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Since Z-nucleic acid was identified in the 1970s, much is still unknown about its bio-
logical functions and nature in vivo. Recent studies on adenosine deaminase acting on
RNA 1 (ADAR1) and Z-DNA-binding protein 1 (ZBP1) have highlighted its function in
immune responses. Specifically, Z-RNAs, either endogenous or induced by viral infection,
are sensed by ZBP1 and activate necroptosis. Z-RNAs act as the stimuli that induce innate
immune responses through various pathways, including melanoma differentiation-
associated protein 5 (MAD5)-mitochondrial antiviral-signaling protein (MAVS)-mediated
type I IFN activation and proteinase kinase R (PKR)-dependent integrated stress response,
and their immunostimulatory potential is curtailed by RNA editing conducted by ADAR1.
Aberrant immune responses induced by Z-RNAs are associated with human diseases.
They also induce pathogenesis in mice. Unlike Z-RNAs, the biological functions of Z-DNAs
were barely studied, especially in mammals. Moreover, the origin or sequence preference
of Z-nucleic acids requires further investigation. Such knowledge will expand our under-
standing of Z-nucleic acids, including from which genomic loci and under which circum-
stances they form, and the mechanisms by which they participate in the physiological
activities. In this review, we provide insights in Z-nucleic acid research and highlight the
unsolved puzzles.
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Introduction

light the significant but still unresolved issues.

The structure of Z-DNA was first identified and characterized in
1979 by the Alexander Rich laboratory [1], when they crystal-
lized a six-base pair DNA fragment, d(CpGpCpGpCpG). Z-DNA is
an alternative form of dsDNA with some unique features in com-
parison with the predominant B-form DNA. Double-stranded RNA
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we summarize the milestones in Z-nucleic acid research and high-

Discovery of Z-DNA and Z-RNA

can also adopt the Z-form [2]. Z-nucleic acid is thermodynami-
cally unstable, which makes it challenging to study. Nevertheless,
impressive progress has been achieved in the past few years. Here,
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In the 1950s, scientists started to notice that DNA fibers undergo
structural changes in different solutions. In 1972, this structural
transition was systematically studied by Fritz Pohl and Thomas
Jovin. They detected an optical rotation of poly(dG-dC) in increas-
ing salt concentrations, which was defined as R-L transition,
also named the Pohl-Jovin transition. This transition is reversible
and accompanied by a change in the UV absorption spectrum
[3]. This conformational transition was also induced by a high
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concentration of ethanol (60%) or adding of mitomycin [4, 5].
Pohl et al. applied high-resolution 'H and 3'P NMR spectra to
determine the structure of oligo (dG-dC) in low and high salt solu-
tions, and found that oligo (dG-dC) in high salt adopted an “alter-
nating B-DNA” conformation, whereas the oligomer duplex in low
salt was the regular B-DNA type [6]. Subsequently, Wang and Rich
et al. successfully crystallized the DNA fragment d(CGCGCG) and
revealed the detailed structure of this “alternating B-DNA” at the
atomic level. They first named it “Z-DNA” and characterized the
following features [1]. (1) Unlike B-form DNA, which is a classic
Watson-Crick right-handed conformer, Z-DNA has a left-handed
helical sense. (2) The phosphate backbone of Z-DNA follows a
zig-zag course in a discontinuous manner, resulting from the alter-
nating residue conformations, thereby receiving the name Z-DNA.
(3) The asymmetric unit of Z-DNA is two nucleotides rather than
a single nucleotide that is found in B-DNA. This asymmetric unit
comprises a syn purine and an anti pyrimidine in Z-DNA. (4) The
Z-DNA helix has 12 base pair (bp) per turn of helix with a length
of 44.6 A, whereas there is 10 bp per turn occupying a distance of
34 A in B-DNA. (5) B-form DNA contains both major and minor
grooves per turn. The major groove is absent in Z-DNA and only
the minor groove remains, which is deeper than that in the B-
form. (6) Z-DNA is thinner and more extended. The diameter of
the Z-DNA helix is 18 A compared with 20 A in B-DNA. The dis-
tance of 12 bp in Z-DNA can accommodate 13 bp in B-form [1].
When they first observed the B-Z transition with poly(dG-dC),
Fritz Pohl and Thomas Jovin found that this salt-induced tran-
sition was related to the base composition and sequence because
they did not detect a similar transition with synthetic RNA poly(G-
C) or DNA poly(dA-dT), albeit this was later proved to be untrue
[6]. Poly(G-C) could also be transited to Z-form RNA but indeed
required more extreme conditions than the transition to Z-form
DNA. An increase in the salt concentration, high temperature, and
addition of ethanol facilitated the transition of poly(G-C) to the
Z-form [2, 7]. Accordingly, poly(G-C) could be induced to a left-
handed Z-form under 6 M NaClO,4, whereas 4 M NaClO4 was suf-
ficient to induce poly(dG-dC) [2]. The method widely used to dis-
tinguish these two different DNA helical forms is that they display
different spectra in circular dichroism and ultraviolet absorption
with absorption at 295 nm as an indication of the Z-form [7].

Stability of Z-nucleic acid

Compared with B-form DNA, Z-DNA is thermodynamically unsta-
ble, owing to electrostatic repulsion between the negatively
charged phosphates on opposite strands, which are closer
together in Z-DNA than in B-DNA [8]. Under physiological con-
ditions, there is an equilibrium between right-handed B-DNA and
left-handed Z-DNA, and this equilibrium is affected by various
environmental factors.

The original finding indicated that high salt favored B-Z transi-
tion, which is unsurprising because ions, especially cations, from a
high concentration of salt reduce phosphate—phosphate repulsion.
Similarly, other chemical modifications that relieve this repulsion
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also stabilize Z-DNA, so the equilibrium shifts in this favor. Methy-
lation at the N7 position of guanine stabilizes Z-DNA because
the N7 methylation induces a positive charge that neutralizes the
electrostatic repulsion between the phosphate groups on oppo-
site strands [9]. Bromination of poly (dG-dC) stabilizes this poly-
mer in the Z-form under a low salt condition. Bromination occurs
largely at the C8 position of guanine and to a lesser extent on
the C5 position of cytosine. C8-brominated purines favor the syn
conformation as the preferred arrangement for the Z-form DNA
[10]. Various agents, including alcohols, ethanol, methanol, and
ethylene glycol, which alter the dielectric constant of water, have
also been found to stabilize Z-DNA [11].

The initial Z-form transition was observed in synthesized poly-
mers with GC repeats. dCG tracts inserted into plasmids also
undergo B-Z transition, even under physiological conditions with
a low salt concentration [12, 13]. This transition is induced and
stabilized by localized negative supercoiling. When alternating
(CG) tracts were inserted either upstream or downstream from
the tet gene promoter, Z-DNA was only detected in (CG) tracts
upstream of the promoter. Moreover, this Z-DNA transition was
dependent on transcription because rifampicin treatment, which
inhibits transcription in bacteria, blocked this Z-DNA formation
[14]. Therefore, a hypothesis for explaining these phenomena
is that translocation of an RNA polymerase elongation com-
plex along the double helix generating negative supercoil waves
behind, which induces such formation of Z-DNA [14]. Altogether,
chemical modifications and the negative supercoiling during the
process of transcription are believed to stabilize Z-DNA.

Sequence preference for B-Z transition

The unusual zig-zag phosphate backbone in Z-DNA comes from
the alternating residue conformations that include anti pyrim-
idine and syn purine as one asymmetric unit. Thus, a perfect
d(GC), containing alternating pyrimidine and purine will form
the left-handed sense most easily because purine adopts the syn
conformation more readily than pyrimidine. d(GC)n is the most
preferential sequence for Z-DNA because it fulfills the structural
parameter of the Z-helix with the least energetic penalty, but other
sequence combinations also retain potentials for forming Z-DNA.
The detection of the B-Z transition in the insertion of recombinant
plasmids, allowed subsequent systematic study of the sequence
preference to form a Z-helix [15]. Apart from alternating d(CG)
sequences, which are the most favored to form Z-DNA, the next
most effective sequences are d(CA) or d(TG), whereas the d(AT)
sequence favors Z-DNA least of all [11].

Existence of Z-DNA in vivo
Unlike B-form DNA, Z-DNA is highly antigenic. Using brominated
poly(dG-dC) as a stabilized DNA in the Z-form, specific antibod-

ies targeting Z-DNA were generated in rabbits and mice [16].
Moreover, natural antibodies that react with Z-DNA have been
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found in the sera of mice with lupus and humans with systemic
lupus erythematosus [16, 17]. The availability of these antibod-
ies stimulated intensive studies on determining the existence of
in vivo Z-DNA. The first identification of the Z-DNA conforma-
tion in material of biological origin was the interband region of
Drosophila polytene chromosomes [18]. Following this discovery,
similar staining patterns on Z-DNA were also exhibited in polytene
chromosome in Chironomus [19]. Interbands in polytene chromo-
some are regions that act as binding sites for RNA polymerase II to
initiate replication and to start nucleosome remodeling. Addition-
ally, antibodies against Z-DNA stained macronuclei specifically,
which is transcriptionally active, rather than transcriptionally
inactive micronuclei in Stylonychia mytilus [20]. In mammalians,
a study also found that Z-DNA antibodies reacted with fixed
metaphase chromosomes of primates to some extent, including
humans and Cebus albifrons [21]. Z-DNA staining was observed
in other species, including plants [11]. Such anti-Z-DNA anti-
body staining showed fluorescent signals with various strengths
in the nucleus and likely in transcriptionally active regions. Thus,
a rational hypothesis is that Z-DNA is induced in transcription-
ally active chromosomes by negative supercoiling generated from
the movement of polymerase or chromosome remodelling dur-
ing transcription. However, concerns were raised when interpret-
ing these staining patterns because the fluorescence intensity was
largely affected by the fixation method used for sample prepara-
tion. The intense fluorescent signal detected in chromosomes may
be the consequence of acid fixation that removed the nucleosome-
forming proteins, released torsional strain, and generated Z-DNA
[22].

The research on staining chromosomes with anti-Z-DNA anti-
bodies could not support a firm conclusion on the existence or
distribution pattern of Z-DNA in vivo, but it revealed the pres-
ence of segments in chromosome with the potential for Z-DNA
formation. Anti-Z-DNA antibodies serve as an important tool to
detect DNA in Z-form in vivo. Additionally, several anti-sera raised
against Z-DNA cross-reacted with Z-RNA [23]. Besides, It was also
reported the existence of potential Z-DNA forming sequences in
human genome by mapping of highly repeated sequences, such
as the presence of poly (dT-dG) in one of the intron of a human
cardiac muscle actin gene [24].

Identification of Z-DNA-binding proteins

The left-handed conformer may be bound by proteins when
it was found that fixation, which potentially removed nucleo-
some proteins, altered immunofluorescence staining of Z-DNA.
The initial study of Z-DNA-binding proteins was performed in
Drosophila nuclei. A mixture of large proteins in Drosophila
nuclei was retained by binding to either brominated poly (dG-
dC) in Z-form or negatively supercoiled plasmids carrying Z-DNA
sequences [25]. Herbert et al. identified the first Z-DNA-binding
protein, namely adenosine deaminase acting on RNA 1 (ADAR1
or DRADA1) [26-28]. Other Z-DNA-binding proteins were subse-
quently discovered by alignment of the conversed domains capa-
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ble of binding DNAs in Z-form, termed the Z-DNA binding domain
(ZBD) or Zo domain.

ADAR1

ADAR1 acts as an RNA-editing enzyme with dsRNA as a substrate,
which converts adenosine to inosine and results in GC pairing
because inosine is translated as guanosine. ADAR1 has two iso-
forms with a longer isoform, P150, which is inducible by IFN
and present in the nucleus and cytosol, whereas P110, the shorter
isoform, is constitutively expressed and localized in the nucleus.
They share identical sequences in the deaminase domain, three
dsRNA-binding domains, and a non-functional Zp domain, but
with an extra Zo domain in P150, which binds to Z-DNA/Z-RNA
(Figure 1).

Alternating deoxycytosine and deoxyguanosine are stabilized
in the Z-DNA conformation under physiological salt conditions
by bromination at the 5-position of the deoxycytosine. Herbert
et al. labeled this oligodeoxynucleotide with 32P and used it as
a probe in a band shift experiment [29]. They purified a 140-
KDa protein from chicken lungs, which specifically bound to this
probe in the Z-form with high affinity, and further identified this
140-kDa protein as ADAR1 [27]. Subsequently, they screened
different regions of human ADAR1 for Z-DNA-binding sites and
annotated a Za domain at the N-terminus [26]. A previous study
found a sequence preference for Z-DNA formation, as discussed
above, namely, d(CG)> d(CA) = d(TG)>d(AT). However, the
Za domain in ADAR1 can flip a range of sequences, including
d(TA)s, into the Z-DNA conformation, which implies that Za is
more conformation-specific rather than sequence-specific [30].
This finding renewed previous thoughts that B-Z transition is
only induced in regions with alternating purines and pyrimidines,
which was in fact not widely distributed in metazoans.

How ADAR1 binds to Z-DNA was subsequently elucidated by
co-crystallization of its Za domain with left-handed Z-DNA [31].
Two Zo domains bind to one Z-DNA duplex in a way that is
markedly different from B-DNA-binding proteins. The contacts
between Z-DNA and the Zo domain primarily occur in the DNA
backbone and the contact sites form a unique recognition sur-
face [31]. This interaction pattern is highly conserved in all Za
domains including that of other Z-DNA-binding proteins which
were identified later. Notably, both ADAR1 isoforms (P150 and
P110) have a Zp domain (Figure 1), which share a similar struc-
ture, but have a different function with Za as the ZB domain is
incapable of binding to Z-DNA [32]. Thus, the Z-DNA-binding
activity is a unique feature of the longer isoform P150 of ADAR1
that bears an extra Za domain (Figure 1).

Research on ADAR1 has intensively focused on its RNA-editing
function, converting adenosine to inosine, termed A-I editing,
which disrupts the dsRNA duplex (Figure 1). This function is
mostly, if not all, dependent on the deaminase domain shared
by both isoforms. It is of remarkable importance because sub-
strates of A-I editing by ADAR1 are widely distributed, and the
primary substrates edited are inverted transposable elements
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Adar1-Za mutation knock-in mice
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Figure 1. ADAR1-Zo participates in immune responses. Upon the invasion of pathogens like viruses, dsRNAs are released into cytosol. Acting as
non-self nucleic acids, they are detected by MDAS to induce the type I IFN signaling and by OAS to activate RNase L-mediated widespread RNA
degradation. Type I IFN binds to its receptor IFNAR which further leads to the upregulation of some endogenous dsRNAs which activate PKR and
results in translational shutdown. The adenosine to inosine (A to I) editing of dsRNA by ADAR1 protects them from being sensed by MDAS, OAS
or PKR, thus to block the subsequent pathways. Za domain of ADAR1 contributes to its RNA-editing efficiency and thus affects the inhibition of
the signaling pathways indicated. Mice carrying mutations within Za domain were characterized by their roles on the hyper-activation of the
downstream signaling pathways, separately. Specifically, PI95A mutation in one Adar allele paired with the full Adar null allele (Adar1?1%54) or
the Adar p150 null allele (Adar1P1%>4%150-) Jeads to both type I IFN pathway activation via MDAS and LPG2, and the PKR-mediated integrated stress
response. Homozygous mutations including Adar1N75AY1794/N175AY179A and Adar1W1974/W197A in Adar render a spontaneous induction of IFN signaling.
Type I IFN signaling activation results in the IFN production and upregulation of IFN-stimulated gene (ISG), with ZBP1 is one of them. In Adar1?1%>4/~,
Adar1P1954p150- or AdqariN175AY179A/mull mice, IFN activation compared with unsupervised Z-RNA due to the loss-of-function of ADAR1-Zo mutation
trigger a ZBP1-mediated inflammatory cell death, which is responsible partially for the postnasal lethality in those mice. Moreover, ZBP1 seems
also play a role in augmenting IFN signaling.

[33], including Alu elements and short interspersed nuclear
elements (SINEs) in humans and mice, respectively. Moreover,
exogenously originated RNA duplexes from viruses are exten-
sively edited by ADAR1 [33]. All Adar mice with editing defects,
including Adar1~~ mice, Adar1"8614/F8614 (deaminase enzymatic
inactive) and Adar1P'5%/?150- (lack ADAR1-P150), are embryonic
lethal [34-37]. For the mechanism, defects in RNA editing of
ADARI releases unsupervised dsRNA duplexes as typical non-self
nucleic acids that induce various immune response signalings: (1)
dsRNA activates oligoadenylate synthetase (OAS), which synthe-
sizes 2'-5’ oligoadenylate, and in turn, triggers widespread RNase
L-mediated RNA degradation [38]. (2) dsRNA activates protein
kinase R (PKR), which leads to phosphorylation of elF2a that
represses translation [39, 40]. Activation of either oligoadenylate
synthetase-RNase L or PKR results in cell lethality. (3) dsRNA is
sensed by melanoma differentiation-associated protein 5 (MDA5)

© 2022 The Authors. European Journal of Immunology published by
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that initiates type I IFN signaling via the MDA5-mitochondrial
antiviral-signaling protein (MAVS) axis [34, 41, 42] (Figure 1).
ADAR1 mutations in humans are associated with neuroin-
flammatory Aicardi-Goutiéres syndrome (AGS). Among all muta-
tions in AGS patients, the majority are located in the deaminase
domain, whereas one compound heterozygous mutation encod-
ing p.Prol193Ala is found in the Za domain [43]. Pro193 con-
tributes to Z-form nucleic acid binding [31], which implying a
potential function of Z-nucleic acid in inducing autoimmune dis-
ease. There are recently four studies in parallel, which are trying
to address the biological role of Z-nucleic acid in vivo by mutating
the ADAR1-Za domain in mice (Figure 1, Table 1). Maurano et al.
generated a Adar1P'°4 mouse that modeled the high-frequency
mutation within the Za domain found in AGS patients. The
homogenous Adar1P1?4P1954 mouse is not pathological, whereas

Adar1P1?4=  or Adar1P1?>AP150-  causes complete postnatal
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Table 1. ADAR1-Za mutant mice

Eur. J. Immunol. 2022. 52: 1700-1711

Genotype Position in Za Phenotype Pathway involved Reference
Adar1P1954~ or Conserved residues in Postnatal mortality, MDAS, LGP2 mediated [44, 45]
Adar1P1954/P150- B3, homologous to multiple-organ IFN signaling.
Pro193Ala found in pathology. PKR-dependent
AGS patients Heightened level of ISG activated ISR.
and ISR. Activation of
ZBP1-mediated cell
death.
Adar]P195A/P195A Healthy N/A [44]
Adar1N175AY179A/NI75AY179A  Gonserved residues in Spontaneous ISG MDAS5-MAVs mediated [48, 49]
a3, directly interact signature in multiple IFN signaling.
with Z-DNA organs
Adar1N175AY179A/mull Postnatal mortality MDA5-MAVs mediated [49-51]
IFN signaling.
Activation of
ZBP1-mediated cell
death.
Adar1W197A/W197A Conserved residues in B3 Severe growth retardation, ~MDA5-MAVs mediated [52]

encephalopathy and
impaired hematopoiesis

IFN signaling.

mortality, which recapitulates the AGS patient phenotype. The
lack of pathology in Adar1P1%°AP19%4 mice is consistent with the
absence of the known AGS patient who is identified with this
homogenous variant. The pathological mice correspond to the
compound heterozygous mutant found in AGS patients, with
one Adarl allele carrying the P193A mutant paired with the
full Adarl null allele (Adar1P’®**~) or Adar1-p150 null allele
(Adar1p1954/P150-) - Therefore, this disease phenotype is a com-
bined consequence from defects in both Zo and deaminase
domains. Maurano et al. found that the disease in Adar1P’%4~
or Adar1P1954P150- mijce requires MDAS5 and RIG-I-like receptor
LGP2 on the apex for IFN signaling induction and also requires
PKR that activates the integrated stress response (ISR) (Figure 1),
and the latter is believed to be the main cause of the patho-
genesis in mice [44]. They think that it is possible that a null
allele of Adarl in those mice contributes to the upregulation
of ISR which leads to severe pathology [44]. Interestingly, it
is reported, in the later studies, that the postnasal lethality of
Adar1P1%°Y= or Adar1P19°AP150- mice could be rescued by cross-
ing with Zbp1~~ mice, suggesting a ZBP1-mediated cell death and
inflammatory signature is also involved (Figure 1) [45].The con-
tact sides between the ADAR1-Za domain and Z-DNA form a con-
tinuous recognition surface that consists of residues from helix
a-3 and the COOH-terminal g hairpin. Residues, including N173
and Y177 (homologous to N175 and Y179 in mice), mediate the
direct interaction with Z-DNA, and mutation induction in these
two residues abolish Z-DNA binding [31, 46]. W195 (homologous
to W197 in mice) in B hairpin forms hydrogen bonds and con-
tacts with Z-DNA via the water molecule in an indirect manner
[31]. Notably, these residues, including N173, Y177, and W195,
are highly conserved across species in ADAR1-Za and are con-
served with Za domains in other proteins such as ZBP1 [47].

© 2022 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH

The other three reports mainly focused on the biological func-
tion that is dependent on its Z-nucleic acid binding activity. Two
groups generated a Adar1™#/™?* mouse with N175AY179A muta-
tions. This mouse develops normally, but only displays a mild phe-
notype with spontaneous IFN-stimulated genes (ISG) induction
in a MAVS-MDAS5 dependent manner [48, 49] (Figure 1). This
ISG induction is also found to be partially contributed by ZBP1,
in a Zo domain-dependent manner, with an unclear mechanism
[50]. The viability of the mice enables a subsequent investiga-
tion on the endogenous substrates as the Z-form to which ADAR1
binds for RNA editing. Loss of function in ADAR1-Za diminishes
editing of a subset of RNAs in vivo, implying that this RNA sub-
set acts as Z-RNA to which ADAR1 binds and modulates. In line
with previous research, the editing sites are heavily enriched in
short interspersed nuclear elements (SINEs), but there is no par-
ticular member of SINEs is “hypo-editing” due to Za mutation
[48, 49]. It is of note that N175AY179A mutation paired with
a full Adarl null allele (Adar1™?*~) also displays a much more
severe disease with postnatal mortality, compared with the milder
pathology in homogenous Adar1™2*/m2* [50, 51] (Figure 1), as
the scenario between Adar1®'®**~ and Adar1P'9A/P1954  These
differences, again, could be simply explained by a combination
consequence of defects on both Z-nucleic acid binding and deam-
inase activities; but the precise mechanism awaits further study.
Compared with Adar1™?™m% Adar1W1974WI97A carrying a muta-
tion of residue W197 in the B-hairpin results in much more severe
growth retardation with approximately half of mice dying by up
to 6 weeks of age. The mice exhibit encephalopathy and impaired
hematopoiesis. For the mechanism, Adar1"W!?7A/W1974 is charac-
terized by the MDAS5-mediated ISG signature, presumably due
to interference of RNA editing repertoire [52] (Figure 1). The
reason why mutation of W197A leads to a much more severe
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Figure 2. Z-nucleic acids bind to ZBP1 that triggers necroptosis. (A) ZBP1 has two functional Z-nucleic acid binding domains, namely Za1 and Za2,
and two RHIM domains that are responsible for its interaction with other RHIM-domain-containing proteins, such as RIPK1 and RIPK3. (B) Once
activated by binding Z-nucleic acids, ZBP1 recruits RIPK3 through RHIM domain, which leads to RIPK3 auto-phosphorylation and MLKL phosphory-
lation. Phosphorylated MLKL oligomerizes and translocates to the membrane, where it damages membrane integrity and induces the inflammatory
type of cell death, as necroptosis. Another RHIM-containing protein, RIPK1, prevents ZBP1 from activating RIPK3, and thus inhibits necroptosis.

pathology, whereas N175AY179A mutation renders a milder phe-
notype, requires further study. If the induction of ISR correlates
with the disease severity as Maurano et al. proposed, it will
be interesting to determine the ISR levels in those Za-mutated
mice for comparison. If ZBP1 is involved in the phenotype of
Adar1WI97AWI97A also need to be investigated. Defects on Z-
nucleic acid binding contribute to a reduction of the RNA editing
efficiency in some subsets of substrate, but another subset of sites
is preferentially edited in mutant mice [48, 49], which presum-
ably due to the heightened level of ADAR1 as an ISG which may
recruit more A-form dsRNAs for editing. But the precise mecha-
nism needs further study. Moreover, the endogenous Z-RNAs as
substrates that the ADAR1-Za targets for editing remain unclear.

ZBP1

Z-DNA-binding protein 1 (ZBP1), also termed as DLM-1 and DAL,
was initially cloned from stromal tissue in tumor-bearing mice.
Its expression was upregulated upon LPS or IFN-y treatment in
activated macrophages [53]. Using the Za domain of ADAR1
(Zoapari1) as the query model and searching for proteins with
a Z-DNA-binding potential, ZBP1 was recognized to be a tar-
get containing a domain with remarkable sequence similarities
to Zaapari- The core of the protein—DNA interface is highly con-
served between Zaapar: and Zozgp; in terms of structure [47],
which suggests that the Za family shares Z-DNA binding as a com-

© 2022 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH

mon feature. It is of note that, unlike ADAR1, which contains
one Zo domain and another non-functional Zf domain, ZBP1,
bears two functional Z-DNA-binding domains as Zal and Za2
(Figure 2A) [54]. The Zo2 domain of ZBP1 binds to Z-DNA in a
slightly distinctive mode from the conventional Za domains. Za1,
similar with Zaapar1, binds to Z-DNA through both the a3 recog-
nition helix and B-loop, whereas Za2 has a shorter B-loop in the
wing and it is positioned away from Z-DNA, so Za2 in contact
with Z-DNA mainly relies on the pivotal residues of the a3 helix
[55].

The alternative name of ZBP1, DAI (DNA-dependent activa-
tor of IFN-regulatory factors), is based on its function of sensing
cytosolic DNA to activate the innate immune response [56]. How-
ever, its function as DNA sensor has proven to be controversial and
uncertain because ZBP1-deficient cells and mice respond normally
to DNA viruses with considerable levels of IFNs and cytokines are
produced [57]. But ZBP1-deficient cell and mice indeed support
a more pronounced replication of some viruses, such as murine
CMV (MCMV) and influenza A virus (IAV), which is afforded by
the resistance on a ZBP1-mediated cell death triggered by virus-
generated Z-RNAs [58-60].

The cell death triggered by the binding of Z-nucleic acid and
ZBP1 is named as necroptosis. Specifically, ZBP1 binds to Z-
nucleic acids via its two functional Za domains, Za1 and Za2 (Fig-
ure 2B). Once bound and activated by sensing Z-nucleic acids,
ZBP1 stimulates receptor-interacting serine/threonine kinase 3
(RIPK3) that subsequently phosphorylates mixed lineage kinase
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domain-like pseudokinase (MLKL). MLKL in turns oligomerizes
and translocates to the membrane where it damages the integrity
of the membrane and causes necroptosis [23, 60-62] (Figure 2B).
Necroptosis is a potent inducer of inflammation [63]. RIPK1
acts as a negative regulator by preventing ZBP1 from activating
RIPK3 [64, 65] (Figure 2B). Deficiency of RIPK1 causes hyper-
active of the ZBP1-RIPK3-MLKL pathway, which results in peri-
natal lethality and severe inflammation. The genetic interaction
between RIPK1 and ZBP1 was confirmed by rescuing the severe
inflammation in RIPK1 and ZBP1 double KO mice [64, 65].
Moreover, endogenous Z-nucleic acids appear to be the trigger
for this inflammatory pathology because mutating Zal and Za2
rescues progressive skin inflammation in RIPK1 KO mice [66,
67]. Similar to RIPK1-deficient mice, four primary immunodefi-
ciency (PID) patients were found to carry loss-of-function muta-
tions in the RIPK1 gene and were characterized by lymphope-
nia, recurrent viral, bacterial, and fungal infections, early-onset
inflammatory bowel disease (IBD), and arthritis [68] (Figure 3A).
Whether Z-nucleic acids in these PID cells binds and activates
ZBP1 similarly to that in RIPK1 KO mice and triggers necrop-
tosis and inflammation, requires further investigation. Z-nucleic
acid-initiated necroptosis is also associated with human inflam-
matory bowel disease (IBD) [69] (Figure 3A). IBD patients have
been characterized with a decreased level of SETDB1 (a histone
H3K9 methyltransferase), which was thought to cause defects
in the heterochromatin structure, leading to genome instability
and retroelement expression. Intestinal stem cells from these IBD
patients had substantially elevated necroptosis, which required Za
domains of ZBP1, and highlighted the role of Z-nucleic acids in
IBD [69]. In the context of sterile inflammation induced by the
ZBP1/Z-nucleic acid interaction, the endogenous ligand remains
unclear (Figure 3A). In RIPK1-deficient mice with hypoactivation
of ZBP1-mediated necroptosis and SETDB1 KO mice that model
IBD, a high level of endogenous retroelements (EREs) is observed,
which acts as a possible ligand binding to the Za domain of ZBP1
[67, 69]. In line with that, human retroelement Alu duplex acti-
vates ZBP1 in the context of the loss-of-function on ADAR1 [51].

Z-nucleic acids bound by ZBP1 could be of endogenous or
exogenous origins. Exogenous Z-nucleic acids, more specifically,
Z-RNA, generated by some viruses, is believed to induce cell death
through a ZBP1-dependent mechanism (Figure 3B). ZBP1 sensi-
tizes cells to virus-induced necrosis that eliminates infected cells
as a strategy for virus clearance. Viruses in turn evolve antago-
nism to counteract this mechanism. MCMV encodes M45 that dis-
rupts the ZBP1-RIPK3 interaction and blocks necroptosis activa-
tion upon MCMV infection (Figure 3B). Using a mutated MCMV
in M45 (MCMV-M45™uRHM) " 78p1_mediated necroptosis is acti-
vated upon infection and, more importantly, this activation is
induced by the newly transcribed RNA generated upon infection,
which binds to the two Za domains of ZBP1 [60, 61, 70]. Herpes
simplex virus 1 (HSV1) triggers necroptosis via ZBP1, encoding
ICP6 as the antagonism, with a mechanism reminiscent of MCMV
[71] (Figure 3B). The newly transcribed RNAs as ligands that
activate ZBP1 in this process, requires further investigation. ZBP1
senses Z-RNA produced by infection of the vaccinia virus (VACV),
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which subsequently initiates necroptosis, and similarly, this pro-
cess is antagonized by VACV encoding E3 [72] (Figure 3B). For
the mechanism, VACV E3 completes for Z-RNA binding with ZBP1
thus to block the initiation of necroptosis [72]. However, the Z-
RNA that E3 sequesters from ZBP1 is in need of identification.
Another example of exogenous Z-nucleic acids is Z-RNAs gener-
ated by influenza A virus (IAV) infection. Unlike other viruses that
generate Z-RNAs in cytosol, IAV produces Z-RNAs in the nucleus,
and these Z-RNAs are speculated to originate from defective viral
genomes [23] (Figure 3B).

Although how the ZBP1/Z-nucleic acid interaction contributes
to inflammatory diseases and anti-viral immunity has been exten-
sively studied in the past few years, the nature of Z-nucleic acids
that ZBP1 senses in these processes remain largely unknown,
especially the Z-RNAs
infections.

exogenously generated upon viral

E3 and PKZ

The critical residues forming the Z-DNA-binding surface are
highly conserved among all the described Zo domains from dif-
ferent species. E3 is encoded by vaccina viral gene E3L, act-
ing as an innate immune evasion protein [73]. E3 contains a
C-terminal dsRNA binding domain that functions by sequester-
ing dsRNA from activating innate immune sensors such as PKR
[73]. Moreover, it contains sequences highly similar to the well-
known Za domain at the N-terminus [26]. E3 is necessary for the
pathogenicity of the virus. As mentioned above, by completing
for Z-RNA binding with ZBP1, Za domain of E3 protein prevents
the initiation of necroptosis [72, 73]. As a consequence, in the
absence of E3 protein or its Za domain, immune surveillances
on viral infection including PKR signaling and ZBP1-RIPK3-MLKL
mediated necroptosis is released to be evoked to restrict the viral
replication [72, 73]. The replacement with the Za domain from
ADARI or ZBP1 rescues its virulence, indicating Za domains from
ADARI1, ZBP1, and E3 are functionally exchangeable [74]. More-
over, E3L-like protein in Yaba-like disease virus belonging to Yat-
apoxvirus family contains a Za domain, namely yabZogs;,, which
shares an extremely similar Z-DNA-binding surface with the Za
domains of mammalian proteins [75], reinforcing the importance
of its Z-nucleic acid-binding activity for poxvirus infection.

Using the Za domain from rat ZBP1 (ratZoyzgp;), a protein in
zebrafish was identified with two Za-like domains [76]. It also
contains a conserved kinase domain in the-C terminus and was
named protein kinase-containing Z-DNA-binding domains (PKZ).
PKZ is closely related to mammalian PKR, which senses dsRNA
and initiates translational shutdown and cell death by modulating
elF2q, a translational initiation factor. Moreover, PKZ likely has
the same function as PKR, but with substitution of the Z-binding
domain for the dsRNA-binding domain in PKR. Therefore, PKZ is
a functional ortholog of PKR, but it recognizes Z-DNA instead of
dsRNA [77] and its orthologues have been identified in several
fish species [76-79].
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Figure 3. Z-nucleic acid/ZBP1 interactions are involved in human diseases and antiviral immunity. (A) ZBP1/RIPK3/MLKL pathway is induced by
endogenous Z-nucleic acid in humans and mice. In healthy individuals, Z-nucleic acid is absent or not accessible to ZBP1; the pathway is not
activated and cells survive. In cells of SETDB1-deficient IBD patients, SETDB1 deficiency leads to genome instability and upregulates endogenous
retroelements which act as a possible source of aberrant Z-nucleic acid to activate ZBP1-mediated necroptosis. In RIPK1-deficient mice and PID
patients carrying RIPK1-mutations, the negative regulation of the ZBP1/RIPK3/MLKL pathway is absent, the cells can undergo spontaneous activa-
tion of necroptosis which leads to immune disorders and inflammation. (B) The ZBP1/RIPK3/MLKL pathway is activated by exogenous Z-nucleic
acids. Z-RNAs generated by MCMV and VACV in cytoplasm that activate necroptosis cascade through ZBP1 and this process is blocked by MCMV-
encoding M45 or VACV-encoding E3, respectively. HSV infection also induces ZBP1-mediated cell death and the virus employs ICP6 to antagonize
this pathway. Influenza A virus produces Z-RNA that activates ZBP1 in infected nuclei. The downstream MLKL could be recruited for disrupting
nuclear envelope or shuttle to cytosol to induce necroptosis.
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Z-DNA in bacteria

Unlike Z-RNAs, which participate largely in immune responses,
the biological role of Z-DNA is barely studied. Even though it
has been speculated to be relevant to transcriptional activation
as mentioned above, but the in-depth characterization of Z-DNA
in vivo is lacking. Very recently, Z-DNA was found as a structural
component in bacteria [80]. Specifically, Z-form DNA accumu-
lates as extracellular DNA (eDNA) in bacteria biofilm. The biofilm
is comprised of extracellular DNAs, proteins, lipids, polysaccha-
rides, biopolymers, and divalent cations as a polymeric substance
matrix. And the mature biofilms contained eDNA is resistant to
nuclease digestion. The eDNA favors the Z-conformation that
confers this nuclease-resistant property. Moreover, the bacterial
DNABII family of proteins stabilizes these eDNAs in the Z-form
which contributes to the structural integrity of the biofilm matrix.
By stabilizing Z-form DNA in biofilm, bacterial DNABII proteins
inactivated neutrophil extracellular traps (NET)-mediated bac-
terial killing [80]. Altogether, this study highlighted the exis-
tence of Z-DNA as the bacterial eDNA and its role in biofilm
pathogenesis and immune evasion. This study also proposed that
bacterial-derived Z-DNA within biofilms is a major contributor
to the reservoir of Z-DNA in the host. Whether it interacts with
host immune system directly and what is the clinical relevance of
bacteria-reserved Z-DNA with human disease will be interesting to
investigate.

Conclusion

In recent years, extensive studies on Z-nucleic acid-binding pro-
teins, including ZBP1 and ADARI, have been gradually clarify-
ing the biological function of Z-nucleic acids. This alternative
nucleic acid conformer, specifically Z-RNA, primarily participates
in immune responses by interacting with ADAR1 or ZBP1. Loss
of function in the Z-RNA-binding of ADARI induces activation
of type I IFN signaling via MDAS [48, 49, 52]. Z-RNAs, rather
than Z-DNAs, modulated by ADAR1 because MDAS senses RNAs.
It is mainly Z-RNAs, from endogenous and exogenously originat-
ing from viral infection, activate necroptosis via ZBP1 [23, 60, 61,
66, 67, 69, 72]. Whether Z-DNA or DNA-RNA hybrids are also
involved in these functions mediated by ZBP1 or ADARI is yet to
be determined.

The origin of virus-generated Z-nucleic acids has not been fully
characterized. Viruses, such as MCMV, IAV, and VACV, generate Z-
RNAs that trigger ZBP1-mediated necroptosis [23, 60, 61, 72].
Interestingly, even though it remains unclear which exact Z-RNAs
are produced by viruses, it is clear that Z-RNA rather than Z-
DNA, in most cases, activates ZBP1. Zhang et al. synthesized a
Z-RNA duplex to screen antibodies previously designed to target
Z-DNA (anti-Z-NA) for their ability to cross-react with Z-RNAs
[23]. Using an antibody that reacted with Z-RNA rather than
A-RNA, they detected IAV-generated Z-RNAs inside the nucleus,
which was potentially generated from defective viral genomes
[23]. ZBP1, which normally localizes in cytosol, translocates into
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nucleus in this process [23]. However, it is not excluded that IAV
may also produce foreign nucleic acids in Z-form in cytoplasm.
Because anti-Z-NA is also capable of detecting Z-DNA, it is hard
to distinguish detection of Z-RNA from Z-DNA by immunostain-
ing only. In the context of MCMV infection, actinomycin D, which
inhibits de novo RNA synthesis, prevents ZBP1 activation, sug-
gesting it is derived from RNA in Z-form produced during virus
infection. The binding of endogenous Z-RNA rather than Z-DNA
to ZBP1-Za domains was confirmed by CLIP experiments (cross-
linking and immunoprecipitation) [60]. VACA infection accumu-
lates RNA in Z-form in cytosol, which binds to ZBP1 and viral
protein E3. However, the RNA species that interacts with them
wer not characterized [72].

Both DNA (e.g., MCMV and VACV) and RNA (e.g., IAV) viruses
produce Z-RNAs during their replication, suggesting there is no
particular virus family with this ability. If other virus families are
involved in Z-nucleic acid-mediated immune responses and if Z-
nucleic acid surveillance is a general strategy that the host exploits
to inhibit viruses will be interesting to explore.

While this manuscript is under review, there are four papers
pointing out the cross-talk between ADAR1 and ZBP1 [45, 50, 51,
81]. Adar1~”~ mice are embryonic lethal [34, 41]. The mutation
induced in the Zo domain of Adarl such as AdarIP1954/P1954 [44]
and Adar1™#/m”* mice (N175AY179A) [48, 49]are not patholog-
ical; whereas the mice carrying a combination of the mutation in
Za domain and a null Adar1 allele, including Adar1P?%°"~, Adarl
p195A/p150null 1447 or Adar1™*~ [49] display a much server phe-
notype, with pronounced ISG upregulation and inflammatory sig-
nature [45, 50, 51], and those mice died postnatally. Interest-
ingly, ZBP1-deficiency, especially deficiency on its Z-nucleic acid
binding activity, could rescue the postnatal lethality of them, to
the various degrees [45, 50, 51], suggesting that ADAR1 pre-
vents the spontaneous activation of ZBP1. Moreover, this activa-
tion of ZBP1 induced by ADAR1 deficiency, not only results in cell
death and inflammation [45, 50, 51], but only contributes to a
ZBP1-dependent IFN signaling augment [45, 50]. The interaction
between ZBP1 and ADAR1 is very likely mediated by the endoge-
nous Z-nucleic acid as their shared ligand. Alu-Alu hybrids, the
major substrates of ADARI to edit, could induce ZBP1-dependent
cell death by transfection [51], suggesting they function as the Z-
RNA ligands in this scenario. In line with this, in human cells,
ADARI1-deficiency leads to the accumulation of endogenous Z-
RNAs, enriched in the 3’ untranslated region of IFN-stimulated
mRNAs, which in turn activates ZBP1-dependent necroptosis
[81]. Activation of ZBP1l-mediated necroptosis pharmacologi-
cally could be applied in antitumor therapy [81]. Surprisingly,
the ZBP1-dependent cell death induced by ADAR1 deficiency
seems not, or only partially, dependent on the known cascades
downstream of ZBP1, such as RIPK3-MLKL-mediated necroptosis,
or FADD-caspase9-mediated apoptosis [45, 50, 51]. Which fac-
tors that ZBP1 employs for the inflammation signature in those
ADARI1-deficient mice need to be determined and the mechanism
by which ZBP1 augments IFN responses is still unknown [45,
50]. Studies that underline the precise mechanisms on this ZBP1-
ADARI interaction need to be conducted in the future.
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