumulate in peripheral blood vessels and
compromise organ function in tumor-bearing animals. Cancer Res. (2015)
75:2653–62. doi: 10.1158/0008-5472.CAN-14-3299

277. Demers M, Krause DS, Schatzberg D, Martinod K, Voorhees JR, Fuchs TA,
et al. Cancers predispose neutrophils to release extracellular DNA traps that
contribute to cancer-associated thrombosis. Proc Natl Acad Sci USA. (2012)
109:13076–81. doi: 10.1073/pnas.1200419109

278. Cools-Lartigue J, Spicer J, McDonald B, Gowing S, Chow S, Giannias B,
et al. Neutrophil extracellular traps sequester circulating tumor cells and
promote metastasis. J Clin Invest. (2013) doi: 10.1158/1538-7445.AM20
12-2972

279. Park J,Wysocki RW, Amoozgar Z,Maiorino L, FeinMR, Jorns J, et al. Cancer
cells induce metastasis-supporting neutrophil extracellular DNA traps. Sci
Transl Med. (2016) 8:361ra138. doi: 10.1126/scitranslmed.aag1711

Frontiers in Immunology | www.frontiersin.org 24 February 2021 | Volume 12 | Article 629922

https://doi.org/10.1093/hmg/ddu319
https://doi.org/10.1016/j.molcel.2012.06.035
https://doi.org/10.1172/JCI78001
https://doi.org/10.1038/nature23470
https://doi.org/10.15252/embj.201488726
https://doi.org/10.1038/ni.2236
https://doi.org/10.1038/ng.373
https://doi.org/10.1016/j.celrep.2013.07.037
https://doi.org/10.1016/j.celrep.2017.08.008
https://doi.org/10.1038/s41586-018-0050-1
https://doi.org/10.1146/annurev.biochem.71.110601.135501
https://doi.org/10.1038/ni.1680
https://doi.org/10.1038/nmeth.1982
https://doi.org/10.1038/ni.2948
https://doi.org/10.1016/j.jmb.2004.02.069
https://doi.org/10.1126/science.aav4011
https://doi.org/10.1093/nar/gkp903
https://doi.org/10.1093/nar/gks1130
https://doi.org/10.1038/ncomms6853
https://doi.org/10.4049/jimmunol.1402893
https://doi.org/10.1016/j.immuni.2020.03.009
https://doi.org/10.3389/fimmu.2017.00522
https://doi.org/10.1172/JCI86892
https://doi.org/10.1016/j.immuni.2014.10.017
https://doi.org/10.1016/j.immuni.2014.10.019
https://doi.org/10.1172/JCI127471
https://doi.org/10.1186/s40425-019-0738-2
https://doi.org/10.1038/ncomms15618
https://doi.org/10.1038/s41586-018-0768-9
https://doi.org/10.1038/s41586-020-2844-1
https://doi.org/10.1016/j.ccell.2018.03.027
https://doi.org/10.1038/s41586-018-0291-z
https://doi.org/10.1182/blood-2013-04-490847
https://doi.org/10.1158/0008-5472.CAN-15-1546
https://doi.org/10.1158/0008-5472.CAN-14-3299
https://doi.org/10.1073/pnas.1200419109
https://doi.org/10.1158/1538-7445.AM2012-2972
https://doi.org/10.1126/scitranslmed.aag1711
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Santa et al. Nucleases Regulate Nucleic-Acid Sensing

280. Wang S, Ma H, Li X, Mo X, Zhang H, Yang L, et al. DNASE1L3 as
an indicator of favorable survival in hepatocellular carcinoma patients
following resection. Aging. (2020) 12:1171–85. doi: 10.18632/aging.
102675

281. Wallace DJ, Gudsoorkar VS, Weisman MH, Venuturupalli SR. New insights
into mechanisms of therapeutic effects of antimalarial agents in SLE.Nat Rev
Rheumatol. (2012) 8:522–33. doi: 10.1038/nrrheum.2012.106

282. Gao W, Xiong Y, Li Q, Yang H. Inhibition of toll-like receptor
signaling as a promising therapy for inflammatory diseases: a journey
from molecular to nano therapeutics. Front Physiol. (2017) 8:508.
doi: 10.3389/fphys.2017.00508

283. Crow YJ, Shetty J, Livingston JH. Treatments in Aicardi-Goutières
syndrome. Dev Med Child Neurol. (2020) 62:42–7. doi: 10.1111/dmcn.14268

284. Junt T, Barchet W. Translating nucleic acid-sensing pathways into therapies.
Nat Rev Immunol. (2015) 15:529–44. doi: 10.1038/nri3875

285. Morand EF, Furie R, Tanaka Y, Bruce IN, Askanase AD, Richez C,
et al. Trial of anifrolumab in active systemic lupus erythematosus.

N Engl J Med. (2020) 382:211–21. doi: 10.1056/NEJMoa19
12196

286. Rice GI, Meyzer C, Bouazza N, Hully M, Boddaert N, Semeraro M, et al.
Reverse-transcriptase inhibitors in the aicardi-goutières syndrome. N Engl J

Med. (2018) 379:2275–7. doi: 10.1056/NEJMc1810983

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Santa, Garreau, Serpas, Ferriere, Blanco, Soni and Sisirak. This

is an open-access article distributed under the terms of the Creative Commons

Attribution License (CC BY). The use, distribution or reproduction in other forums

is permitted, provided the original author(s) and the copyright owner(s) are credited

and that the original publication in this journal is cited, in accordance with accepted

academic practice. No use, distribution or reproduction is permitted which does not

comply with these terms.

Frontiers in Immunology | www.frontiersin.org 25 February 2021 | Volume 12 | Article 629922

https://doi.org/10.18632/aging.102675
https://doi.org/10.1038/nrrheum.2012.106
https://doi.org/10.3389/fphys.2017.00508
https://doi.org/10.1111/dmcn.14268
https://doi.org/10.1038/nri3875
https://doi.org/10.1056/NEJMoa1912196
https://doi.org/10.1056/NEJMc1810983
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

	The Role of Nucleases and Nucleic Acid Editing Enzymes in the Regulation of Self-Nucleic Acid Sensing
	Introduction
	Innate Immune Sensors of Nucleic Acids
	Sources, Forms and Immunogenicity of Self Nucleic Acids
	Nucleases: Safety Nets that Prevent Self Nucleic Acid Immunogenicity
	Extracellular Nucleases
	Extracellular DNases: Key Regulators of Cfdna-Mediated Systemic Autoimmunity
	Extracellular RNases: Unclear Function in the Regulation of Cfrna Abundance and Immunostimulatory Potential

	Intracellular Nucleases and NA-Editing Enzymes
	Endolysosomal DNases Prevent Fatal Inflammatory Responses Induced by Self-DNA
	Cytosolic Nucleases and NA-Editing Enzymes Prevent IFN-I-Mediated Syndromes (Interferonopathies)
	New Players in the Regulation of Mitochondrial Nucleic Acids
	SUV3 and PNPase: Novel Regulators of mtdsRNA



	Role of Nucleases in Promoting Innate Immune Responses and Na Sensing
	Role of Nucleases in Cancer
	Conclusion and Therapeutic Avenues
	Author Contributions
	Funding
	Acknowledgments
	References


