
echT PressScience

Doi:10.32604/biocell.2025.059432

REVIEW

Involvement of ZBP1 in Cancer and Its Potential Therapeutic Target Effects

Emmanuel Mago1 , Jiayi Xu1 , Dan Weng1,* and Yan Pan2,*

1School of Environmental and Biological Engineering, Nanjing University of Science and Technology, Nanjing, 210000, China
2School of Basic Medical Sciences, Fudan University, Shanghai, 200032, China
*Corresponding Authors: Dan Weng. Email: danweng@njust.edu.cn; Yan Pan. Email: 15111520019@fudan.edu.cn
Received: 08 October 2024; Accepted: 25 December 2024; Published: 31 March 2025

ABSTRACT: Z-DNA binding protein 1 (ZBP1) has emerged as a critical player in cancer biology, functioning as a
cytosolic nucleic acid sensor that triggers PANoptosis, a form of programmed cell death that integrates pyroptosis,
apoptosis, and necroptosis. Although ZBP1 was initially recognized for its role in antiviral defense, recent research
has highlighted its importance in the tumor microenvironment (TME), where it is essential for suppressing tumor
growth and proliferation. This review explores the multifaceted role of ZBP1 in various cancer types, emphasizing its
ability to detect Z-nucleic acids and double-stranded RNAs, leading to the initiation of PANoptosis through receptor-
interacting protein homotypic interaction motif (RHIM)-dependent interactions. However, the antitumor potential of
ZBP1 involves adenosine deaminase RNA specific 1 (ADAR1), particularly its ADAR1-P150 isoform (150 kDa), which
inhibits ZBP1-mediated cell death, thereby promoting tumor progression. This has spurred interest in the development
of ADAR1 inhibitors and combination therapies with US Food and Drug Administration (FDA)-approved agents
such as interferon-α (IFN-α) to increase ZBP1 activity. Promising studies have demonstrated that ZBP1 regulation
can significantly impact tumor suppression, particularly in necrotic tumors, where its expression is correlated with
reduced tumor growth. Furthermore, oligomerization of telomeric repeat-containing RNA (TERRA)-bound ZBP1
on the mitochondrial membrane has been linked to mitochondrial antiviral signaling (MAVS)-induced interferon
responses, adding another layer to the tumor-suppressive functions of ZBP1. Clinical investigations into nuclear export
inhibitors (NEIs) such as KPT-330 and KPT-8602, in combination with IFN therapy, have shown potential in harnessing
ZBP1 to induce PANoptosis and suppress tumor growth. Additionally, the small molecule curaxin CBL0137 has been
identified as a promising agent for reversing immune checkpoint blockade (ICB) resistance by inducing Z-DNA (Z form
DNA) formation and ZBP1-mediated necroptosis in tumor fibroblasts. This review consolidates recent advancements
in ZBP1 research, highlighting its therapeutic potential as a target for cancer treatment and its promising role in
overcoming resistance to existing therapies.
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1 Introduction
Z-nucleic acid-binding protein 1 (ZBP1, also known as DAI or DLM-1) is a cytosolic sensor of DNA

and RNA that plays a crucial role in the innate immune response by inducing ZBP1-dependent cell death [1].
This activation typically occurs through the recognition of double-stranded Z-form nucleic acids (Z-NAs)
or Z-RNA/DNA structures [2]. ZBP1 is not only an interferon (IFN)—inducible protein but also a receptor-
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interacting protein homotypic interaction motif (RHIM) domain-containing protein [3]. Key molecules
such as receptor-interacting kinase protein 1/3 (RIPK1/3) are integral to the regulation of apoptosis and
necroptosis via caspase-8 (CASP8) [4] and mixed lineage kinase domain-like (MLKL) protein-mediated cell
death [1]. The two functional domains at the N-terminus of ZBP1, zα1, and zα2 [5], recognize and bind to
Z-Nas [6], triggering a cascade of immune responses. When double-stranded RNAs (dsRNAs) accumulate in
the cytoplasm, ZBP1 is upregulated, inducing cell death through the binding of zα1/2 with these endogenous
ligands (Z-form dsRNAs) [7]. Once binding occurs the interaction between the RHIM-domain of ZBP1 and
the RHIM domain of RIPK3 starts the signaling cascade of CASP8-apoptosis, pyroptosis through gasdermin
D (GSDMD) cleavage, and RIPK3-MLKL induced necroptosis [8,9]. The C-terminal domain of ZBP1 is
involved in signal transduction, interacting with factors such as interferon regulatory factor 3 (IRF3) and
TANK-binding kinase 1 (TBK1) to induce immune responses, particularly type I IFN responses mediated by
the cyclic guanosine monophosphate/adenosine monophosphate synthase (cGAS) pathway [10,11].

Initially named DLM-1 due to its upregulation of IFN-γ-inducible genes within activated macrophages
and the tumor stroma, the protein was later renamed ZBP1 after its Zα domain was found to be conserved
across humans and other vertebrates, and its ability to bind Z-NAs was confirmed [2,5,8,12]. Endoge-
nous nucleic acids can activate ZBP1, as evidenced by necroptosis through RIPK3-MLKL observed in
RIPK1-deficient cells following IFN treatment and ZBP1 upregulation [3]. Jiao et al. reported that RHIM-
mutated mice (Ripk1mR/mR), along with epithelial-specific Fas-associated death domain (FADD)-deficient
(FADDIEC-KO) and epidermis-specific RIPK1-deficient (RIPK1E-KO) mice, experienced ZBP1-induced
perinatal lethality due to Zα domain sensing of endogenous ligands [13]. Furthermore, the researchers have
reported that dsRNAs derived from endogenous retroelements (EREs) could also prompt ZBP1 activation;
hence, these ERE-derived dsRNAs may be treated as zα ligands. Interestingly, the RHIM of RIPK1 is deemed
vital during development since it restricts the RHIM of ZBP1 from activating RIPK3-MLKL-dependent
necroptosis [14]. However, the absence of RIPK1 may lead to RIPK3 activation via ZBP1, which is also
critical for the survival of intercrossed RIPK1, CASP8, ZBP1, and Toll/interleukin 1 (IL-1) receptor (TIR)
domain-containing adapter-inducing IFN-β (TRIF)-deficient mice [14].

The role of ZBP1 in various diseases has become more apparent since its discovery. In pulmonary
infections, particularly with influenza A virus (IAV), ZBP1 has been identified as an innate sensor of Z-form
dsRNAs. Studies have shown that ZBP1 can sense IAV RNA and initiate cell death, altering its characterization
as a “cytosolic DNA sensor” and suggesting its broader role in sensing endogenous nucleic acids [15]. This led
to a reevaluation of the role of ZBP1 in promoting cell death via RIPK1-RIPK3-MLKL necroptosis, nucleotide-
binding oligomerization domain (NOD)-, leucine rich repeat (LRR)- and pyrin domain-containing protein
3 (NLRP3) inflammasome regulation, caspase cascade, and pyroptosis. These mentioned cell death signaling
pathways are known to be instigated by ZBP1 in response to IAV infection [16]. Furthermore, Zα2 is crucial
for the activation of programmed cell death, as the Z-RNA of IAV is sensed by this domain and colocalized
in the nucleus [17]. Similarly, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the cause of
coronavirus disease 2019 (COVID-19), induces increased Z-RNA production and necroptosis through the
ZBP1-RIPK3 pathway. Studies in ZBP1-/- and RIPK3-/- mice infected with SARS-CoV-2 revealed reduced
levels of proinflammatory cytokines and chemokines and immune cell infiltration, leading to decreased lung
damage [18]. While necessary for viral clearance and attenuation, uncontrolled activation of these pathways
can lead to excessive inflammation and cell damage.
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Although ZBP1 contains a role in tumor growth inhibition, it can intriguingly serve as the backbone
to the IRF3-TBK1 interaction and phosphorylation, which can influence the cell cycle and promote pro-
liferation, as observed in multiple myeloma [19]. However, the ability of ZBP1 to induce programmed cell
death through pyroptosis, necroptosis, and apoptosis has attracted attention in cancer research. TERRA
transcripts have been shown to activate both ZBP1 and the cGAS-stimulator of interferon genes (cGAS-
STING) pathways [20] in a cascade to eliminate tumor progression, which occurs when telomeres in crisis
amplify the two pathways, initiating IFN responses [21]. This makes ZBP1 a promising therapeutic target
in cancer, as modulating its activity could improve patient outcomes. The immune response suppressor
adenosine deaminase RNA specific 1 (ADAR1), specifically ADAR1-p150 binds to Z-NAs since it is the
only known isoform that contains zα domain competing with other zα domain-containing proteins, such
as ZBP1 [22,23]. Several studies have shown that nuclear export inhibitors (NEIs), including KPT-330,
KPT-8602, and leptomycin B, prevent ADAR1-p150 from translocating to the cytosol [24], along with
CBL0137, which induces Z-NA formation hence ZBP1-intigated programmed cell death leading to tumor
regression, and ultimately enhancing the immune checkpoint blockade (ICB) therapy and ameliorate
antitumor immunity [25]. Furthermore, in endoplasmic reticulum (ER) stress or reticulophagy, ZBP1 was
correlated with melanoma prognosis and tumor advancement along with several ER stress biomarkers
associated with survival and progression which give importance to organelle-specific autophagy therapeutic
approach [26]. Given the growing body of research on the involvement of ZBP1 in cancer, this review explores
recent findings and the implications of potential ZBP1-targeting therapies.

2 Immune Response to ZBP1

2.1 The Instigator of Cell Death
ZBP1 induces multiple forms of programmed cell death, including pyroptosis through activation of the

NLRP3 inflammasome; apoptosis through caspase cleavage; and necroptosis through the phosphorylation
of mixed lineage kinase domain-like protein (p-MLKL) [27]. The functional domains of ZBP1, particularly
its Zα1 and Zα2 domains, are essential for recognizing RNAs/DNAs in a Z-conformation. Additionally,
the RHIM domain of ZBP1 enables interactions with other RHIM-containing proteins, such as receptor-
interacting protein kinase 3 (RIPK3), further facilitating these cell death pathways.

The Zα1 and Zα2 domains, located at the N-terminus of ZBP1, are crucial for binding Z-DNA/RNA
as seen in Fig. 1. Upon recognition of Z-RNA/DNA, typically in response to viral infection, cellular stress,
or IFN stimulation the RHIM domain of ZBP1 can broadly instigate the formation of the ZBP1-RIPK3-
RIPK1-CASP8-FADD complex triggering either necroptosis, pyroptosis, or apoptosis and commonly occur
in immune cells (such as macrophage and T cells), fibroblasts and lung epithelial cells [34,35]. TRIF is
another RHIM domain-containing toll-like receptor (TLR) adapter protein that acts as a docking station,
much like ZBP1, for RIPK3-induced MLKL phosphorylation and oligomerization [36]. Surprisingly ZBP1
supports nucleation of TRIF-RIPK1 and TLR downstream cell death suggesting the interplay between both
inflammatory responses [37]. Although RIPK1’s RHIM counteracts ZBP1-mediated cell death according to
genetically engineered mouse studies, its kinase activity is needed in RIPK3 activation mediated by ZBP1
and TRIF [38,39]. Typically, the absence of both CASP8 and FADD leads to lethality caused by ZBP1- and
TRIF-mediated necroptosis [40]. CASP8 plays a pivotal role in both pyroptosis and apoptosis, as it is involved
in the cleavage of GSDM family proteins, particularly GSDMC, and acts as a caspase initiator in extrinsic
apoptosis [29,31]. Additionally, CASP8 binds to NLRP3, forming the NLRP3-ASC-CASP1 complex [30]. This
signaling scaffold enhances GSDM cleavage and activates proinflammatory cytokines, leading to pyroptosis.
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Figure 1: Signaling pathway of ZBP1-dependent cell death. Z-NAs typically from viral infections are recognized by the
Zα domains of ZBP1, which has a specific binding affinity for Zα2. Upon binding, the RHIM domain of ZBP1 interacts
with other RHIM-containing kinases, such as RIPK3, leading to the formation of the ZBP1-RIPK3-RIPK1-CASP8-
FADD complex [28]. If CASP8 is inhibited, this complex initiates necroptosis through the activation of RIPK3 and
p-MLKL [29]. Conversely, if CASP8 is active, it drives apoptosis via the cleavage of CASP3/7 [30,31]. Additionally, the
formation of this complex leads to the activation of the NLRP3 inflammasome, which contains CASP1. CASP1 cleaves
GSDMD into its N-terminal (N-GSDMD) and C-terminal (C-GSDMD) domains, where N-GSDMD forms pores in
the cell membrane, triggering pyroptosis [32]. CASP1 also processes proinflammatory cytokines, such as interleukins
(IL-1β, IL-6, and IL-18), into their active forms. Furthermore, CASP8 from the apoptotic pathway can directly cleave
GSDMD, illustrating the interconnected nature of ZBP1-mediated cell death pathways [33]. Abbreviations: RHIM,
receptor-interacting protein (RIP) homotypic interaction motif; CAS8, caspase 8; CAS3/7, caspase 3/7; CAS1, caspase
1; GSDMD, gasdermin D; IL-1β/6/18, interleukin 1β/6/18; MLKL/pMLKL, (phosphorylated) mixed lineage kinase
domain-like protein; FADD, Fas-associated death domain; NLRP3, NOD-, LRR- and pyrin domain-containing protein
3 inflammasome; ASC, apoptosis-associated speck-like protein containing a caspase recruitment domain (CARD).
Illustration: Adobe Photoshop v.24.0.0

The release of inflammatory cytokines represented as orange and yellow dots in Fig. 1, such as interleukin
1β (IL-1β), interleukin 6 (IL-6), interleukin 18 (IL-18), tumor necrosis factor-α (TNF-α), and IFNs, can
exacerbate cell and tissue damage, particularly during a cytokine storm caused by excessive cell death and
inflammation [41]. TNF-α can bind to TNF receptor 1 (TNFR1) which initiates the non-cannon RIPK1-
dependent necroptosis, RIPK1 kinase can directly phosphorylate RIPK3, which then activates p-MLKL and
oligomerisation, alternatively, RIPK3 can directly phosphorylate MLKL [42]. Although these pathways are
crucial for the host’s defense against infections, their dysregulation can become detrimental. However, ZBP1-
dependent pyroptosis, apoptosis, and necroptosis (PANoptosis) have been shown to limit tumorigenesis
in certain cancer types. A recent study by Wang and research partners reported a long non-coding RNA
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(lncRNA)-microRNA (miRNA)-mRNA regulatory axis related to necroptosis (RP11-138A9.1/hsa-miR-98-
5p/ZBP1 axis) was linked to the immunogenic process in periodontitis where ZBP1 mechanistically modulate
the necroptotic cell death in which could play a role in tumor repression [43]. ZBP1 is often highly expressed
in advanced necrotic tumor cells, yet similar zα domain-containing proteins, such as ADAR1, rival ZBP1
in inhibiting tumor growth and targeting these proteins can enhance this efficiency, implicating ZBP1 as a
therapeutic target for antitumor treatments and ICB therapy responsiveness [44]. Nonetheless, the rising
concerns regarding ZBP1’s mechanism in the tumor environment exist.

2.2 ADAR1

Three identified mammalian ADAR enzymes contain a deaminase domain that catalyzes the conversion
of adenosine to inosine (A-to-I), a common post-transcriptional RNA modification [45]. These ADAR
family members carry dsRNA binding domains albeit ADAR2 and ADAR3 contain two, ADAR1 and its
isoforms, ADAR1-p150 and p110, hold three [46]. Both isoforms contain nuclear localization signal and
zβ yet only ADAR1-p150 has the Z-NA-binding zα domain promoting A-to-I editing of Alu elements,
and nuclear export signal aiding in translocation between the nucleus and cytoplasm, p110, however, stays
cytoplasmic [47]. ADAR1-p150 can use its zα to interact and bind to ZBP1’s zα domain thus suppressing ZBP1-
RIPK3 interactions [44]. Apart from ZBP1, ADAR1 competes with other zα domain-containing proteins such
as E3L and PKZ of Z-NA binding, all of which have significance in pathogen interaction and localization
in stress granules [48]. ADAR1 knockout studies, particularly ADAR1-p150, caused embryonic death and
lethality, increased the melanoma differentiation-associated protein 5- (MDA5) and dsRNA-dependent
protein kinase- (PKR) type I IFN response, and unprompted ZBP1 activation, revealing its importance in
innate immunity [49,50]. However, overexpression and activity of ADAR1 have been implicated in numerous
cancer types, breast cancer, lung adenocarcinoma, and hepatocellular carcinoma to name a few, acting as a
negative regulator of IFN responses [51]. Researchers have stated that ADAR1 suppresses the accumulation of
Z-RNA, which is needed in ZBP1-dependent death and type I IFN response of tumor cells [23], consequently
leading to ICB resistance, nevertheless, the use of curaxins and exportins proved efficient in overcoming
this blockade [52]. In a study by Kulkarni and colleagues, AVA-ADR-001, a potent ADAR1-p150 inhibitor
through binding with the zα domain, combined with an anti-PD1 antibody caused a tumor growth inhibition
of 56% compared to the 33% of the anti-PD1 control group along with an increase in MDA5-induced IFN
response in b16f10 melanoma mouse model, additionally a tumor weight reduction of 70% was noted [53].
Earlier this year a Proteolysis-Targeting Chimera (PROTAC) [54] AVA-ADR-703 small molecule inhibitor
has been discovered as another ADAR1-p150 degrader with efficient selectivity [55]. With the discovery of
these molecules that indirectly assist ZBP1-driven cell death and IFN responses through inhibition of p150,
ADAR1 can pose a therapeutic target for ICB challenges.

3 Role of ZBP1 in Different Types of Cancer

3.1 Overview

The tumor microenvironment (TME) often experiences conditions such as glucose deprivation and
mitochondrial DNA (mtDNA) released into the cytoplasm where it interacts with ZBP1 and activates a
downstream signaling pathway that promotes programmed cell death and enhances inflammatory responses.

Consequently, ZBP1 comes with downsides (Fig. 2) as it can promote tumor progression, and metastasis
due to tumor necroptosis, and worsen IFN-based treatments during lung or bacterial infection in the lungs.
These advantages and disadvantages will be further elaborated according to the cancer types.
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3.2 ZBP1 in Breast Cancer
Pyroptosis plays a crucial role in the development, progression, and prognosis of breast cancer. Research

has shown that ZBP1 is not expressed in normal cells but is upregulated in later stages of breast cancer and that
glucose deprivation leads to mtDNA damage which binds to ZBP1 triggering MLKL necroptosis [56]. These
findings suggest that increasing ZBP1 levels can promote pyroptosis, thereby inhibiting the proliferation of
cancer cells. ZBP1 activation also regulates the localization of β-actin and E-cadherin mRNAs at cell-cell
contacts in T47DHBCC, which inhibits the chemotaxis and metastasis of these cells (Fig. 2, left panel) [57].
Huang et al. reported that high ZBP1 expression was associated with a better prognosis in TNBC patients
with brain metastasis (Fig. 2, left panel) [58]. While RIPK1 was initially considered a key player in tumor
necroptosis, recent studies have shown that ZBP1 and RIPK3 levels are increased during necrotic tumorige-
nesis. In recurrent breast cancer, high RIPK3 expression makes cells vulnerable to death through cysteine
deprivation, despite RIPK3 promoter methylation, which silences its expression in primary cancer cells [59]
while inhibition of G9a using BIX-01294 promotes necroptotic genes such as TNF and ZBP1 [60]. Deletion
of ZBP1 however inhibits lung metastasis of the MVT-1 (derived from MMTV-c-Myc/Vegf tumors) breast
cancer model, blocks tumor necrosis during development, and increases cleaved-CASP3 (apoptosis) [61].
It should be pointed out that MVT-1 breast cancer inherently induces lung metastasis [62] and Liu et al.
researchers found that MLKL deletion also reduced this metastasis concluding that tumor necrosis can
consequently induce cancer migration (Fig. 2, right panel) [63]. Since ZBP1 can instigate necroptosis as
shown in Fig. 1 and based on the studies mentioned, this Z-NA sensor can be marked as a “double-edged
sword” making limitations and further study of ZBP1 in cancer treatment necessary.

3.3 ZBP1 in Ovarian Cancer
Pyroptosis is also linked to ovarian cancer. The GSDM family, which is associated with pyroptosis,

is significantly different in ovarian cancer cells compared with normal cells. For example, GSDM-B is
upregulated in ovarian cancer but is unchanged in advanced stages; GSDM-C and GSDM-D are expressed,
while GSDM-E negatively correlates with GSDMA-D, which is regulated by the caspase family [64]. Wu et al.
reported that pyroptosis-related lncRNAs, including GSDM-C, NLRP9, GSDM-A, absent in melanoma 2
(AIM2), and IL-1β, were upregulated in ovarian cancer patients [65]. Additionally, the lncRNA GAS5 (growth
arrest-specific 5) induces pyroptosis in ovarian cancer [66], whereas HOXA transcript at the distal tip
(HOTTIP) upregulation and GAS5 inhibition increases NLRP1 inflammasome formation [67,68]. Fisetin-
induced necroptosis in ovarian cancer is mediated by ZBP1 and involves the RIP3/MLKL pathway [69],
whereas Zhang and colleagues reported that high ZBP1 expression increases survival rates in ovarian cancer
patients and is associated with several antitumor pathways, including the TLR, NOD-like receptor (NLR),
TNF, and programmed cell death protein-1 (PD-1) checkpoint pathways [70].

3.4 ZBP1 in Multiple Myeloma
Unlike in breast cancer, ZBP1 is expressed in both myeloma and normal plasma cells (PCs), as well

as in late germinal center B cells. ZBP1 interacts with IRF3 and TBK1, which bind and activate cell cycle
genes, promoting myeloma cell proliferation [8,19] In early-stage myeloma, an active type I IFN response
restrains PC proliferation but sustains ZBP1 expression, which has a limited pro-proliferative function.
In advanced multiple myeloma, ZBP1 activation plays a major role in cell proliferation. Ponnusamy and
colleagues reported that isoform 1 (ZBP1 containing both Zα1 and Zα2 domains) and isoform 2 (lacking the
Zα1 domain) are toxic to certain multiple myeloma cell lines, suggesting that isoform 1 is vital for myeloma
cell survival [19]. Paradoxically ZBP1 acts as an “anchor” to both IRF3 and TBK1, leading to TBK1-dependent
IRF3 phosphorylation, which regulates the myeloma cell cycle by activating genes such as early 2 factor 1
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(E2F1), early 2 factor 2 (E2F2), Aurora B kinase (AURKB), cyclin E1 (CCNE1), and proliferation marker Ki-67
(MKI67), the authors then stated that cell cycle arrest of myeloma cells occurred when TBK1 depleted and
that loss of ZBP1 reduced the IRF3-TBK1 phosphorylation. Therefore, limiting the ZBP1-IRF3 interaction
could feasibly provide a therapeutic approach in multiple myeloma.

Figure 2: Advantages (left panel) and disadvantages (right panel) of increased ZBP1 activation and expression in
certain cancer types. Abbreviations: T47DHBCC, T47D human breast cancer cell; TNBC, triple-negative breast cancer.
Illustration: Adobe Photoshop v.24.0.0

3.5 ZBP1 in Lung Cancer
In the TME, where tumor invasion and proliferation are promoted, lung carcinoma metastasis pro-

gresses through several mechanisms. The release of elevated inflammatory effectors, including IL-6 and
IL-22, and a decrease in E-cadherin lead to metastatic lesion development and tumor proliferation. IL-6
activates signal transducer and activator of transcription 1 (STAT1)/activator of transcription 1-zinc finger
E-box-binding homeobox 2 antisense RNA1 (ZEB2-AS1), inducing cluster of differentiation 133+ (CD133+)
cell self-renewal, whereas IL-22 enhances the phosphoinositide 3-kinase/protein kinase B/mammalian target
of rapamycin (PI3K-PKB-mTOR) signaling pathway, promoting cell cycle progression [71]. Interestingly
ADAR1 expression was highly seen in later stages of lung adenocarcinoma patients and proneness to lymph
node metastasis, moreover ADAR1 had higher expression in CD8+ T cells, CD4+ memory T cells, M0, and
M1 macrophages in tumor tissues marking its relation in TME [72]. ZBP1 also enhances M1 macrophage
polarization in lung adenocarcinoma, preventing tumor growth. M1 macrophages aid in tumor suppression
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during early stages, but in later stages, the TME and cg09897064 methylation (ZBP1 inhibition) can
increase M2 macrophage levels [73]. Alluding to ADAR1’s capability in attenuating ZBP1-induced type I IFN
response [74], IFN therapies could aggravate SARS-CoV-2 infection [75]. During lung injury caused by viral
infection, ZBP1 can exacerbate lung inflammation and the COVID-19 pandemic revealed that SARS-CoV-2
generates large amounts of Z-RNAs and activation of type I and III IFN responses promoting ZBP1-mediated
cell death [76]. To add further, free fatty acid uptake by CD36 leads to increased ZBP1-mediated necroptosis
potentiating lung epithelial injury in chronic obstructive pulmonary disease (COPD) [34]. These studies
underscore the importance of maintaining ZBP1 expression throughout lung cancer progression and to
impede IFN-based treatment during infectious diseases.

3.6 ZBP1 in Other Types of Cancer
In colorectal cancer, ZBP1 restricts tumorigenesis through Z-NA-dependent cell death, similar to its

role in melanoma [77]. While ZBP1-driven cell death signaling is necessary to suppress tumor development,
it can paradoxically trigger inflammation and release growth factors such as epidermal growth factor (EGF),
TGF-β, and fibroblast growth factor (FGF), potentially promoting tumor invasion and metastasis [78,79].
Recent studies reported that CBL0137 directly induces Z-DNA formation, promoting ZBP1 activity in mouse
melanoma models, whereas ADAR1 is needed to prevent severe ZBP1-driven cell death. Zhang et al. reported
that ADAR1 depletion induces significant ZBP1-dependent cell death in mouse embryonic fibroblasts,
suggesting that ADAR1 and its isoform, ADAR p150, are crucial for controlling tumor progression [52]. In
cancer-associated fibroblasts (CAFs), CBL0137 potentially induces ZBP1-initiated necroptosis through Z-
DNA formation, which can aid in antitumor responses and potentially reverse resistance to ICB therapy [52].
Patients with head and neck squamous cell carcinoma (HNSCC) displayed high expression of ZBP1 in tumor
tissues compared with normal tissues alongside increased immune cell infiltration (having a high relation
with T cell activation), immune checkpoints, and better survival probability [80]. In esophageal cancer
(ESCA) however, in vitro experiments showed that ZBP1 was highly correlated with ESCA proliferation and
migration, additionally, a high expression of ZBP1 also revealed ESCA invasion in KYSE-150 and KYSE-30
cells (human ESCA cell lines) [81]. TERRA, an evolutionarily conserved group of sequences expressed at
various human chromosomal ends, was found to activate cGAS-STING-induced ZBP1 isoforms [21]. TERRA
accumulation during the G1/S cell cycle transition can lead to telomere instability and DNA damage [82,83].
These maladjusted telomeres synthesize TERRA transcripts, which are taken up by human spliced ZBP1-
S (lacking Zα1), initiating MAVS-induced type I IFN responses [84,85]. Moreover the immunosuppressive
TME can inhibit T cell activation and function, IFN response potentiated by herpes simplex virus-based
oncolytic viruses (oHSVs) in combination with Fusobacterium nucleatum outer membrane vesicle can
instigate the ZBP1-mediated PANoptosis induction in tumor cells and increased the expression of PD-L1 and
cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) as well as CD8+ T cell infiltration further solidifying
ZBP1’s role in immune checkpoint inhibitor immunotherapy [86].

4 Pharmaceutical Development in Aiding ZBP1 as a Potential Treatment for Cancer

4.1 CBL0137
Curaxin CBL0137 [1,1′-(9-(2-(isopropylamino)ethyl)-9H-carbazole-3,6-diyl) bis(ethan-1-one)] is a

compound that intercalates with DNA, thereby inhibiting the binding of histones and DNA. CBL0137
transforms B-form DNA to Z-form DNA (Fig. 3) that can be recognized by ZBP1 to induce necroptosis
which inhibits tumor growth and metastasis as seen in dying tumor stromal fibroblasts with anti-PD1
treatment [87]. This leads to the activation of p53, an IFN response, and the regulation of the nuclear
factor kappa-light-chain enhancer of activated B cells (NF-κB) pathway by targeting the facilitates chromatin
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transcription (FACT) complex. Additionally, CBL0137 can inhibit cancer stem cells by targeting the Notch
receptor 1 (NOTCH1) signaling pathway, resulting in antitumor activity in various cancers, such as glioblas-
toma, small-cell lung cancer, and melanoma [88,89]. CBL0137 has emerged as a promising drug for treating
multiple cancer types and is currently under phase I/II clinical trials.

Figure 3: The small molecule CBL0137 promotes B-to-Z DNA inside the nucleus [87]. The Z-DNA is then recognized
by ZBP1’s zα domain initiates ZBP1-RIPK3 interaction, RIPK3 then phosphorylates MLKL (indicated as a red circle
with P) which translocates to the nuclear envelope ultimately leading to nuclear necroptosis, envelope disruption, and
plasma membrane necroptosis [25]. Illustration: Adobe Photoshop v.24.0.0

In 2020, Sarantopoulos and fellow researchers reported the phase I trial of CBL0137’s efficacy in
advanced solid tumor patients in which tumor regression for different types of cancer ranges from 10% to
22% [90]. A preclinical mouse model of medulloblastoma revealed that CBL0137’s combination with cis-
platin, a chemotherapy drug, has greatly reduced tumor growth and volume and that medulloblastoma cells
treated with CBL0137 alone inhibited the FACT complex and sensitized to radiation and chemotherapy [91].
On the other hand, CBL0137 showed signs of cytotoxicity in human AML and multiple myeloma cell lines
and activated p53 reducing the expression of epidermal growth factor receptor (EGFR) [92]. Li and colleagues
demonstrated that CBL0137 can induce necroptosis when apoptosis is inhibited, which is important for
overcoming drug resistance in cancers where apoptosis is impaired. CBL0137 has been shown to induce
Z-DNA formation and upregulate ZBP1 and ADAR1 expression in HepG2 cells while also promoting the
expression of the RIPK1-RIPK3-MLKL necroptotic cell death markers [25]. Furthermore, a combination of
CBL0137 and an anti-PD-1 antibody enhanced the recruitment of CD3+CD8+ T cells via ZBP1-dependent
necroptosis, but this effect was not detected in Zbp1−/− mice and that injection of CBL0137 alone in B16-
F10 melanoma instigated the rampant formation of Z-DNA at the site of injection [52]. In cervical cancer
cells (CaSki), CBL0137 inhibits DNA methylation, one of the main factors for cancerous tumors caused by
epigenetic changes, by suppressing the activity of the methylation-related enzymes DNA methyltransferase
1 (DNMT1) and DNA methyltransferase 3A (DNMT3A), while inhibiting the Bromodomain and Extra-
Terminal Domain (BET) protein family [93]. Additionally, CBL0137 has been shown to block FACT in
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ovarian cancer cells, leading to the inhibition of nuclear factor erythroid 2-related factor 2 (NRF2)-mediated
transcription of antioxidant genes. This inhibition causes the release of reactive oxygen species and triggers
pyroptosis [94]. However, recent studies have highlighted the potential adverse effects of CBL0137, including
systemic inflammatory responses, liver damage, and renal dysfunction in mice, although dose-dependent
manner and patient supervision might counter these adverse effects [25,90].

4.2 Combination of Vinca Alkaloids and IFN Therapy
Vinca alkaloids are widely used chemotherapy drugs that inhibit cell mitosis and cause cell cycle

arrest [95,96]. These compounds, including vinblastine (VBL), vinorelbine (VRL), and vincristine (VCR),
disrupt microtubule function by binding to the β-subunit of tubulin dimers, thereby preventing the assembly
of microtubules [97].

In addition to their cytotoxic effects, Vinca alkaloids have been studied in combination with IFN
therapy. IFN has been shown to upregulate ZBP1 levels, inducing apoptosis and necroptosis. Frank et al.
reported that combining Vinca alkaloids with IFN enhances cell death, with VRL and IFN-β being the most
effective combination observed in mouse embryonic fibroblasts (MEFs) and HT29 cells (human colorectal
adenocarcinoma cell line) [98]. Additionally, VRL and IFN α2c have shown promising results in increasing
survival rates in patients with metastatic renal cell carcinoma, which is consistent with the results of VRL
and IFN α treatment [99].

4.3 ADAR1 and NEIs
ADAR1-p150, a subtype of ADAR1, binds to ZBP1 to prevent its interaction with RIPK3 and inhibits

PANoptosis, making it a key target for therapeutic intervention. NEIs have been identified as potential rivals
to ADAR1-p150, preventing its export from the nucleus and thus inhibiting its interaction with ZBP1 [24,100].
ADAR1-p150 is exported to the cytosol by binding with the nuclear export protein exportin 1 (XPO1). Once in
the cytosol, it binds with several zα-containing domains such as ZBP1 thus limiting ZBP1-induced cell death.
NEIs, by competing with ADAR1-p150 for XPO1 binding, keep ADAR1-p150 within the nucleus preventing
its zα domain from binding with Z-NAs [24]. As a selective inhibitor of nuclear export (SINE), KPT-330
explicitly targets XPO1 through irreversible binding to its nuclear export groove blocking their cargo export,
including ADAR-p150, from transporting from the nucleus to the cytoplasm as seen in Fig. 4 [101–103]. This
binding and export blockage can retain p53 and p21 tumor suppressor proteins within the nucleus as seen in
cutaneous T-cell lymphoma [103]. Recent studies have successfully combined the NEI KPT-330 (Selinexor)
with IFN in melanoma models to reduce tumor volume. Both IFN-β and IFN-γ potentiate the cleavage of
several cell death factors (CASP8 & RIPK3) induced by KPT-330, initiating PANoptosis in melanoma and
colorectal cancer [24].

However, KPT-330 may have adverse effects at higher doses such as gastrointestinal toxicities and
varying side effects including nausea, vomiting, diarrhea, and fatigue in metastatic colorectal cancer
patients hence the maximum tolerated dose was established at 30 mg/m2 in the clinical phase II study of
KPT-330 in castration-resistant prostate cancer patients [104]. This led to the development of KPT-8602
(Eltanexor), a modified version that cannot penetrate the blood-brain barrier, thus allowing for higher, safer
dosages [24,44,105]. KPT-8602 has been shown to bind directly to the cysteine 528 residue of XPO1, inhibiting
its export function. Wang and colleagues reported that the combination of KPT-8602 and sorafenib (a
tyrosine kinase inhibitor) inhibited tumor growth, particularly in cases where sorafenib alone could not
overcome hepatocellular carcinoma resistance [106]. This combination therapy presents a promising strategy
for suppressing the antagonistic role of ADAR1-p150 in ZBP1-induced cell death.
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Figure 4: ADAR1-p150 translocates to the cytoplasm as an XPO1 cargo using the nuclear pores, both ADAR1-p150’s
and ZBP1’s zα then interact limiting the ZBP1-RIPK3 interaction and preventing cell death [44]. NEIs such as KPT-330
and KPT-8602 bind to XPO1 and reduce ADAR1-p150-XPO1 interaction thus inhibiting the release of ADAR1-p150 in
the cytoplasm [24]. Illustration: Adobe Photoshop v.24.0.0

5 Conclusion and Promising Remarks
ZBP1, a cytosolic nucleic acid sensor that induces cell death, plays a crucial role as an initiator of

PANoptosis, which is essential for controlling and combating certain NA viruses. Although ZBP1 was initially
considered an IFN-inducible protein, recent studies have highlighted the significant role of ZBP1 in TME
and its necessity in eliminating tumor cells. The recognition of Z-NAs through its zα domain drives ZBP1 to
trigger PANoptosis by binding its RHIM domain with other RHIM-containing molecules, thereby inhibiting
tumor growth and proliferation [9]. However, another zα-ligand-containing protein, ADAR1—particularly
its ADAR1-p150 subtype—interferes with this binding, obstructing ZBP1-dependent cell death activation and
contributing to tumor progression [7].

This challenge has spurred researchers to explore potential ADAR1 inhibitors or combination therapies
with other targets, such as the FDA-approved IFN-α. This review discusses recent advances and novel
therapeutic strategies involving ZBP1 and its role in various cancer types. A promising study by Nassour and
colleagues proposed that the oligomerization of TERRA-bound ZBP1 on the mitochondrial membrane could
initiate MAVS-induced IFN responses, reinforcing the role of ZBP1 in tumor suppression [21]. Similarly,
Karki and Kanneganti suggested a strategy in which ADAR1, particularly the ADAR1-P150 subtype, is
targeted by inhibiting its cytosolic activity [100]. While this approach could be a valuable checkpoint in
cancer treatment, excessive ZBP1 activation could be detrimental in inflammatory diseases. Clinical studies
of NEIs, such as KPT-330 and KPT-8602, are ongoing, with KPT-8602 showing greater promise [24,44].
The combination of these NEIs with IFN therapy has demonstrated potential in suppressing tumor growth
and mechanistically supporting ZBP1-initiated PANoptosis [44]. Additionally, the role of ADAR1 in ICB
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treatment resistance has been investigated by Zhang and colleagues. They reported that CBL0137, a small
curaxin molecule, could induce Z-DNA formation and reverse ICB resistance through ZBP1-mediated
necroptosis in tumor fibroblasts [52]. These promising results highlight the potential therapeutic targets of
ZBP1 regulation in future studies and cancer therapies.

Limitations

Although these promising approaches aid ZBP1 in reducing tumor growth, knockout models of ZBP1 in
myeloma cells linked its role in cell cycle gene promotion and proliferation, acting as a hub for IRF3 and TBK1
activation [19]. Therefore, studies regarding IRF3 and TBK1 might be useful in enhancing ZBP1’s anti-tumor
capability, including the inhibitor of DNA binding protein 2 (ID2) that interferes with IRF3 activation [107],
TBK1 inhibitor BX-795 with antiviral effects [108], and the novel LIB3S0280 that reduced cell growth and
proliferation in pancreatic ductal adenocarcinoma [109]. Tumor necrosis was considerably decreased in ZBP1
knockout tumors and increased apoptosis in breast cancer lines. This led to the conclusion that ZBP1, and
its zα domain, mediates necroptosis in the TME instead of RIPK1. On top of that, this cell death presumably
enhances metastasis, and TME adaptation, and promotes neoplasm dispersion [61,110]. The investigation by
Liao’s team found that necroptosis mediated by MLKL stimulates the CD47 signal (prevents phagocytosis
and is highly expressed in the TME) and attracts tumor-associated macrophages that secrete macrophage
extracellular traps (MET), forming CXCL8 and contributing to pro-metastatic extracellular matrix (ECM)
degradation in pancreatic ductal adenocarcinoma with liver metastasis [111]. Furthermore, the authors
highlighted that GW806742X (MLKL inhibitor) and the anti-CD47 therapeutic combination could prove
useful in cancer treatment [111,112]. The mentioned inhibitors might curb the challenges about ZBP1’s tumor-
promoting tendencies thus further studies are necessary. The heterogeneity of these occurrences in different
tumor types raised concerns about the reliability of ZBP1 as a universal biomarker for treatment efficacy
across diverse cancer populations. Moreover, the complexity of ZBP1’s interactions with other signaling
pathways poses another constraint. The presence of immune checkpoint inhibitors and the TME can both
alter its involvement in modulating immunological responses. These interactions may lead to unpredictable
outcomes when targeting ZBP1 in combination with other therapies. Therefore, while targeting ZBP1 holds
the potential to improve anti-tumor immunity and promote cancer cell death, addressing these limitations
is crucial for developing safe and effective cancer therapeutics.
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