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IFI16, hnRNPA2B1, and nuclear cGAS are nuclear-located DNA sensors that play
important roles in initiating host antiviral immunity and modulating tumorigenesis. IFI16
triggers innate antiviral immunity, inflammasome, and suppresses tumorigenesis by
recognizing double-stranded DNA (dsDNA), single-stranded DNA (ssDNA), damaged
nuclear DNA, or cooperatively interacting with multiple tumor suppressors such as p53
and BRCA1. hnRNPA2B1 initiates interferon (IFN)-a/b production and enhances STING-
dependent cytosolic antiviral signaling by directly binding viral dsDNA from invaded viruses
and facilitating N6-methyladenosine (m6A) modification of cGAS, IFI16, and STING
mRNAs. Nuclear cGAS is recruited to double-stranded breaks (DSBs), suppresses
DNA repair, and promotes tumorigenesis. This review briefly describes the nuclear
functions of IFI16, hnRNPA2B1, and cGAS, and summarizes the transcriptional, post-
transcriptional, and post-translational regulation of these nuclear DNA sensors.
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INTRODUCTION

The first line of host defense against pathogenic threats is orchestrated by the innate immune
system, which relies on the ability of immune cells to recognize the presence of extracellular or
intracellular pathogen-associated molecular patterns (PAMPs) through germline-encoded pattern
recognition receptors (PRRs) (1). Viral nucleic acids are the main PAMPs generated during viral
infection. Once infected, the interactions between PRRs and viral nucleic acids evoke a series of
signaling transduction cascades that lead to the initiation of cell defense to eliminate viruses. For
instance, recognition of viral DNA by cytosolic DNA sensors like cyclic GMP-AMP synthase
(cGAS) elicits the activation of the adaptor protein stimulator of interferon genes (STING), which
further recruits and activates TANK-binding kinase 1 (TBK1) and interferon-regulatory factor 3
(IRF3) (2–4). STING also activates the transcription factor nuclear factor-kB (NF-kB), which
subsequently collaborates with IRF3 to promote the expression of type I IFNs (IFN-Is) and
proinflammatory cytokines (5–7). Additionally, cytosolic DNA binds to the receptor absent in
melanoma 2 (AIM2), leading to the recruitment of the apoptosis-associated speck-like protein
containing CARD (ASC) and pro-caspase-1 to assemble a multi-protein complex termed
inflammasome, which constitutes a group of PRRs and plays essential roles in response to viral
infection (8). Once assembled, the AIM2 inflammasome complex further promotes the proteolytic
org January 2021 | Volume 11 | Article 6245561
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maturation and secretion of proinflammatory cytokines,
including interleukin 1 beta (IL-1b) and IL-18, thereby
initiating the inflammatory cascade (9).

Although the stimulation of cytosolic nucleic acid sensors by
viral nucleic acids is critical for host antiviral defense, multiple
viruses replicate in the nucleus with much less or no
opportunities for cytosolic engagement of viral nucleic acids.
In the past few years, accumulating evidence has demonstrated
that nuclear DNA sensors, such as IFN-g-inducible protein 16
(IFI16), heterogeneous nuclear ribonucleoprotein A2/B1
(hnRNPA2B1), and nuclear cGAS, also exert critical roles in
initiating host antiviral immunity (10). However, compared to
the wealth of knowledge about cytosolic DNA sensors and the
other PRRs, studies for the roles and underlying mechanisms of
nuclear DNA sensors are only just emerging (11–13). Recent
evidence indicates that nuclear DNA sensors are also involved in
tumor development beyond pathogenic DNA recognition.
Aberrant or damaged self-DNA species generated due to
genomic instability serve as ligands to engage these nuclear
DNA sensors during tumorigenesis.

This review focuses on the latest findings to provide a more
comprehensive understanding of the functions of nuclear DNA
sensors during viral infection and tumorigenesis. It also
summarizes the regulation of these nuclear DNA sensors,
including transcriptional, post-transcriptional, and post-
translational regulation during viral infection and tumorigenesis.
NUCLEAR DNA SENSORS FACILITATE
ANTIVIRAL IMMUNITY

IFI16 is a member of the pyrin and HIN200 domain-containing
protein family (PYHIN) that contains a pyrin domain and two
DNA-binding HIN domains. It has been identified as a nuclear
DNA sensor that mediates the induction of IFN-Is (14). Upon
detecting viral DNA in the nucleus, IFI16 translocates to the
cytoplasm where it oligomerizes and relays signals through
adaptor molecule STING, engaging the TBK1-IRF3 axis and the
NF-kB pathway to induce the transcription of IFN-Is (2, 15, 16).
IFI16 has also been shown to interact with Kaposi’s sarcoma-
associated herpesvirus (KSHV) genomic DNA in the nucleus,
leading to the formation of a functional inflammasome. Different
from the cytosolic AIM2 inflammasome, the IFI16 inflammasome
complex is initially assembled in the nucleus and subsequently
translocates to the cytoplasm, suggesting a nucleus-associated
inflammasome sensor component against KSHV infection (17,
18). The overexpression of IFI16 with other inflammasome
components in HEK293T cells is of note as it exhibits a low-
level production of IL-1b. When these cells are infected by KSHV,
an elevated level of IL-1b is observed, implying that the IFI16
inflammasome requires additional cofactors for optimal
activation. The work of Brunette et al. further supports this
notion that IFI16 and its mouse homolog p204 are poor
activators of either STING-dependent IFNs or ASC-
inflammasome, while AIM2 robustly activates both IFNs and
the inflammasome in an experimental overexpression system (19).
Frontiers in Immunology | www.frontiersin.org 2
hnRNPA2B1 is a member of the hnRNP family and has been
recently identified as a nuclear DNA sensor (12). Upon sensing
viral DNA in the nucleus, hnRNPA2B1 dimerizes and is
demethylated by arginine demethylase JMJD6, which results in
the cytoplasmic translocation of hnRNPA2B1. The cytoplasmic
hnRNPA2B1 dimers interact with STING and activate the
TBK1-IRF3 signal transduction cascade to facilitate the
transcription of downstream IFN-Is. Moreover, hnRNPA2B1
can disassociate with fat mass and obesity-associated protein
(FTO) after virus infection, leading to the promotion of N6-
methyladenosine (m6A) modification, nucleocytoplasmic
trafficking, and translation of cGAS, STING, and IFI16
mRNAs to amplify the activation of IFN-Is in antiviral innate
immune response (20). A recent study shows that hnRNPA2B1
plays a vital role in transporting herpes simplex virus 1 (HSV-1)
from the envelopment site to the extracellular environment (21).
Interestingly, hnRNPA2B1 facilitates the replication of hepatitis
E virus (HEV), an ssRNA virus, though hnRNPA2B1 is initially
identified as a DNA sensor (22).

cGAS is a member of the nucleotidyltransferase family, the
binding of cytoplasmic pathogenic DNA to cGAS induces a
phase transition to liquid-like droplets, promoting the
production of the secondary messenger cyclic guanosine
monophosphate–adenosine monophosphate (cGAMP) and
subsequent induction of IFN-Is through the STING-TBK1-
IRF3 signaling axis (23, 24). cGAS mainly localizes in the
cytoplasm, yet cGAS expresses in interphase and may
translocate to the nucleus due to nuclear envelope rupture or
mitosis (24, 25). Nuclear cGAS usually maintains a suppressed
state by chromatin tethering to limit reactivity against self-DNA
(26, 27). A recent study reveals that upon nuclear entry of the
human immunodeficiency virus (HIV), NONO, an innate
immune sensor of the viral capsid proteins is associated with
cGAS in the nucleus and is required to retain cGAS in the
nucleus but has no impact on the cytosolic pool of cGAS. The
crosstalk between NONO and cGAS in the nucleus enables
the sensing of DNA intermediate during HIV infection. The
detection of the nuclear viral capsid by NONO promotes DNA
sensing by cGAS and reveals an innate strategy of distinguishing
viruses from self in the nucleus (28).
IFI16 SUPPRESSES VIRAL REPLICATION
AS A TRANSCRIPTIONAL REPRESSOR

Several studies have reported that IFI16 functions as a
transcriptional repressor (29). For instance, IFI16 has been
described as a restriction factor for human cytomegalovirus
(HCMV) replication on account of suppressing the
transcriptional activity of the viral DNA polymerase gene
(UL54) (30). Besides, IFI16 transcriptionally represses HSV-1
gene expression such as the immediate-early proteins (ICP0 and
ICP4), the early proteins (ICP8 and TK), and the late proteins
(GB and Us11), and limits viral replicative capacity (31, 32).
IFI16 has also been demonstrated to function as a restriction
factor for human papillomavirus 18 (HPV18) replication
January 2021 | Volume 11 | Article 624556
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through histone modifications (33). A recent study shows that
IFI16 limits HIV-1 transcription and latency reactivation by
targeting the transcription factor Sp1 (34). Overall, these data
identify IFI16 as a transcriptional repressor for various DNA
viruses in the nucleus, of which the mechanisms still need
deeper investigation.

Most studies suggest that IFI16 modulates transcription
mainly through association with transcription factors or
promoters. As mentioned above, IFI16 binds to the
transcription factor Sp1 to suppress HIV-1 transcription (34).
Similarly, Cristea et al. show that IFI16 interacts with the major
immediate-early promoter (MIEP), and participates in
controlling the viral immediate-early gene transcription by
HCMV virion protein pUL83 (35). In addition to associating
with transcription factors or promoters directly, IFI16 prevents
transcription factors from interacting with their promoters. For
instance, IFI16 has been shown to inhibit the association of some
transcription factors such as Sp1 with the HCMV promoter (30).

Additionally, a study shows that IFI16 blocks the interaction
of transcription factors, TATA-binding protein (TBP), and
Octamer-Binding Transcription Factor 1 (Oct 1), with HSV-1
promoters (31). Meanwhile, the study also suggests that IFI16
may facilitate global histone modifications by modulating the
formation of heterochromatin and euchromatin for both viral
and cellular genes. Consequently, IFI16 may modulate
transcription through chromatin modification. Another study also
suggests that IFI16 promotes the addition of heterochromatin
marks and the reduction of euchromatin marks on viral
chromatin, thereby inhibiting viral gene expression and
replication (36). Furthermore, IFI16 promotes the assembly of
heterochromatin on HPV DNA, thus reducing both viral
replication and transcription (33). Altogether, IFI16 is involved in
transcriptional repression through association with transcription
factors or promoters, preventing transcription factors from binding
to their promoters and inducing changes in chromatin markers.
NUCLEAR DNA SENSORS REGULATE
TUMORIGENESIS

Despite the essential roles of nuclear DNA sensors in the host
antiviral defense, studies on these PRRs have also been well
documented in the absence of infection. IFI16 acts as a DNA
damage amplifier by interacting with p53 through its C-terminal
domain and consequently promotes the accumulation and
activation of p53 caused by DNA damage (37, 38). Increased
levels of IFI16 promote the transcription of known p53 target
genes, such as the cell cycle kinase inhibitor p21 and the
proapoptotic Bcl-2 family member Bax, inducing p53-mediated
cell cycle arrest and apoptosis in human cancer cells (38, 39).
Decreased IFI16 mRNA expression is observed in numerous
breast cell lines, which results in dysfunction of p53-mediated
apoptosis and leads to cancer development (38). Subsequently,
Lin et al. show that IFI16 functions as a tumor suppressor in
hepatocellular carcinoma (HCC) by activating the p53 signaling
pathway and inflammasome (40). In turn, functional activation
Frontiers in Immunology | www.frontiersin.org 3
of p53 stimulates the transcription of IFI16 through associating
with the regulatory region of the IFI16 gene in the cells treated
with DNA-damaging agents, suggesting a positive feedback loop
between p53 and IFI16 (41). A recent research indicates that
IFI16 positively regulates programmed cell death 1 ligand 1 (PD-
L1) in cervical cancer cells by activating the STING-TBK1-NF-
kB pathway, which can interact with the proximal region of the
PD-L1 promoter to facilitate PD-L1 expression, and promoting
the progression of cervical cancer (42).

Studies have also provided evidence that hnRNPA2B1
functions as a putative proto-oncogene in some cancers such
as glioblastoma, pancreatic cancer, liver cancer, and pancreatic
ductal adenocarcinoma (PDAC) (43–46). The upregulated
expression of hnRNPA2B1 facilitates the malignant phenotypes
of cancer cells by modulating many downstream target genes.
hnRNPA2B1 is also overexpressed in a variety of other tumors.
For instance, the expression of hnRNPA2B1 in human ovarian
cancer tissues is significantly higher than that in normal ovarian
epithelium tissues, and increased hnRNPA2B1 level is related to
the poor prognosis of ovarian cancer patients (47). hnRNPA2B1
also serves as a diagnostic marker for the early detection of lung
cancer (48–50).

Another recent study by Liu et al. confirms that DNA damage
triggers nuclear translocation of cGAS and leads to the
recruitment of cGAS to the site of double-stranded breaks,
suppressing homologous recombination DNA repair (HR) and
increasing genomic instability and, consequently, tumorigenesis
(51). This observation is further supported by a study by Jiang
et al., which found that nuclear cGAS inhibits HR in a STING-
independent manner (52). These findings suggest that nuclear
cGAS is a tumor enhancer by modulating the DNA damage
response and influencing genome stability, indicating potential
implications for inhibitors that block the nuclear translocation of
cGAS for cancer intervention. The above studies suggest that
nuclear DNA sensors play critical roles in tumorigenesis and
might be a valuable prognostic marker for malignancy
development and patient survival.

The functions of nuclear DNA sensors in regulating antiviral
immunity, inflammasome activation, transcriptional repression,
and tumorigenesis are summarized in Figure 1. Due to their
important functions, the expression and cellular location of
nuclear DNA sensors are tightly regulated (Figure 2).
TRANSCRIPTIONAL REGULATION
OF NUCLEAR DNA SENSORS

IFI16 mRNA is induced by both IFN-I (IFN-a and IFN-b) and
IFN-II (IFN-g) in multiple human cell lines such as human
myeloid leukemia cells and fibrosarcoma cells (53, 54). IFNs are
key molecules that contribute to the pathogenesis of systemic
lupus erythematosus (SLE), and overproduction of IFN-I is
always observed in patients with SLE (55–57). Consistently, the
IFI16 transcripts in peripheral blood monocytes (PBMCs) of
patients with SLE are significantly higher than that of healthy
people (58). Infection with DNA viruses such as vaccinia virus
January 2021 | Volume 11 | Article 624556
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(VACV), HSV-1, and human T-lymphotropic virus type 1
(HTLV-1) induces IFI16 expression dramatically (15, 20, 59,
60). IFI16 mRNA expression is correlated with high viral load
and low CD4+T cell counts in HIV patients (61). IFI16
epigenetically suppresses hepatitis B virus (HBV) covalently
closed circular DNA (cccDNA) by targeting an interferon-
sensitive response element (ISRE) located in cccDNA. However,
HBV infection downregulates the mRNA expression of IFI16 in
the hepatocytes and liver tissues of patients with chronic hepatitis
B (62). In addition to being tightly controlled transcriptionally
during viral infection, IFI16 expression is precisely regulated
Frontiers in Immunology | www.frontiersin.org 4
during tumorigenesis. For instance, as mentioned above, IFI16
directly binds to the C-terminal region of p53 and enhances p53-
mediated transcriptional activation (37, 38). Moreover, p53 also
facilitates IFI16 transcription by directly binding to the promoter
region of IFI16 and thus provides positive feedback regulation of
p53 signaling (41). The IL-6/JAK/STAT3 pathway plays a key role
in the growth and development of many human cancers (63). IL-6
treatment induces STAT3 phosphorylation and drives IFI16
transcription in a STAT3-dependent manner in human
adenocarcinoma cell lines (64). The oncogene ZNF217 acts as a
transcriptional repressor and plays an important role during
FIGURE 1 | Major functions of nuclear DNA sensors. Upon detecting nuclear viral DNA, IFI16 is transported to the cytoplasm to activate the STING signaling
cascade, inducing IFN‐Is expression through the TBK1‐IRF3 and NF‐kB axis. IFI16 also activates inflammasome to promote IL-1b and IL-18 maturation. Additionally,
IFI16 functions as a transcriptional repressor to restrict viral replication by associating with transcription factors or promoters, preventing transcription factors from
binding to promoters, and inducing chromatin marker changes. Nuclear hnRNPA2B1 dimerizes and is demethylated by JMJD6 after binding to viral dsDNA, resulting
in the cytoplasmic translocation of hnRNPA2B1. The cytoplasmic hnRNPA2B1 activates the STING-TBK1-IRF3 signal to facilitate the transcription of IFN-Is.
Moreover, demethylated hnRNPA2B1 enhances nucleocytoplasmic trafficking and translates cGAS, STING, and IFI16 mRNAs to amplify the antiviral immune
response. Besides, the roles of nuclear DNA sensors during tumorigenesis have also been investigated. IFI16 is shown to act as a tumor suppressor in several types
of cancers by interacting with p53 and enhancing p53-mediated transcriptional activation. In turn, functional activation of p53 stimulate the transcription of IFI16
through associating with the regulatory region of the IFI16 promoter. DNA damage triggers nuclear translocation of cGAS. Nuclear cGAS promotes tumorigenesis by
modulating the DNA damage response and increasing genomic instability. ASC, apoptosis-associated speck-like protein containing a CARD; STING, stimulator of
interferon genes; TBK1, TANK-binding kinase 1; IKK, IkB kinase; IRF3, interferon regulatory factor 3; IFN-I, type I interferon; A2B1, hnRNPA2B1; JMJD6, jumonji
domain containing 6; Me, methylation; m6A, N6-Methyladenosine; FTO, fat mass and obesity-associated protein; KPNA, karyopherin alpha; PARP1, Poly (ADP-
Ribose) Polymerase 1. gH2AX, phosphorylated H2A histone family member X (H2AX) on serine 139.
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neoplastic transformation (65–67). Consistent with its oncogenic
role, ZNF217 represses the transcription of IFI16 (68).

hnRNPA2B1 mRNA levels are constitutively expressed
during viral infection (20). By contrast, it is overexpressed in
various malignant tumor tissues and cancer cell lines (69–72).
For example, increased mRNA level of hnRNPA2B1 has been
found in breast cancer cell lines deficient for breast cancer
susceptibility gene 1 (BRCA1) expression. The restoration of
BRCA1 expression reverts hnRNPA2B1 upregulation, implying
the involvement of BRCA1 in the regulation of hnRNPA2B1
Frontiers in Immunology | www.frontiersin.org 5
(73). Long non-coding RNA (lncRNA) CACNA1G-AS1
promotes the expression of hnRNPA2B1 in non-small cell lung
cancer (NSCLC) cell lines, inducing malignant cell invasion,
migration, and epithelial-mesenchymal transformation (EMT)
(74). cGAS is an interferon-stimulated gene (ISG), and two
adjacent ISREs in the promoter region of cGAS mediate the
induction of cGAS by IFN-Is (75). The cGAS mRNA is
upregulated in the PBMCs from patients with SLE (76). Both
HSV-1 infection and IFN-a treatment induce cGAS mRNA
expression in neonatal PBMCs from 1-month-old infants (77).
FIGURE 2 | Regulation of nuclear DNA sensors. The expression and activation of DNA sensors are finely controlled during viral infection and tumorigenesis. p53
facilitates IFI16 transcription by directly binding to the promoter region of IFI16, and IL-6 drives IFI16 transcription in a STAT3-dependent manner. Post-transcriptional
regulation also involves modulating the expression of nuclear DNA sensors. During DNA virus infection, hnRNPA2B1 functions as an m6A modulator to promote
nucleocytoplasmic trafficking of cGAS and IFI16 mRNAs. UL41 from HSV-1 significantly reduces the expression of cGAS and IFI16 by degrading their transcripts.
Furthermore, PTMs, particularly the phosphorylation, ubiquitination, acetylation, and methylation, play critical roles in regulating the activity and stability of nuclear
DNA sensors. Phosphorylation of IFI16 controls its subcellular localization, and related antiviral immunity and BLK-mediated phosphorylation of cGAS facilitates its
cytosolic retention. ICP0 from HSV-1 induces the ubiquitination and proteasome-dependent degradation of IFI16 and thus suppresses inflammasome activation.
STING promotes IFI16 degradation via the ubiquitin-proteasome system by TRIM21. The acetyltransferase p300 mediates acetylation of IFI16 during HSV-1 infection,
an essential step for inflammasome assembly and cytoplasmic translocation, activation of cytoplasmic STING signaling, and downstream IFN-b production. The
sensing ability of IFI16 is modulated by acetylation of Lys99 and Lys128 within its NLS, and this PTM of IFI16 promotes the cytoplasmic translocation of IFI16,
whereas HDACs promotes its nuclear import. hnRNPA2B1 is demethylated by JMJD6 in the HSV-1-infected cells, which consequently initiates IFN-a/b production
and enhances STING-dependent cytoplasmic antiviral signaling. BLK, B-lymphoid tyrosine kinase; MVB, multivesicular bodies; ICP0, human HSV-1 infected cell
polypeptide 0; TRIM21, tripartite motif-containing protein 21; Ub, Ubiquitination; Ac, Acetylation; Me, Methylation; STAT3, signal transducer and activator of
transcription 3; NLS, nuclear localization signal; HDAC, histone deacetylase; PRMT5, protein arginine N-methyltransferase 5.
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LncRNA NEAT1 epigenetically inhibits cGAS expression to
regulate the malignant phenotype of cancer cells and cytotoxic
T cell infiltration in lung cancer (78).
POST-TRANSCRIPTIONAL REGULATION
OF NUCLEAR DNA SENSORS

Post-transcriptional regulation also plays a key role in
modulating the expression of nuclear DNA sensors and related
host antiviral immunity and tumorigenesis. Three isoforms of
IFI16, isoform-A, B, and C, are widely detected in multiple cell
lines and primary cells due to IFI16 pre-mRNA alternative
splicing (79, 80). The spliceosome-associated factor,
CTNNBL1, regulates the expression and alternative splicing of
IFI16 and promotes proliferation and invasion in ovarian cancer
(81). A novel transcript isoform of IFI16, which contains two
HIN domains but lacks the PYD domain, interacts with AIM2 to
impede the formation of a functional AIM2-ASC complex and
inhibits AIM2 inflammasome (82). hnRNPA2B1 is a nuclear
m6A reader and mediates m6A-dependent primary microRNA
processing events (83). During DNA virus infection,
hnRNPA2B1 functions as an m6A modulator to promote the
m6A modification and nucleocytoplasmic trafficking of cGAS
and IFI16 mRNAs after viral DNA recognition by hnRNPA2B1
(20). In addition to alternative splicing and m6A modification,
viral proteins control IFI16 and cGAS mRNAs stability. UL41
from HSV-1 significantly degrades cGAS mRNA in HSV-1-
infected human foreskin fibroblast (HFF) cells abrogating
cGAS-STING-mediated IFN-I production dependent on its
RNase activity (84). UL41 also reduces the expression of IFI16
by degrading its transcripts (85).
POST-TRANSLATIONAL MODIFICATION
OF NUCLEAR DNA SENSORS

Post-translational modifications (PTMs) play important roles in
regulating the activity, stability, and folding of targeted proteins by
inducing their covalent linkage to new functional groups, such as
phosphate, methyl group, and acetate (86). PTMs including
Frontiers in Immunology | www.frontiersin.org 6
phosphorylation, ubiquitination, methylation, and acetylation
have been shown to influence PRR-dependent antiviral immunity
and inflammatory responses by targeting the innate sensors and
downstream signaling molecules, including receptors, adaptors,
enzymes, and transcription factors (1, 86, 87). Moreover, PTMs
dynamically change the compartmentalization, trafficking, and
physical interaction of key molecules that control immunological
processes. Here, this review summarizes the PTMs involved in the
positive and negative regulation of the nuclearDNA sensors during
viral infection and tumorigenesis, and a summary of the post-
translational modifications of nuclear DNA sensors are listed in
Table 1.

Phosphorylation is the most extensively investigated PTM
type in antiviral innate immunity (87, 94). IFI16 contains a CcN
motif that targets a heterologous protein to the nucleus and
subsequently undergoes phosphorylation, particularly by the
CcN-motif-phosphorylating protein kinase (CK2). The IFI16
CK2 phosphorylation site enhances nuclear import by
facilitating binding to a nuclear component, and the nuclear-
import characteristics of the IFI16 CcN motif were consistent
with those of the HIV-1 Tat nuclear target signal (95). The viral
protein kinase pUL97 of HCMV, which binds and phosphorylates
nuclear IFI16, contributes to thenucleocytoplasmic translocationof
IFI16 to overcome the restriction activity of IFI16 (88). These
studies indicate that the phosphorylation of IFI16 controls IFI16
cellular location and relates antiviral immunity. Up until recently,
there was no direct evidence indicating that IFI16 can be
phosphorylated at specific sites upon inflammasome assembly.

Although IFI16 is required for the maximal phosphorylation
and activation of p53 induced by ionizing radiation (38), it is
unclear whether phosphorylation of IFI16 is also critical for its
pro-apoptosis and antitumor role during tumorigenesis. DNA
damage induces the nuclear translocation of cGAS, which
suppresses DNA repair and promotes tumorigenesis by
interacting with PARP (51). However, the B-lymphoid tyrosine
kinase (BLK)-mediated phosphorylation of cGAS at Tyr215
facilitates the cytosolic retention of cGAS, which may be
important for its antiviral role as a cytosolic DNA sensor (51).

Ubiquitination is also a key regulatory mechanism for nuclear
DNA sensors, particularly for IFI16. The protein ubiquitination
of target substrates involves a stepwise catalyzation by three
enzymes, ubiquitin-activating enzyme (E1), ubiquitin-
TABLE 1 | PTMs of nuclear DNA sensors.

Target
sensors

Regulators
for PTM

PTMs Mechanisms References

IFI16 pUL97 Phosphorylation pUL97 phosphorylates IFI16 during viral replication and re-localizes it from the nucleus to multivesicular
bodies to overcome the restriction activity of IFI16

(88)

IFI16 ICP0 Ubiquitination ICP0 promotes the ubiquitination and proteasome-dependent degradation of IFI16 (89)
IFI16 TRIM21 Ubiquitination STING directly interacts with IFI16 and facilitates IFI16 ubiquitination and degradation via the ubiquitin-

proteasome pathway by recruiting E3 ligase TRIM21
(90)

IFI16 p300 Acetylation Acetylated IFI16 is essential for IFI16 cellular redistribution, inflammasome assembly in the cytoplasm,
and activation of STING

(91, 92)

IFI16 HDACs Deacetylation HDACs activity promotes the nuclear import of IFI16 (91)
IFI16 PRMT5 Methylation Methylated IFI16 suppresses dsDNA activation of STING pathways and attenuates IFN-I expression (93)
cGAS BLK Phosphorylation Phosphorylation of cGAS at Tyr205 by BLK facilitates its cytosolic retention (51)
hnRNPA2B1 JMJD6 Demethylation hnRNPA2B1 is demethylated by JMJD6 in the HSV-1-infected cells, which initiates IFN-I production (20)
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conjugating enzyme (E2), and ubiquitin ligase (E3) (96, 97),
resulting in mono-ubiquitination. Ubiquitin can be further
conjugated to additional ubiquitin moieties via the same three-
step process, yielding polyubiquitin chains. Ubiquitin undergoes
ubiquitination itself at its seven lysine residues (K6/K11/K27/
K29/K33/K48/K63) or its amino-terminal methionine, which
generates different types of ubiquitin chains with distinct
functions (98). For instance, the K48-linked ubiquitin chain
often induces the proteasomal degradation of targeted proteins,
while the K63-linked ubiquitin chain is involved in the
transduction of signaling pathways (99, 100). In addition to
inducing IFN-I production as a DNA sensor, IFI16 induces the
assembly of inflammasome complexes in response to DNA
viruses, which is essential in immune protection against viral
infections (17, 101). To counter IFI16-triggered antiviral
immune responses, HSV-1 expresses an immediate-early
protein, infected cell protein 0 (ICP0), an E3 ubiquitin ligase.
After HSV-1 infection, ICP0 promotes the ubiquitination and
proteasome-dependent degradation of IFI16 and suppresses
inflammasome activation (89). Moreover, a previous study
showed that the viral ICP0 protein leads to nuclear re-
localization and the degradation of IFI16, resulting in the
downstream inhibition of IRF3 signaling during HSV-1
infection (102). However, another study indicates that ICP0 is
neither sufficient nor necessary for the degradation of IFI16 during
HSV-1 infection (103). Due to these controversial results, the role
of IFI16 ubiquitination mediated by ICP0 in antiviral immunity
needs to be further clarified. Furthermore, it was recently found
that STING facilitates ubiquitination on the first three lysines in
the N-terminal region of IFI16 and promotes IFI16 degradation
via the ubiquitin-proteasome pathway by recruiting the ubiquitin
E3 ligase TRIM21 and restricting IFN-I overproduction during
host antiviral immunity (90).

The acetylation of lysine residues, which is inversely regulated
by acetyltransferases and deacetylases, occurs commonly in the
proteome and plays an important role in numerous biological
processes, such as chromatin remodeling, nuclear transport, and
innate immunity (104). The sensing ability of IFI16 is modulated
by acetylation of Lys99 and Lys128 within its nuclear localization
signal (NLS), and the PTM of IFI16 promotes the translocation
of IFI16 from the nucleus to the cytoplasm, whereas histone
deacetylases (HDACs) promotes its nuclear import (91). The
acetyltransferase p300 mediates acetylation of IFI16 during
HSV-1 infection, which is essential for IFI16-inflammasome
assembly in the nucleus and cytoplasmic translocation,
activation of STING in the cytoplasm, and IFN-b production
(92). Another relevant study also reported that IFI16 in complex
with BRCA1-H2B or with BRCA1 recognizes the viral genome,
leading to BRCA1 mediated p300 recruitment, interaction with
IFI16, acetylation of IFI16 and H2B by p300, and the cytoplasmic
transport of acetylated IFI16-H2B-BRCA1 via Ran GTP during
KSHV or HSV-1 infection (105).

The methylation of lysine or arginine residues, which is
inversely regulated by methyltransferases and demethylases,
plays an important role in innate immune responses (106). A
recent study demonstrated that IFI16 is methylated by protein
Frontiers in Immunology | www.frontiersin.org 7
arginine methyltransferase 5 (PRMT5) and suppresses the
activation of the STING pathway (93). Moreover, a newly
identified nuclear DNA sensor, hnRNPA2B1, is methylated in
the resting cells. However, hnRNPA2B1 is demethylated by
JMJD6 in the HSV-1-infected cells. Demethylated hnRNPA2B1
initiates IFN-a/b production and enhances STING-dependent
cytoplasmic antiviral signaling (20).

Together, PTMs, particularly the phosphorylation,
ubiquitination, acetylation, and methylation of nuclear DNA
sensors, play a vital role in controlling antiviral immunity
and tumorigenesis.
CONCLUSION AND FUTURE
PERSPECTIVES

Despite rapid advances in understanding of the functions and
mechanisms of cytosolic DNA sensors in regulating host
antiviral and antitumor immunity, studies that identify novel
key nuclear DNA sensors and elucidate these functions are only
just emerging. Given the important roles of nuclear DNA sensors
during viral infection and tumorigenesis, it is critical to control
expression. In this review, we briefly describe the nuclear
functions of IFI16, hnRNPA2B1, and cGAS, and summarize
the transcriptional, post-transcriptional, and post-translational
regulation of these nuclear DNA sensors. However, several
intriguing and important topics require further investigation.

The cytosolic DNA sensor, cGAS, has been found to
translocate to the nucleus and is recruited to chromatin
double-stranded breaks after DNA damage, where it
suppresses homologous-recombination-mediated repair and
promotes tumor growth (51, 52). Similarly, DNA-dependent
protein kinase (DNA-PK) plays a critical role in the nucleus,
where it is necessary for non-homologous end joining (NHEJ)
and repairing double-strand DNA breaks. DNA-PK was recently
identified as a cytosolic DNA sensor that activates a STING-
independent DNA sensing pathway (107–109). These studies
show that DNA-PK functions as a DNA sensor in the cytoplasm.
However, considering that it predominantly localizes in the
nucleus, it may also sense viral DNA in the nucleus and trigger
an antiviral immune response like that of nuclear DNA sensors.
Since all the three nuclear DNA sensors IFI16, hnRNPA2B1, and
cGAS shuttle between cytoplasm and nucleus, all of them are
involved in regulating both IFN-I-dependent antiviral immunity
and tumorigenesis and newly identified nuclear DNA sensors
may possess functions both in cytoplasm and nucleus.

The presence of host self-DNA generally in the nucleus was
believed to be an immune-privileged cellular compartment. It is
essential to understand how nuclear DNA sensors escape self-
DNA-triggered activation in the immune response. cGAS has
been reported to maintain an inhibitory state in the nucleus by
binding nucleosome tighter to prevent autoreactivity to self-
DNA (27, 110–112). A circular RNA named cia-cGAS has been
identified to suppress nuclear cGAS by blocking its enzymatic
activity, thereby preventing cGAS from sensing self-DNA to
maintain host homeostasis (113). The multiple layers of
January 2021 | Volume 11 | Article 624556
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regulation of nuclear DNA sensors may participate in avoiding
inappropriate sensing self-DNA.

Invaded HSV-1 regulates IFI16 at multiple levels. HSV-1
infection-triggered IFN-I production induces IFI16 transcription
(15, 20, 59, 60). UL41 protein from HSV-1 degrades IFI16 mRNA
via its RNase activity and suppresses IFI16 expression post-
transcriptionally (85). The ICP0 protein of HSV-1 degrades IFI16
post-translationally (89). HBV infection also downregulates the
IFI16 mRNA level, which is worthy of further investigation (62).
Several models have been proposed for the HBV-mediated
inhibition of IFI16 expression: 1) HBV may suppress IFI16
transcription by promoting hypermethylation of IFI16 promoters;
2) HBV may stimulate the production of some non-coding RNAs
to directly degrade the IFI16 mRNA or target the cellular factors
responsible for IFI16 transcription; 3) HBV may actively suppress
some innate immune signaling, which is important for IFI16
expression (62). There is always a race between host antiviral
innate immunity and the immune evasion strategies of viruses
(114). The novel regulation mechanism of nuclear DNA sensors by
viral components will be an interesting focus in future studies.

PTMs, including phosphorylation, ubiquitination,
methylation, and acetylation, have been shown to regulate the
expression and activity of nuclear DNA sensors. Other PTMs,
such as glutamylation, SUMOylation, and lactylation, also
potentially regulate nuclear DNA sensors during antiviral
immunity and tumorigenesis. Hence, three main aspects
should be extensively investigated in the next few years: 1) the
Frontiers in Immunology | www.frontiersin.org 8
identification of more important nuclear DNA sensors;
2) elucidation of the novel strategies used by invaded viruses to
inhibit the expression and function of nuclear DNA sensors; and,
3) the observation of more PTMs of nuclear DNA sensors and
elucidation of related mechanisms.
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