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Recent research has identified ZNFX1 as a critical modulator of the innate immune response. Individuals with loss of function mutations in ZNFX1 have chronic inflammation and increased susceptibility to various pathogens. Several potential functions of ZNFX1 have been proposed, including binding double-stranded RNA to activate antiviral innate immunity, inhibiting the NLRP3 inflammasome, and regulating the stability of host mRNAs. Notably, homologs of ZNFX1 are implicated in innate immunity across a wide range of species, including contributing to transgenerational epigenetic inheritance of small RNA-based defense in C. elegans. In this review, we discuss the significance of ZNFX1 and explore the potential underlying mechanisms that govern its diverse functions.




Keywords: ZNFX1, innate immunity, chronic inflammation, antiviral response, RNA helicase, zinc finger protein, NLRP3 inflammasome




1 ZNFX1 is a regulator of innate immunity

Humans encounter millions of infectious agents every day, and the innate immune response forms the first line of host defense against a variety of pathogens in our surrounding environment. The innate immune responses does not target specific infectious agents, rather it uses an arsenal of cell surface, endosomal and cytoplasmic receptors to recognize conserved features on pathogens that are generally absent in a healthy host. For example, toll-like receptors recognize pathogen-associated molecular patterns including lipopolysaccharide, peptidoglycan and bacterial flagella, while RNA helicases such as MDA5 and LGP2 detect cytoplasmic double-stranded RNAs. Together, these conserved sensors activate downstream interferon signaling to mount a more robust immune response to fight infection, to warn neighboring uninfected cells, and to activate the adaptive immune response. However, hyperactivation of host immunity is undesirable, especially when the initial infection has been contained. An overactive innate immune system can lead to persistent inflammation and tissue damage that can result in high morbidity and mortality. Proper regulation of the innate immune responses is therefore critical to balance inflammatory signals and maintain normal cellular homeostasis.

In recent years, an understudied protein known as NFX-1 type zinc finger-containing protein 1 (ZNFX1) has been implicated as an important immunomodulator of the innate immune system. ZNFX1 deficiency is an autosomal recessive disorder. To date, all patients have carried either homozygous or trans compound heterozygous pathogenic variants of the ZNFX1 gene, leading to a loss of ZNFX1 expression (1). Individuals with ZNFX1 deficiency suffer from altered immune regulation. Such patients have predisposition to viral infections and severe multisystem inflammatory diseases including cytopenia, hepatitis, seizures, renal and lung disease (1–3). These disease manifestations often start early in childhood and exhibit a high mortality rate (1). Recently, ZNFX1 deficiency has also been associated with increased susceptibility to mycobacterial diseases (4, 5).

Mice with Znfx1 deficiency also have aberrant immunoregulation phenotypes. Specifically, in Znfx1-/- C57BL/6J mice infected with Vesicular Stomatitis Virus (VSV) or (M. tuberculosis), pathogen load was elevated by at least 2-fold compared to WT mice (5, 6). In addition, 80% of Znfx1-/- mice infected with VSV demonstrated conjunctivitis one day post infection, and their lungs showed more infiltration by inflammatory cells compared to controls (6). Most strikingly, Znfx1-/- mice showed a significant reduction in overall survival after VSV infection (6) and LPS treatment (7).

Consistent with ZNFX1 contributing to proper regulation of immune responses, ZNFX1 is induced by infections in many species. ZNFX1 expression was upregulated in SARS-CoV-2-infected cynomolgus macaque lungs (8). Chickens treated with double-stranded RNA (dsRNA) poly(I:C) had increased ZNFX1 expression (9). In fish, ZNFX1 transcripts were upregulated in Atlantic cod brains with nodavirus (10) and in grouper fish infected with nervous necrosis virus (11). Intriguingly, bioinformatic analyses identified that the promoter region of ZNFX1 contained binding motifs for proteins involved in Type I interferon (IFN) signaling pathway, such as STAT1/2, IRF1 and IRF9 (6), reinforcing its function in antiviral immunity.

ZNFX1 can also be induced by environmental stress. In salmon after smoltification (12) and in oysters responding to hypoosmotic stress (13), ZNFX1 is shown to be upregulated.

ZNFX1 might be involved in different aspects of immunoregulation throughout the stages of an infection. In the early stages of an infection, ZNFX1 could serve to promote viral clearance. ZNFX1 patient-derived monocytes were shown to be less efficient in clearing virus compared to controls after being subjected to poly(I:C) pre-stimulation and infection with VSV in vitro (1). In addition, transcriptomics of 3044 COVID-19 cases revealed that ZNFX1 expression level had the strongest negative correlation with SARS-CoV-2 viral load (14). At later stages of an infection or when an infection is cleared, ZNFX1 could function to balance inflammatory signals and prevent persistent inflammation. In the peripheral blood of ZNFX1-deficient patients who do not have any known ongoing infections, many interferon-stimulated genes (ISGs) involved in antiviral and PAMP sensing such as OAS1/2, IFIT2/3 and IRF7 were detected at a higher level compared to healthy controls (1). This suggests that either an initial infection is never fully cleared in the absence of ZNFX1 or ZNFX1 deficiency causes dysregulation in the immune response that prevents cells from returning to normal homeostasis after the infection is cleared.

Taken together, the induction of ZNFX1 in response to pathogens, and the loss of proper immunoregulation in ZNFX1-deficient humans and animals, argue that ZNFX1 plays an important function in innate immunity control.



1.1 ZNFX1 and its domains are evolutionarily conserved

Several observations argue that ZNFX1 is a conserved protein constantly under purifying selection. First, sequences with similar protein domain organization to the human ZNFX1 have been found in both vertebrates and invertebrates. Second, ZNFX1 exhibits limited sequence diversity within vertebrates (15). Third, population genetics analyses in humans show that there are no healthy homozygotes found for predicted loss-of-function (LoF) variants of ZNFX1 (gnomAD v2.1.1). Finally, ZNFX1 also has a low Loss-of-function Observed/Expected Upper-bound Fraction (LOEUF) score of 0.25 (gnomAD v2.1.1). Low genetic constraint scores indicate a strong correlation with gene essentiality, with haploinsufficient genes having a natural cut-off at 0.2 (16). Taken together, these observations demonstrate that ZNFX1 is constantly under purifying selection and suggests that it is an evolutionary conserved protein with important cellular function.

The structural features of ZNFX1 offer a hint into its function in immune regulation (Figure 1).




Figure 1 | ZNFX1 protein domains and predicted structure. Diagram of ZNFX1 protein domains, with pathogenic missense mutations highlighted. ZNFX1 structure predicted using AlphaFold3 (37) is shown (predicted template modelling score = 0.54), protein domains are colored corresponding to that in the sequence. Amino acid residues involved in pathogenic missense mutations are displayed in red. Green ball = Mg2+ ion.



In humans, ZNFX1 encodes a 1918 amino acid protein. ZNFX1 is a superfamily (SF) 1 RNA helicase containing an Armadillo-type fold (ARM) domain, a P-loop NTPase domain, six NFX-1 type zinc fingers, a coiled-coil region and a C-terminus RZ-type zinc finger.

Zinc fingers are one of the most abundant protein domains. Given the wide variety of zinc finger types, it is not surprising that zinc finger proteins are implicated in an array of molecular functions that range from transcriptional regulation to protein degradation. Yet, both the NFX-1 type and RZ-type zinc fingers in ZNFX1 are non-classical protein domains, and their biological properties are largely unexplored. The NFX-1 type zinc finger has only been shown to bind DNA in the transcriptional regulator, NFX1 where it interacts with the X-box motif in promoters (17). On the other hand, the name “RZ-type zinc finger” is derived from RNF213 and ZNFX1, the only two known proteins that share sequence similarity to this peptide motif. In RNF213, an E3 ubiquitin ligase, the RZ-type zinc finger is found to be essential for both autoubiquitylation and ubiquitylation of lipopolysaccharide during Salmonella infection (18). Therefore, the zinc finger domains in ZNFX1 can possibly interact with a diverse range of molecular substrates, from nucleic acids to proteins.

ZNFX1 also contains the seven motifs found in SF1 and SF2 DNA/RNA helicases. In particular, the core helicase domain of ZNFX1 exhibits a typical Rossmann fold with the highly conserved Walker A (GxxGxGK(T/S)) and Walker B (hhhhD) motifs. Structural modelling of ZNFX1 from nine different species showed good conservation of the ARM-type fold and P-loop NTPase domain, suggesting that the ARM-type fold could be a unique feature of ZNFX1 that distinguishes it from other SF1 RNA helicases and indicative of its unique cellular function (15). Additionally, variable domains in between the RecA domains of the P-loop helicase could also facilitate ZNFX1 binding to different interacting partners. These features suggest that ZNFX1 binds nucleic acids in an ATP-dependent manner. Since interactions with binding partners often modulate the nucleic acid binding and/or ATP hydrolysis rates of SF1/SF2 family members, one anticipates that binding of ZNFX1 to one or more types of nucleic acids will be influenced by additional protein interactions.





2 Subcellular localization of ZNFX1

ZNFX1 is a cytosolic protein, but has been described to localize to different subcytoplasmic locations under different contexts (Figure 2A) (4–7). During VSV infection, ZNFX1 is proposed to bind to mitochondrial antiviral-signaling protein (MAVS) and localize to the outer mitochondria membrane (6). Recently, new evidence suggested that ZNFX1 binds to NACHT, LRR and PYD domains-containing protein 3 (NLRP3) monomers (7). More specifically, in resting cells, ZNFX1 is diffusely localized throughout the cytoplasm to prevent NLRP3 oligomerization and keep it in an inactive state (7). During NLRP3 activation, NLRP3 brings ZNFX1 to ASC specks to be cleaved by caspase 1 (7). The connection to NLRP3 is of particular interest since several ZNFX1 patient mutations abolished NLRP3 interaction and led to increased NLRP3 puncta under resting conditions (7).




Figure 2 | Subcellular localization and proposed molecular mechanisms of ZNFX1. (A) Under normal cellular conditions, ZNFX1 is diffusely localized throughout the cytoplasm. When cells are subjected to varying conditions, subcellular localization of ZNFX1 becomes altered. During dsRNA treatment, ZNFX1 localizes to the mitochondria through its interaction with MAVS. During arsenite treatment, ZNFX1 enriches in stress granules. During inflammasome activation, ZNFX1 localizes to NLRP3 inflammasomes and ASC specks. (B) ZNFX1 is proposed to function via three molecular mechanisms. (Left) ZNFX1 acts as a dsRNA sensor. It recognizes and binds intracellular viral dsRNA. Through its interaction with MAVS at the outer mitochondrial membrane, the downstream Type I interferon signaling pathway becomes activated. (Middle) ZNFX1 regulates host mRNA stability. It can either cause mRNA degradation as shown for several ISG mRNAs or promote mRNA stability in the case of Prkaa2 mRNA. (Right) ZNFX1 inhibits NLRP3 inflammasome activation. Binding of ZNFX1 to NLRP3 could prevent NLRP3 activation and formation of mature NLRP3 inflammasomes with ASC and Caspase 1, thereby inhibiting pyroptosis.



ZNFX1 has also been observed to accumulate in stress granules (4), which are assemblies of untranslating messenger ribonucleoproteins (RNPs) that form when translation initiation is inhibited (19). In a recently published time-resolved mRNA interactome study, ZNFX1 was also found in the same cluster as many known stress granule proteins (20). Interestingly, in the absence of any additional stressor, overexpression of ZNFX1 also led to stress granule formation (4). It is thought that protein overexpression can generally lead to stress granule formation either by repressing translation initiation and/or by serving as a scaffold to promote RNP self-assembly, although it is not yet understood as to how ZNFX1 works in this regard.




3 Molecular mechanisms of ZNFX1 function

Three mechanisms have been proposed for how ZNFX1 regulates the immune response (Figure 2B), and these are not mutually exclusive.



3.1 ZNFX1 as a sensor of dsRNA

In the first model, ZNFX1 is proposed to function as a dsRNA sensor that activates MAVS-dependent immunosignaling (6). The key observation is that ZNFX1 in cell lysates binds to exogenous poly(I:C) and this binding is only competed away with high molecular weight poly(I:C), but not with low molecular weight poly(I:C), poly(dA:dT) or 5’ ppp dsRNA (6). Moreover, when pulling down ZNFX1 in VSV-infected 293T cells, VSV viral RNA with an average length of 6 kilobases co-precipitated with ZNFX1, although whether this was ssRNA or dsRNA was not determined. By pulling down on different ZNFX1 domain mutants transiently transfected into HEK293T cells, the authors showed that 1) ZNFX1-poly(I:C) interaction required both the ARM-domain and the P-loop NTPase domain and 2) ZNFX1’s ARM domain associated with the transmembrane domain of MAVS. Together, these observations raise the possibility that ZNFX1 could be another dsRNA sensor, alongside LGP2 and MDA5, to detect intracellular viral RNAs and activate downstream interferon signaling through MAVS.




3.2 ZNFX1 as a regulator of mRNA stability

A second proposed function of ZNFX1 is to bind and modulate stability of host mRNAs. Evidence that ZNFX1 could regulate host mRNA decay rates comes from two independent studies.

First, ZNFX1 has been suggested to suppress mycobacterial growth by stabilizing Prkaa2 mRNA transcripts via its C-terminal zinc finger regions (5). This research started with the observation that Znfx1 was upregulated following M. tuberculosis infection in mouse bone marrow derived macrophages (BMDMs) (5). Loss of Znfx1 led to compromised immune responses in M. tuberculosis-infected macrophages, as well as tissue injury and increased bacterial burden in Znfx1-/- mice post M. tuberculosis infection. However, no difference was observed in ISG expression between Znfx1-/- and WT cells after LPS and VSV treatment in BMDMs, suggesting Znfx1 did not alter the interferon response in this context. Notably, the human ortholog of ZNFX1 has also been associated with Mendelian susceptibility to mycobacterial diseases (4). Patients from two unrelated families who carry homozygous ZNFX1 variants have been reported to exhibit mycobacterial disease alongside intermittent monocytosis (4), which is a condition characterized by temporary increases in monocytes and likely to be indicative of infection.

During mycobacterial infections, ZNFX1 was suggested to regulate the decay rate of Prkaa2 mRNA for three reasons (5). First, Prkaa2 mRNA levels increased during M. tuberculosis infection but remained at basal levels in Znfx1-/- BMDMs. Second, in Znfx1-/- BMDMs, Prkaa2 mRNA decayed faster than in WT when RNA polymerase II was inhibited with 5,6-dichlorobenzimidazole. Finally, Prkaa2 mRNA showed significant enrichment in an ZNFX1 immunoprecipitation assay in a manner dependent on the zinc finger region of ZNFX1. These observations gave rise to the model that ZNFX1 can specifically bind host mRNAs and increase their stability.

Conversely, another study proposed that ZNFX1 could also promote the degradation of host mRNAs. The primary observation was that ISG mRNAs including IFIT1/2 and OAS1/2 showed increased stability in ZNFX1-deficient patient fibroblasts compared to controls when transcription was inhibited 18 hours post poly(dA:dT) stimulation (1). However, whether ZNFX1 directly binds to these ISG mRNAs to regulate their stability is not known. In this case, it suggests that ZNFX1 could be involved in balancing host immune responses by degrading pro-inflammatory transcripts to prevent immune hyperactivation.

This is reminiscent of an early discovery regarding the human NFX1 protein which features several NFX1-type zinc finger regions similar to those found in ZNFX1. NFX1 is believed to function as a transcription repressor of class II major histocompatibility complex (MHC) genes using its cysteine-rich zinc finger domains (17). Under normal conditions, its cellular expression is low but gets drastically upregulated in the later stages of IFNγ treatment (17). Since the upregulation of NFX1 coincides with the inhibition of class II MHC genes, NFX1 is thus thought to control the immune response. What is more intriguing is that NFX1 has been shown to bind an oncoprotein, human papillomavirus (HPV) type 16 E6 (16E6) (21). Furthermore, a splice variant known as NFX1-123 is proposed to aid in immune evasion of HPVs and cause cervical carcinogenesis. Specifically, overexpression of NFX1-123 in human foreskin keratinocytes suppressed the expression of pro-inflammatory cytokines and ISGs, including CXCL1, TNF, OAS1/2 by altering the subcellular localization of immune signaling proteins such as TRAF6 and TAB2 (22). Given the similarity in NFX1-type zinc fingers between NFX1 and ZNFX1, it is plausible that zinc finger regions of ZNFX1 could mediate host RNA expression following an infection.




3.3 ZNFX1 as an inhibitor of the NLRP3 inflammasome

ZNFX1 has recently been proposed to function as an inhibitor of the NLRP3 inflammasome (7). The primary observation was that activation of NLRP3 by nigericin, whose action mimics potassium efflux by equilibrating potassium ions across membranes, in ZNFX1-deficient macrophages resulted in a significant increase in cleaved caspase-1 and IL-1β levels. Additionally, in the absence of ZNFX1, there was enhanced translocation of NLRP3 into TGN46+ vesicles, and increased formation of ASC specks, both of which are consistent with overactivation of the NLRP3 inflammasome. Reinstating wildtype, but not alleles with patient-derived mutations, ZNFX1 protein successfully rescued these phenotypes. Moreover, injection of Znfx1-/- mice with lipopolysaccharide led to activation of NLRP3 inflammasome, elevated levels of IL-1β and higher mortality rate compared to wildtype mice. These phenotypes argue that the failure to suppress NLRP3 activation is related to the clinical presentation of patients with LOF alleles of ZNFX1. It is also noteworthy that the effect of ZNFX1 on survival in both mouse models and human patients could indicate a more complex role for ZNFX1 in regulating the innate immune response.

Mechanistically, it has been suggested that ZNFX1 represses NLRP3 through direct binding of ZNFX1 to NLRP3 to prevent NLRP3 oligomerization, thereby suppressing inflammasome activation. Using overexpressed domain truncations of ZNFX1 and NLRP3, the ARM domain and P-loop NTPase domain of ZNFX1, along with the NACHT and LRR domains of NLRP3 were suggested to be involved in the ZNFX1-NLRP3 interaction (7). Collectively, these observations indicate that ZNFX1 might be involved in suppressing the NLRP3 inflammasome.

However, since the precise mechanisms governing NLRP3 activation are still under active investigation, the exact way in which ZNFX1 interacts with NLRP3 may be subject to debate. For example, recent characterization of NLRP3 using cryo-electron microscopy approaches have demonstrated an additional regulatory step during NLRP3 activation (23, 24). In both murine and human cells, NLRP3 oligomerizes into an inactive double-ring cage structure that subsequently undergoes conformational change to form the active inflammasome in response to a priming signal (23, 24). Therefore, apart from binding to monomeric NLRP3, there exists a possibility where ZNFX1 could also interact with the NLRP3 double-ring structure to prohibit specific conformational changes and prevent NLRP3 activation.

An interesting comparison can be made with other DExD/H-box proteins that are believed to interact with NLRP3 and influence its activity. Several studies have demonstrated that the DEAD-box helicase DDX3X mediates NLRP3 activation (25, 26). During a viral infection, it is thought that DDX3X coordinates the crosstalk between stress granule formation and NLRP3 assembly. DDX3X normally participates in stress granule assembly during an infection to facilitate translation shutoff and activate interferon responses (26, 27). However, when a virus inhibits stress granule formation, DDX3X can instead promote NLRP3 activation and cause pyroptosis as another antiviral strategy (25, 26). Similar findings have also been reported with DHX33 and DDX19A, both of which have been implicated as cytosolic RNA sensors that bind viral RNA and initiate NLRP3 inflammasome activation (28, 29). Therefore, cells possess an arsenal of RNA helicases where each potentially exhibits specificity towards different RNA species. These RNA helicases can either work together or engage in competing roles to activate or inhibit the inflammasome. This diversity therefore allows the cell to regulate the NLRP3 inflammasome through the coordinate action of these RNA sensors.

A role of ZNFX1 in regulating the NLRP3 inflammasome could explain why ZNFX1 is upregulated in chronic illnesses that are associated with persistent inflammation. For example, ileum transcriptomics of individuals afflicted with asthma showed a more than 2-fold increase in ZNFX1 expression (30). ZNFX1 may thus act to subdue an overzealous immune system during chronic inflammation.




3.4 ZNFX1 function in C. elegans

In the nematode, Caenorhabditis elegans, the ZNFX1 ortholog also functions in host defense, but through modulating transgenerational epigenetic inheritance. In C. elegans, RNA-mediated interference uses short interfering RNAs to repress foreign RNA during infection, as well as endogenous genes during development (31). This system can also function across generations by maintaining a pool of heritable small RNA species in the progenies (32). ZNFX1 is believed to be required for the maintenance of heritable small RNAs in two manners. First, based on a yeast-two-hybrid experiment, the Tudor/LOTUS domain of LOTR1 binds directly to the N-terminal of ZNFX1 to stabilize the small RNA amplifying machinery at the 3’ end of target mRNAs (33). In addition, ZNFX1 also works with WAGO proteins to achieve maximum silencing in subsequent generations not only by amplifying a target group of small RNAs, but more importantly by maintaining of a pool of transcripts with poly(UG) tails in RNA-rich condensates of C. elegans germ cells called the nuage to be used as templates for small RNA amplification to achieve inheritance (34, 35).

While it is unclear if ZNFX1 directly binds RNAs and/or recognizes specific RNA sequence motifs to maintain epigenetic inheritance, the RNA binding function of ZNFX1 was shown to be essential for this role (34, 36). In particular, the helicase-null ZNFX1 failed to co-precipitate with mRNAs targeted for heritable gene silencing (36) and had defects in maintaining transgene silencing in subsequent generations (34). Therefore, in this context, the involvement of nematode ZNFX1 in transgenerational epigenetic inheritance could be reminiscent of (or analogous to) its role in host immunity in vertebrate organisms. Understanding how the evolution of these apparently different functions of a conserved protein will require more effort to elucidate the detailed molecular functions of ZNFX1 in both C. elegans and humans.





4 Conclusions and perspectives

Current work shows that ZNFX1 is a crucial multifunctional immunomodulator and most likely an interferon stimulated gene, with significant biological importance in the innate immune system across many animal species. It is subject to strong negative selection pressure and is of clinical importance as individuals with homozygous variants of ZNFX1 are susceptible to multisystem inflammatory diseases and face a heightened risk of childhood mortality. Given this significance, it will be essential to understand the specific molecular function(s) of ZNFX1.

Based on cell biological assays, ZNFX1 is proposed to function via three mechanisms, including sensing double-stranded RNA, modulating mRNA decay, and suppressing NLRP3 inflammasome activation. These functions may be synergistic in nature, with ZNFX1 potentially adopting different roles at different times depending on the immune context. Alternatively, some of these phenotypes could be secondary and downstream of initial alterations. This could be approached with biochemical assays to reproduce ZNFX1 functions and interactions in vitro. A critical aspect will be to connect specific phenotypes of ZNFX1 to function using pathogenic mutations that drive human disease, as has been initially done with ZNFX1 interactions with NLRP3.

In addition, the exact biological functions of the P-loop NTPase domain and zinc fingers of ZNFX1 remain largely unexplored. One can imagine a scenario in which ZNFX1 initially recognizes and binds to nucleic acids through its helicase core in an ATP-dependent manner. Following ATP hydrolysis, ZNFX1 not only resolves secondary structures in the target nucleic acid but, more importantly, undergoes a conformational change that enables it to engage in protein-protein interactions using the ARM domain or zinc fingers, thereby conferring its role in immunoregulation. Moving forward, it will be important to decipher the protein structure of ZNFX1, as well as when it is complexed with RNAs and/or proteins, to elucidate the precise functions of ZNFX1 and its domains.

Understanding the mechanisms of synergy and interplay between the diverse functions of ZNFX1 could therefore provide valuable knowledge on how the innate immune system coordinates an effective inflammatory response against pathogens and mitigate excessive immune response.
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