Rheumatology International (2022) 42:1-13
https://doi.org/10.1007/500296-021-04906-3

Rheumatology

INTERNATIONAL

REVIEW q

Check for
updates

The relationship between defects in DNA repair genes
and autoinflammatory diseases

Demet Kivanc'® - Selcuk Dasdemir’

Received: 19 January 2021 / Accepted: 29 May 2021 / Published online: 6 June 2021
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2021

Abstract

Tissue inflammation and damage with the abnormal and overactivation of innate immune system results with the development
of a hereditary disease group of autoinflammatory diseases. Multiple numbers of DNA damage develop with the continuous
exposure to endogenous and exogenous genotoxic effects, and these damages are repaired through the DNA damage response
governed by the genes involved in the DNA repair mechanisms, and proteins of these genes. Studies showed that DNA dam-
age might trigger the innate immune response through nuclear DNA accumulation in the cytoplasm, and through chronic
DNA damage response which signals itself and/or by micronucleus. The aim of the present review is to identify the effect
of mutation that occurred in DNA repair genes on development of DNA damage response and autoinflammatory diseases.
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Autoinflammatory diseases

The term autoinflammation was first suggested in 1999,
and was used to describe a group of syndromes which is
characterized with recurrent fever, and various systemic
inflammation forms with no symptoms of typical autoim-
mune disease such as antigen-specific T lymphocytes or high
titer autoantibodies [1]. Then, the rapidly increasing clinical
studies concluded with the description of autoinflammatory
disease in a separate disease group. Autoinflammatory dis-
eases are a hereditary disease group characterized with the
tissue inflammation and damage as a consequence of the
abnormal and overactivation of the innate immune system
[2]. Both the autoimmune and autoinflammatory diseases
develop with the attack of immune system to its own tissues;
however, autoinflammatory diseases are differentiated from
the autoimmune disease because it mainly stems from the
mutations in the genes regulating the innate immune sys-
tem [3]. Recurrent fever, significant increase in acute phase
proteins, urticarial and cutaneous rashes, stomachache,
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involvement of muscle, joint, skin, gastrointestinal system,
and internal organs, serositis (peritonitis, pleuritis, and peri-
carditis), arthromyalgia, and lymphadenopathy are the most
common symptoms of the autoinflammatory diseases [2].

Pathogenesis of the autoinflammatory
diseases

In 2002, John Bertin et al. found that an adaptor protein
of ASC (apoptosis-associated speck-like protein contain-
ing a CARD) binded the NLRP3 (NOD-, LRR- and pyrin
domain-containing protein 3)’ to procaspase-1 through
homotypic interactions, and this complex was important
for the lipopolysaccharide (LPS) stemmed caspase-1 acti-
vation, and IL-1f division [4]. Later, Jurg Tschopp com-
pletely characterized the components creating this complex,
and named the complex as inflammasome [5]. Inflammas-
omes are a protein complex with the combination of recep-
tor, adaptor, and effector proteins. NLRP1, NLRP2, NLRP3,
NLRP6, NLRP7, and NLRC4 proteins from the NOD-like
receptor family in this protein complex, and ve AIM2 and
pyrin from HIN-200 protein family function as receptors,
and ASC as an adaptor protein, and caspase-1 functions as
an effector protein [6]. The activation of Caspase-1 results
with the proteolytic division and release of proinflamma-
tory cytokines IL-1f, and IL-18, and activates Gasdermin-p
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protein proteolytically. The divided N-terminal part of Gas-
dermin-p generates pores on the host cell membrane for
mediating the release of the cytoplasmic contents, and thus
triggers a hyperinflammatory cell death type of pyroptosis.
Pyroptosis causes the occurrence of proinflammatory intra-
cellular components such as the high mobility group box 1
(HMGB1) protein, resulting with the production of more
inflammation signal in proximal cells [6, 7]. The biologic
activities of IL-1p and IL-18, and pyroptosis are highly use-
ful for host defence in exposure of an infection agent. How-
ever, the activation of IL-1p and IL-18 which are induced
by the endogenous danger signals also stimulates the sterile
inflammation which is a risk factor for the development of
autoinflammatory and metabolic diseases. Therefore, inflam-
masome activation must be strictly controlled for prevent-
ing the open tissue damage [8]. Inflammasome activity is
regulated in several steps. The activation of NF-kp pathway
initiated by the toll-like receptor (TLR) ligands is the first
step for inflammasome activity. This activation stimulates
the NLRP3 and IL-1 transcription, and prepares the cell to
give a strong response. The anti-inflammatory signals in this
stage may block the inflammasome formation by inhibiting
the altogether localization of the inflammasome components

[9]. In addition, other adaptor and signal molecules such
as Caspase 8 may have a role in inflammasome regulation
[8]. The final formation and activation of inflammasome
requires various signals such as oxidative stress, nucleic
acids, and potassium flow [10, 11]. The mutations in these
genes encoding all these mechanisms in inflammasome for-
mation and regulation result with the abnormal activation
of the innate immune system resulting with inflammation
attacks and autoimmune or autoinflammatory diseases [12]
(Fig. 1). There is evidence to suggest that inflammation can
be directly involved in suppressing the DNA repair mecha-
nism. Recent data support the idea that NLRP3 and IPAF/
NLRC4 inflammasome activation may be directly involved
in the caspase-1 block of DNA repair. It has been shown
that inflammation-mediated activation of Caspase-1 triggers
Caspase-7 cleavage, which mediates proteolytic deactiva-
tion of poly (ADP-ribose) polymerase-1, a DNA damage
repair enzyme [13, 14]. Poly-ADP-ribosylation mediated by
PARP-1 causes chromatin decondensation at damage sites,
activation of repair mechanisms and accelerates DNA dam-
age repair. These observations suggest that by inactivating
poly (ADP-ribose) polymerase-1, NLRP3 inflammasome
may play a more direct role in DNA repair suppression [15].

1. Gain of function mutation in PRR genes
(NLRP3, NLRC4, MEFV, NLRP1, NOD2,
CARD14, IFIH1, TMEM173, DDX58)

2. Gene mutations that cause the accumulation of molecules that mediate
intracellular stress (impaired cell hemostasis)(TNFRSF1A, LPIN2, MVK,
PSTPIP1, PSMBS, PSMBY9, PSMA3, PSMB4, POMP, ACPS, TREX1, RNA
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Fig.1 Genetic mutations in autoinflammation pathogenesis: 1.
Gain of Function mutations increase cytoplasmic pattern recogni-
tion receptors (PRRs), NOD-like receptors (NLRs) or retinoic acid-
dependent gene (RIG)-like receptors (RLRs) that enable proinflam-
matory cytokine production. 2. Loss-of-function mutations in genes
encoding enzymes or molecules that are critical in the cell’s homeo-
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static balance lead to the production of “cell stress molecules” that
activate cytoplasmic sensors and proinflammatory cytokines. 3. Loss-
of-function mutations in genes encoding negative regulators of the
innate immune response prevent the termination or decrease of the
innate immune response
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Classification of the autoinflammatory
diseases

Autoinflammatory diseases are generally investigated under
two titles as monogenic and polygenic diseases. These dis-
eases can also be classified in accordance with the patho-
genesis and clinical features [16]. Monogenic autoinflam-
matory diseases consist of a group of rare disorders which
are characterized with generally hereditary, childhood period
diseases with episodic fever, skin symptoms, and disease-
specific organ inflammation models [2]. Polygenic autoin-
flammatory diseases are characterized with inflammation
no significant association with a microbial infection, not
causing a specific antibody or T cell activation, and with
unknown origin [16].

DNA damage, repair mechanisms, and repair
genes

DNA damage may emerge associated with endogenous or
exogenous reasons. Endogenous DNA damage develops
with insertions, deletions, deamination, methylation, depuri-
nation, depyrimidination, replication errors, with the chemi-
cal reaction of the natural water and reactive oxygen species
and the hydrolytic and oxidative reactions of active DNA
[17] and exogenous DNA damage develops with the DNA
damage of the environmental, physical, and chemical agents
[18]. These endogenous, and exogenous factors may cause
damages such as DNA single-strand breaks, double-strand
breaks, deletions, insertions, formation of abasic areas, and
formation of DNA—protein cross links. The cells in multi-
ple cell organisms develop mechanisms which continuously
detect the possible DNA damages, repair, and protect the
natural position of the genome to maintain the body func-
tions for longer time and protect themselves against the dan-
gers, and also use the innate and adaptive immune system
mechanisms against the bacterial and viral invasions. The
close interaction of the DNA damage response (DDR) and
defence strategies, and high-degree-coordinated processes
are required for these mechanisms to be effective in multicel-
lular organisms [19].

DNA damage response (DDR)

Lesion-specific sensor proteins initiate a DNA damage
response when a DNA damage develops associated with
endogenous and exogenous factors. All these mechanisms
detecting, informing the DNA damage, and promoting the
further repairs are named as the DNA damage response. The
DNA damage response in the cell develops in four different

ways as DNA repair, interruption of the cell cycle, tran-
scriptional response, and programmed cell death [20]. Any
defects in these response pathways may result with genomic
instability, genetic disease, cancer, autoimmune, and autoin-
flammatory diseases [21, 22].

DNA repair mechanisms and associated genes

DNA repair genes include the genes associated with the
signaling and regulation of the DNA repair and genes asso-
ciated with the different repair mechanisms. The mutations
developing in these genes are responsible from the devel-
opment of tumors characterized with complex metabolic
changes and various hereditary diseases [23]. DNA repair
mechanisms can be classified in three groups as direct repair
(photoreactivation repair, methyltransferase repair), excision
repair (base excision repair, nucleotide excision repair, and
mismatch excision repair), and strand break repair (single-
strand break repair and double-strand break repair).

Direct repair

There are two direct repair mechanisms as photoreactivation,
and O6-methylguanine-DNA-methyltransferase repair [24].

The UV damage causing the formation of pyrimidine
dimers are corrected with the photoreactivation mechanism.
Photolyase enzyme in this mechanism performs the repair
using the light spectrum energy by breaking the covalent
bond holding together the pyrimidine dimers. In O6-meth-
ylguanine-DNA-methyltransferase (MGMT) mechanism, the
06-methylguanine-DNA methyl transferase enzyme enables
the formation of normal guanine by transferring the CH,4
groups of false methylated bases on DNA to its own cysteine
residues [25]. MGMT gene is located at 10q26 chromosome
region, and the first mammalian DNA repair gene which was
shown to be induced by genotoxic stress, and glucocorti-
coids [26]. Methylation of the gene promoter was associated
with various cancer types [27, 28].

Excision repair

Base excision repair (BER) Repairs the small damages
such as a oxidative damage, deamination, alkylation, sin-
gle base damage forms, and DNA replication errors which
emerge spontaneously at DNA spiral or due to the expo-
sure to chemicals. DNA glucosidase, apurinic/apyrimidinic
(AP) endonuclease or AP DNA lyase, DNA polymerase,
and DNA ligase enzymes have roles in the repair [29]. The
changes in BER function were associated with Alzheimer’s
disease (AD), Huntington’s disease (HD), other neurologic
disorders, inflammation, and leukemia [30, 31].
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Nucleotide excision repair (NER) Repairs the damages
which develop in the DNA double-strand normal helix
structure such as the occurrence of pyrimidine dimers due to
exposure to ultraviolet. XPA, XPB, XPC, XPD, XPE, XPF,
XPG, CSA, CSB, ERCCI, RPA, RAD23A, and RAD23B
proteins function in the NER repair mechanism, and their
deficiencies result with severe diseases such as xeroderma
pigmentosum, Cockayne syndrome, segmental progeria
(XFE), and Fanconi Anemia (FA) [32].

Mismatch excision repair (MER) It is responsible from the
repair of the errors which develop with the mismatch of
normal bases during DNA replication. The proteins which
have two different heterodimeric complex such as MSH2—
MSH3 (MutSp), and MSH2-MSH6 (MutSa) in this repair
mechanism have roles in the recognition of the mismatch.
Other proteins in the repair mechanisms are the PCNA (pro-
liferating cell nuclear antigen), exonucleases (EXO1 gibi),
DNA polymerases, replication factors (RPA), and helicases
[33]. Mutations in the mismatch excision repair genes are
associated with genetic, neurologic, neurodegenerative, and
neuromuscular diseases [34].

Single-strand break repair

The DNA single-strand breaks are detected with the poly
(ADP-ribose) polymerase protein [35]. Other proteins in the
repair mechanism are; XRCC1, polynucleotide kinase, AP
endonuclease-1, DNA polymerase § (Pol p), tyrosyl DNA
phosphodiesterase-1 (TDP1), Aprataxin, flap endonucleasel
(FEN-1), DNA ligase I (Ligl) or DNA ligase Illa (Lig3a)
[36]. The defects in the repair of single-strand breaks were
associated with cerebellar ataxia and neurodegeneration [37,
38].

Double-strand break repair

Double-strand breaks may develop after the collapse of the
DNA replication fork associated with the factors such as
ionized radiation, methyl methane sulfonate, hydroxy urea,
oxidative free radicals, topoisomerase errors, and mechanic
stress. Repair of these breaks is performed with two differ-
ent mechanisms as repair homologous recombination (HR)
and nonhomologous end joining (NHEJ) [39]. The errors in
the repair of double-strand breaks may be associated with
radiosensitivity, immune deficiency, developmental abnor-
malities, microcephalia, and predisposition to cancer [40].
Homologous recombination repair involves the RAD52
protein group (including RAD50, RADS51, RADS52 and
RADS54), RPA, XRCC2, XRCC3, and BRCA proteins [41].
NHEIJ repair mechanism involves the Ku 70, and
Ku 80 complexes, XLF (XRCC4-like factor), APLF
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(APTX-and-PNK-like factor) TdT (terminal deoxynucleoti-
dyl transferase), and DNA ligase IV-XRCC4 complex [42].

Association of DNA repair genes
and immune system in autoinflammatory
diseases

Innate immune system provides a strong defence mecha-
nism through inflammation against infections and tissue
damage [43]. Inflammation triggered with the detection
of infection by innate immune system cells inactivates the
pathogens generally within several hours or days, cleans
the tissue which are damaged by the inflammatory pro-
cess, and enables the hemostatic balance by initiating the
tissue repair damage [44]. The organism must preserve
the sensitive balance in the activation of the inflammatory
responses for protecting the homeostasis. The deteriora-
tion of this balance in favor of the inadequate immune
response results with the predisposition to infections and
tumor development, and excessive immune response or
immune response to self-antigens causes allergy, auto-
immune or autoinflammatory diseases [44, 45]. The first
stage in innate immune response is the recognition of
pathogens which can pass the epithelial barrier by the
immune response cells. The sensory proteins of these
cells recognize the pathogens in the extracellular area and
cytoplasmic spaces through pattern recognizing receptors
(PRRs), and immune response is triggered with their acti-
vation [43]. When innate immune system cells recognize
PRRs with one ligand, a signaling cascade is triggered
involving generally an adaptor protein, a protein kinase,
and phosphorylation of the transcription factors which
activate the expression of the immunity genes. PRR signal
pathways have negative regulators for preventing the erro-
neous accumulation of the host ligands which can mimic
the microbic PAMPs or can access PRRs with no substrate
specificity. Function loss mutations in negative regulators
or function gain mutations in PRR signaling activators
are associated with autoimmune and autoinflammatory
diseases such as lupus, rheumatoid arthritis (RA), inflam-
matory vasculopathy, and various interferonopathies. In
addition, innate immune response may be stimulated in
the absence of infection such as the recognition of the
self-nucleic acids as foreign factors [46]. Localization of
DNA in cytosol which is located normally in the nucleus
or mitochondria in normal cell is a sign of cellular damage
or infection and results with the activation of the immune
response-associated genes. Some studies showed that there
were connections between the immune response and self-
DNA and DDR. These studies showed that the DNA dam-
age might trigger the innate immune response through
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nuclear DNA accumulation in the cytoplasm and through
chronic DNA damage response which signaled activation
with micronucleus and/or with itself [47, 48] (Fig. 2).

DNA detection receptors

Three main DNA detection receptors in mammalian cells
initiating the immune response against the foreign DNA
are AIM2, toll-like receptor9 (TLR9), and cyclic GMP-
AMP synthase (cGAS).

TLRO is localized into endosomal membrane. Recog-
nizes the CpG hypomethylated DNA, and activates the
transcription factors. Nuclear factor-B (NF-kf3), and inter-
feron regulatory factor 7 (IRF7), respectively, cause the
expression of genes which encode the proinflammatory
cytokines, and interferons.

AIM2 is binded to double-stranded DNA in the cytosol,
and results with the formation of the multimeric protein
complex named the AIM2 inflammasome. AIM2 inflam-
masome activates the Caspase-1 and causes the maturation
of the proinflammatory cytokines IL-1 and IL-18’, and
finally to pyroptotic cell death.

during VDJ recombination, while BER and MMR are effective in
converting cytosines in /g genes to uracil. B Random DNA damage
events trigger the activation of DDR-induced proinflammatory signals
that can lead to chronic inflammation and disease

cGAS-STING pathway

DNA coming from various sources can enter the cytosol
and transfer to cGAS-STING pathway. Binding of cytosolic
DNA to cGAS activates the cGAS-STING pathway and
causes the production of the secondary messenger endog-
enous cyclic GMP-AMP (cGAMP). cGAMP is binded to
the endoplasmic reticulum (ER) localized adaptor protein of
STING (stimulator of the interferon genes) [49]. The stim-
uli out of the cGAMP such as ER stress, viral liposomes,
and cyclic dinucleotides (CDNs) may also activate STING.
STING is transferred from ER to golgi, and in this period,
binds the transcription factor of interferon regulatory factor
3 (IRF3) which is phosphorylated by TBK1. The activated
IRF3 is moved to the nucleus and functions as the transcrip-
tional activator of the type I interferon (IFN) genes [50, 51].

Binding of type I IFN molecules to IFN receptors acti-
vates the JAK-STAT pathway and initiates the transcrip-
tion of hundreds of IFN-stimulated genes (ISG) [52]. In
addition, STING gets the kinases such as Ixf kinase which
phosphorylated the NF-xf inhibitor of Ixpa while trans-
ferring to golgi from ER. Phosphorylation of Ikxpa results
with the translocation of NF-kf to the nucleus and activates
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the transcription of genes which encode the proinflamma-
tory cytokines as IL-6 and tumor necrosis factor (TNF).
This pathway has a critical role in mediating the immunity
defence against the double-stranded DNA viruses [53]. Sim-
ilarly, RIG-I-like receptor sensors RIG-I and MDAS5 bind to
dsRNA, and are stimulated by signaling with the adaptor
protein MAVS. The common pathway in the signaling of
STING and MAVS involve the TBK1 and IRF3 phospho-
rylation/activation and IFN-f transcription (Fig. 3).

Regulation of the cGAS-STING pathway

c¢GAS has no sequence specificity for DNA. The host DNA
is mainly located in the nucleus and mitochondria, and its
separation from cytoplasm prevents the reach of cGAS to
self-DNA; however, the resolution of nuclear membrane for
sometimes during the cell division may result with the trans-
fer of nuclear DNA to cytosol [54] and may result with the
transfer of mitochondrial DNA to cytosol during deteriora-
tion in mitophagy [55]. Therefore, there has to be additional
mechanisms for limiting the meeting of cGAS-DNA.

The secondary protective mechanisms preventing the
binding to self-DNA is the host DNases. DNases are

located in the extracellular area [DNase-I and DNase-
I-like 3 (DNase IL3)], in phagolysosomal compartment
(DNase-II) or cytosol [TREX1 (DNase III)], and prevents
the accumulation of self-DNA as much as to bind to cGAS
or other sensors [56].

TMEM173 gene and associated autoinflammatory
diseases

TMEM173 gene is located on the short arm of the chro-
mosome 5 and has autosomal dominant inheritance and
encodes the STING protein important in innate immune
system which functions as an adaptor protein with dif-
ferent molecular mechanisms in directly cytosolic DNA
sensor (CDS) and type I enterferon signaling. STING-
associated vasculopathy with onset in infancy (SAVI) and
familial Chilblain lupus disease are the autoinflammatory
diseases associated with TMEM 173 gene mutation [57,
58] (Table 1).

dsDNA

cGAS

NUCLEys
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& \, Type | IFN
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Fig.3 cGAS-STING pathway
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Table 1 Autoinflammatory diseases and DNA damage response-associated genes

Most common clinical symptoms

Cutaneous erythematous and partially ulcerative, partially injuring inflammatory acral

Inflammatory encephalopathy, convulsions, muscle hypotension, severe statomo-
toric and mental retardation in development, fever attacks, inflammatory cutaneous

Necrotizing vasculitis, pulmonary interstitial inflammatory changes, fever attacks

Vision loss, development of cerebrovascular disease and dementia

Disease Associated genes
Familial chilblain lupus TREX],
SAMHDI, lesions
TMEM173
Aicardi-Goutieres syndrome TREXI
RNASEH2A
RNASEH2B lesions, arthritis
RNASEH2C
SAMHDI
ADARI
IFH]
PNPTI
STING-associated vasculopathy TMEM173
with onset in infancy (SAVI)
Retinal vasculopathy with cerebral ~ TREX1
leukodystrophy
Singleton-Merten syndrome (SMS) IFIH]

Progressive calcification of vessels, osteoporosis and osteolysis

NEIL1 gene and associated autoinflammatory
diseases

NEILI gene is localized at 15q24.2 chromosome and
encodes a DNA glycosylase endonuclease VIII-like protein
1 (NEILT) which is important for the initiation of the base
excision repair mechanism. The conducted studies detected
an association between the NEILI gene variant and Behcet’s
disease [59, 60] (Table 1).

TREX1 gene and associated autoinflammatory
diseases

TREX] gene is localized at 3p21 chromosome and consists
of a single exon, and encodes the TREX protein consisting
of 314 amino acids. TREX] gene has a widened C-terminal
‘tail” area with approximately 70 amino acids which includes
arich strand required for leucine for endoplasmic reticulum
(ER) localization. It is a cellular 3’-5’ exonuclease which
divides the DNA fragments in the cytoplasm, and consists
of 3 exonuclease areas which are important for DNA repair
enzyme role [61]. One of the results of its activities is to
destroy the viral DNAs before they are detected by cGAS or
other PRRs, thus to prevent the IFN induction, and inhibit
the innate immune response. The most important function
of TREX] is to protect the innate immune response tolerance
against the cytosolic self-DNA by destroying a serious of
substrates for preventing the initiation of the autoimmunity
[62, 63]. TREXI mutations result with the accumulation of
self-DNA in the cytosols of the cells with TREX] deficiency,
and triggers the systemic inflammation, and uncontrolled
autoimmunity with the chronic activation of the cGAS-
STING-mediated type I interferon response [56]. In addition,
research showed that TREX] was also associated with the

SET complex [64]. SET complex is a DNA repair complex
targeted by Gransim A during Caspase-independent, T cell-
mediated death. TREX] is attached to SET complex, moved
to nucleus, and deteriorates the 3* end of DNA during Gran-
sim A-mediated cell. Therefore, cells with TREX] deficiency
are relatively more resistant to apoptosis [64].

Takuya Miyakazi et al. showed in their study that TREX]
interacted with a nuclear enzyme of poly (ADP-ribose)
polymerase-1 (PARP-1) which have role in DNA damage
response. Although PARP-1 is detected in many dimensions
of cellular response against DNA damage, it is required for
the repair of ssDNA breaks mainly by BER mechanisms
[65]. TREXI gene mutations were found associated with
familial Chilblain lupus, and have Aicardi—Goutieres syn-
drome (AGS) diseases.

RNaseH2A, RNaseH2B, and RNaseH2C genes
and associated autoinflammatory diseases

DNA-RNA hybrids may develop during many cellular pro-
cesses such as DNA replication, and transcription. The pres-
ence of ribonucleotides in genomic DNA is an undesired
condition which makes the DNA more sensitive to strand
break. RNase H enzymes hydrolyze the RNA strand of
RNA/DNA hybrids. Eukaryotes have two types of RNase H
with different biochemical features, and substrate specific-
ity RNasel and Rnase2. The source of the dominant RNase
H activity in mammalian cells is RNase H2. In Eukaryotes,
RNase H2 is a multimeric complex which consist of three
subtypes as RNaseH2A, RNaseH2B, and RNASEH2C. In
this complex, RNASEH2A/B/C are the nucleases which
target the DNA—RNA hybrids. RNaseH2A subunit includes
a catalytic center, the intertwined helper RNaseH2B, and C
subunits are possibly interacting with the other proteins. One
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PIP box motif in the C-terminal of the RNaseH2B subunit
C directs the RNase and PCNA interaction, and localization
to replication focuses in DNA replication and/or repair [66].
The mutations in the genes encoding the RNaseH2A, B,
and C enzymes were associated with the AGS2, AGS3, and
AGS4 diseases [67].

SAMHD1 gene and associated autoinflammatory
diseases

Human SAMHDI] protein is a dNTP triphosphohydrolase
which hydrolyzes the dNTPs to deoxyribonucleotide (dN)
s and triphosphates. SAMHD] protein has been divided
into three areas as N-T SAM area, middle HD area, and
C-T phosphorylation/regulatory area. The function of SAM
area has not completely been clarified. HD area involves the
dNTPase active region consisting of histidine and aspar-
tic acid residues. SAMHD] keeps the dNTP pools in the
cell in appropriate levels for DNA replication and repair,
however, potentially below the mutation threshold through
dNTPase activity [68]. Mutations detected on SAMHD1
gene were associated with an autoinflammatory disease
of Aicardi—Goutieres syndrome (AGS). Most proteins of
SAMHD] with this mutation demonstrate various defects in
tetramerization, dNTPase activity loss, and nuclear locali-
zation [69]. Lupus-like chronic brain inflammation char-
acterized with hyperactivation and irregularity of type 1
interferon responses, and early start of severe neurodevelop-
mental disorders are detected in AGS patients with mutated
SAMHDI genes [70]. In addition, function loss mutations
in SAMHD] gene were also found associated with another
autoinflammatory disease of familial chilblain lupus [71].

ADAR1 gene and associated autoinflammatory
diseases

The cytosolic PRRs such as MDAS and RIG-I detect the
double-strand RNA (dsRNA) which is commonly produced
during many viral infection, and results with the type I [FN
production, and induce the hundreds of IFN-stimulated
gene with antiviral activity [72]. ADARI gene encodes the
enzyme responsible from the RNA regulation through the
region-specific deamination of adenosines. The deamination
activity of this enzyme converts adenosine to iosine in the
double-strand regions of RNA molecules, and thus damages
the dsRNA stability. Therefore, ADARI has a critical role
in the regulation of the innate immune system activation
through suppressing the endogenous RNA perception [73].
The mutations in ADARI gene results with an autoinflam-
matory disease of AGS associated with the spontaneous IFN
production in the absence of virus infection [74].
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IFIH1 gene and associated autoinflammatory
diseases

IFIH]1 encodes MDAS which is a cytosolic double-strand
RNA receptor and important in the innate immune response
against pathogens. The function gain mutations in helicase
area of IFIH] cause the increase of the type I interferon
levels and results with the occurrence of the systemic symp-
toms of an autoinflammatory disorder of AGS [75].

General characteristics of autoinflammatory diseases that
are suggested to be related to DNA repair genes are sum-
marized below.

e STING-associated vasculopathy with onset in infancy
(SAVI): it is a rare autoinflammatory disease charac-
terized by severe skin lesions and interstitial lung dis-
ease. Gain-of-function mutations in TMEM173 gene
which encodes a protein called STING is with associ-
ated. STING activation stimulates the induction of type
I interferons that activate interferon responses. Gain-of-
function in STING leads to autoactivation without ligand
binding [58].

e Familial chilblain lupus disease: it is an autoinflamma-
tory disease of childhood onset, characterized by typical
skin manifestations and acral ischemia. In these patients,
a gain-of-function mutation in the TMEM 173 gene causes
structural type I IFN activation [76]. In addition, loss of
function mutations in the TREX1 or SAMHD] gene also
cause the activation of antiviral type I interferon (IFN)
induced by the recognition of non-metabolized nucleic
acids by the immune system [62].

e Behcet’s disease: it is a chronic, recurrent multisystem
disease of unknown etiology characterized by recurrent
oral and genital ulcers, skin lesions and uveitis. It has
been associated with many genes, particularly those
related to immune system regulation and inflammation.
The inflammation that occurs during Behget’s disease
exposes cells to abnormal ROS levels, and the DNA dam-
age repair mechanism is necessary to manage the effects
of this oxidative stress. NEILI gene variant (rs5745908)
is thought to provide information about the role of oxida-
tive stress and increased leukocyte tissue infiltration in
patients with Behcget’s disease [60].

e Aicardi-Goutieres syndrome: it is a rare disease char-
acterized by bilateral basal ganglia calcification, cere-
bralatrophy, lymphocytosis in the cerebrospinal fluid and
increased interferon levels (IFN-a), which occurs as a
result of defects in the DNA repair mechanism. AGS may
be caused by seven different genes (AGSI-7), TREX],
RNASEH2A, RNASEH2B, RNASEH2C, SAHMD],
IFIHI, and ADAR (DRADA), involved in interferon
type 1 metabolism [77]. Loss-of-function mutations in
the TREX1 gene cause accumulation of ssDNA derived
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from an endogenous retroelement, leading to STING-
dependent type I IFN transcription (AGS/7). Similarly,
loss of function mutations in RNASEH2B, RNASEH2C,
RNASEH2A, SAMHDI, and ADARI result in type 1
IFN transcription through still unknown signaling pro-
cesses (AGS2-6). MDAS, encoded by IFIH], is one of
the dsRNA sensors. Gain-of-function mutation in MDAS5
causes constitutive or enhanced IFN- transcription.
Although the disease generally shows autosomal reces-
sive inheritance, there are also cases in which specific
heterozygous loss of function mutations are observed in
TREXI and ADARI. In addition, it has been determined
that all AGS-related mutations in /FIH1 show autosomal
dominant inheritance [16].

Conclusions and recommendations

Many gene mutations triggering the IFN-a expression and
pathogenesis have been detected in highly heterogenous
autoinflammatory disorders, and some of these genes were
also associated with the DNA repair [78]. Cells are con-
tinuously exposed to endogenous metabolic byproducts or
environmental genotoxic effects and multiple number of
DNA lesions develop. These DNA damages are repaired by
the DNA repair mechanisms. The excision of short ssDNA
byproducts develop as a consequence of the activities of
some DNA repair mechanisms destroying the DNA lesions
[79]. RPA and Rad51 are ssDNA-binding proteins highly
expressed in the nucleus which have significant roles in
DNA replication, recombination, and repair pathways [80,
81]. Short ssDNA was reported to pass the nuclear mem-
brane, however, was withdrawn to nucleus by binding to
DNA replication and repair factors of RPA and Rad51 in
a study by Christine Wolf and his colleagues. In addition,
the study showed that the function disorder occurring on
RPA and Rad51 increased the cytosolic leakage of ssDNA,
and resulted with the cGAS-dependent type I IFN activation
[82]. Researchers reported that TREX] was fixed to outer
nuclear membrane for enabling the immediate degradation
of ssDNA leaking to cytosol, the accumulated ssDNA in
fibroblasts with TREX deficiency resulted with the RPA and
Rad51 consumption and cause the replication stress and p52
and type 1 IFN activation [82].

Morita and his colleagues reported in their study that
inflammatory myocarditis developed in TREXI null mice
owing to the interferon-dependent autoimmune response,
and the first association possibility of immunity activa-
tion and TREXI was revealed [83] TREXI mutations
were detected in AGS patients in the prospective studies
on human [84], and recent studies revealed that the func-
tion loss mutations on TREX1 were found associated with
various autoimmune and inflammatory diseases as familial
chilblain lupus, systemic lupus erythematosus, and cerebral

leukodystrophy, and retinal vasculopathy in addition to AGS
[85]. Mutations on TMEM 173 gene which is an encoder of
the STING protein stimulators were found associated with
autoinflammatory diseases such as STING-associated vas-
culopathy (SAVI) and familial chilblain lupus [57, 58]. Both
hereditary and de novo TMEM 173 mutations were detected
in SAVI patients in the conducted studies. STING-associated
vasculopathy in patients with de novo TMEM 173 mutations
showed an early onset (< 8 weeks) and severe phenotype
[57, 86]. However, the patients with familial TMEM173
mutations were shown to have late-onset (teenage or adult)
disease and more mild clinical symptoms [76, 87].

Yan et al. showed that SAVI-associated STING has some
missense mutations (VI47L, N154S, and VI55M) [56].
In addition, Dobbs et al. showed that N154S and VI55M
mutants structurally activated the STING-mediated IFN
response independent of cGAMP binding [51].

NEILI gen encodes a DNA glucosidase which has a role
in the initiation of BER pathway. Mikhail Ognenovsk et al.
reported in their study that the association of NEILI gene
variant (rs5745908) and Behget’s disease was detected. This
variant was suggested to provide data on the increase of
leukocyte tissue infiltration and the role of oxidative stress
in Behcet’s disease patients [60]. Recent studies showed that
PNPT1 deficiency caused the accumulation of double-strand
mtRNA on cytoplasm, and resulted with the abnormal type
I interferon activation [88, 89].

Studies up to present associated the AGS disease with
TREXI, RNASEH2A, RNASEH2B, RNASEH2C, SAMHDI1,
ADARI, and IFIH]I genes [90]. Daniel Bamborschke et al.
reported in their current study that they have identified
homozygous PNPT1 mutations (c.1399C > T, p.Pro467Ser)
in a child with AGS phenotype. Researchers showed that
PNPT1 deficiency due to these mutations resulted with type
I interferonopathy, and suggested that PNPT1 mutations
might be demonstrated among the reasons of AGS disease
[91].

SAMHDI] holds the dNTP pools in the cell in appropri-
ate levels for DNA replication and repair through dNTPase
activity, however, below the potentially mutagenic thresh-
old. Daddacha et al. showed that SAMHD1 was localized
to double-strand break regions and supported the homolo-
gous recombination owing to its complex forming ability
with endonuclease CtBP-interacted protein (CtIP) [92]. In
addition, Beloglazova et al. reported that SAMHD! dem-
onstrated exonuclease activity on sSRNA and ssDNA [93].
Franzolin and colleagues in their current study reported that
SAMHDI1 gene had a genome stability protective effect simi-
lar to genes in DNA repair mechanisms [94]. Most proteins
of the mutated SAMHD gene demonstrate various defects in
tetramerization, dNTPase activity loss, and nuclear localiza-
tion. The function gain mutations in helicase area of IFIH]
cause the increase of the levels of the type I interferon levels.
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Amari et al. indicated that they have found an IFIHI gene
variant which caused AGS7 in their study, however, prospec-
tive studies were required for revealing the function of this
mutation [95]. Although AGS7 is accepted as a relatively
mild subtype compared with other Aicardi-Goutiéres syn-
dromes, the ¢.2439A > T variant of AGS7 was shown to be
fetal in early infancy in the studies of Amari et al. [95].

In general, the irregulatory of innate immune system
causes “autoinflammatory” diseases. The mutations in the
genes encoding the proteins which regulate DNA damage
response, innate immune response receptors, and in DNA
repair mechanisms were found associated with the autoin-
flammatory diseases such as AGS, SAVI, familial chilblain
lupus, RVCL, and Behget’s disease in the studies conducted
so far. In addition, a defect repairing the oxidative DNA
damage in DNA repair mechanisms in familial Mediterra-
nean fever (FMF) patients was suggested to cause the accu-
mulation of the DNA lesions, however, whether the pyrin
encoded by MEFV gene was included in the DNA repair
has not been clarified yet. Further studies are required for
clarifying the possible role of pyrin and the association of
DNA gene variants with autoinflammatory diseases.

Search strategy

We conducted a comprehensive review of the literature for
English articles published between 1996 and 2020, using
PubMed, Scopus, Springer Link, Science Direct and Web
of Science as databases. We seek for articles and abstracts
published with the following keywords: “Autoinflammatory
diseases”, “DNA repair genes”, “DNA damage”, “DNA
damage response,” " DNA repair mechanisms’ and “Immune
system”. We screened and reviewed titles and abstracts to
identify studies examining DNA damage and DNA repair
genes in autoinflammatory diseases. We also manually
searched the references of the selected articles for any rel-
evant reference that we might have missed. All these arti-
cles were subsequently filtered by the two co-authors (DK
and SD) to select only those that met the objectives of this
review, resulting in 95 articles.
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