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Abstract

Posttranscriptional regulation of RNA is an important mechanism for activating and resolving 

cellular stress responses. Poly(ADP-ribose) Polymerase-13 (PARP13), also known as ZC3HAV1 

and Zinc-finger Antiviral Protein (ZAP), is an RNA-binding protein that regulates the stability, 

and translation of specific mRNAs, and modulates the miRNA silencing pathway to globally 

impact miRNA targets. These functions of PARP13 are important components of the cellular 

response to stress. In addition, the ability of PARP13 to restrict oncogenic viruses and to repress 

the pro-survival cytokine receptor TRAILR4 suggests that it can be protective against malignant 

transformation and cancer development. The relevance of PARP13 to human health and disease 

make it a promising therapeutic target.
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The primary function of the poly(ADP-ribose) polymerase family of proteins (PARPs) is to 

modify target proteins with ADP-ribose using NAD+ as substrate. [1, 2]. ADP-ribosylation 

changes the function of protein targets, and can result in the recruitment of ADP-ribose 

binding proteins. PARPs regulate fundamental cellular processes and help initiate and 

maintain specific stress responses including the antiviral response, DNA damage, heat 

shock, cytoplasmic stress, and unfolded protein stress [3–7]. Cellular stress responses act as 

guardians against disease by allowing cells to rapidly respond to pathogens or unfavorable 

internal or external conditions that may otherwise lead to long-term pathologies. They are 

therefore important components of disease prevention including diseases such as viral 

infection and cancer [8–11].
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Unfortunately, cellular stress responses can also have harmful effects on the cells and the 

organism as a whole. Activation of stress-response pathways in the absence of stressors, or 

their over activation in response to stressors can have detrimental consequences and can 

result in pathologies such as autoimmune or neurodegenerative diseases [12]. In addition, 

diseased tissues such as tumor cells can utilize stress responses to their advantage, allowing 

them to proliferate in the adverse conditions present in their microenvironment including 

hypoxia, nutrient starvation and inflammation [8, 9]. Gain of function mutations in stress 

response genes and co-opting stress response pathways to promote growth and survival are 

common adaptation mechanisms in cancers. For example, an important link has been 

established between inflammation and cancer progression (Box 1) [13]. Thus, tight control 

of the activation and inactivation of stress response programs is of critical importance.

Box 1

Viruses, inflammation and cancer

Viral infection and inflammation play significant roles in the development of cancer. 

Many viruses promote or accelerate cancer progression. Although viruses primarily use 

host cells to replicate, this can inadvertently lead to cell transformation. Viruses can 

target a diverse range of host proteins to increase proliferation: for example the Human 

Papillomavirus (HPV) proteins E6 and E7 promote protein synthesis by activating mTOR 

[102]; numerous viral proteins including the Simian Virus 40 (SV40) large T protein or 

the Hepatitis B (HBV) X protein inactivate the tumor suppressors p53 [103, 104] and 

retinoblastoma (Rb) [105, 106], both of which prevent cancer, or the Epstein Barr Virus 

(EBV) protein LMP1 promotes survival and transformation by activating NFkB [107].

Viruses can also indirectly contribute to cancer by inducing inflammation at sites of 

infection. The release of cytokines by activated immune cells enables an efficient 

antiviral response by promoting the proliferation of immune cells in the infected area. 

However, chronic inflammation can also lead to increased proliferation of the 

surrounding epithelial cells leading to oncogenic transformation. Inflammatory 

conditions are also induced by non-viral stimuli, including bacterial infection, chemicals 

such as silica and asbestos, smoking, alcohol or UV induced DNA damage. Unresolved 

chronic inflammation can eventually give rise to cancer due to its highly proliferative 

microenvironment. Therefore the immune response must be efficiently shut off once the 

initial infection has been resolved.

The activation of cellular stress responses involves a coordinated switch in global gene 

expression both at the level of transcription, and at the posttranscriptional level [14]. The 

initial response is largely posttranscriptional [15]. Many stress response genes are actually 

constitutively transcribed, and their expression is suppressed through posttranscriptional 

mechanisms since expression in healthy cells would be harmful [16, 17]. In response to 

stress, the cell inhibits the active suppression of these stress response transcripts, resulting in 

a rapid increase in transcript levels and expression, and a rapid stress response without the 

need for de novo transcription [15]. This mechanism of regulation allows the cell to quickly 

establish an environment hostile to pathogens and favorable for cell repair. Once the stress is 
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eliminated, suppression of the stress response transcripts is restored, facilitating the 

resolution of the stress response and return to steady state [14, 18].

The cell utilizes multiple mechanisms of posttranscriptional regulation during stress 

responses. Stress-dependent changes in the posttranscriptional regulation of RNAs include: 

(i) modulation of RNA decay, resulting in the stabilization of stress response transcripts, and 

destabilization of pathogenic RNAs if present; (ii) changes in translation rates that favor the 

expression of stress response genes; and (iii) alteration of microRNA silencing activity 

which results in the derepression of stress response transcripts, increasing their expression 

[18–22]. Together, these mechanisms result in the decreased expression of non-stress related 

transcripts and simultaneous increase in the expression of stress response transcripts. They 

also trigger the assembly of cytoplasmic and nuclear ribonucleoprotein particles such as 

stress granules and stress granule-like structures [23, 24]. Stress granules function as storage 

sites of stalled preinitiation complexes, RNA binding proteins, and mRNA and assemble as 

a result of stress-induced translational repression (see Glossary) [23, 24]. It is now thought 

that stress granules themselves also modulate signaling pathways in the cell during stress 

[24]. In total, stress dependent changes in posttranscriptional regulation of RNAs offer the 

potential for an immediate and global response to stress.

PARP13 is an RNA binding PARP that was initially identified in a screen for antiviral 

proteins [6]. It plays important roles in the posttranscriptional regulation of RNAs, 

particularly during stress conditions including viral infection and the general cytoplasmic 

stress response. PARP13 regulates each of the posttranscriptional pathways of RNA 

regulation that are altered during cellular stress responses: it targets specific cellular and 

viral RNAs for decay and translational repression [25–29], and alters the activity of the 

microRNA-silencing pathway [4, 22]. In addition, during cytoplasmic stress, PARP13 

localizes to, and facilitates the assembly of, stress granules (along with PARP5a, PARP14, 

PARP15 and PARP12), recently recognized as a potent suppressors of general translation [4, 

30, 31]. Thus, PARP13 acts as an important antiviral, pro-apoptotic and pro-inflammatory 

factor, and is a component of the TRAIL mediated immune response to cancer. As such 

PARP13 is a promising target for the treatment of multiple disease states including viral 

infections, autoimmune diseases and cancers. In this review we summarize the functions of 

PARP13 relevant to human health and disease, and discuss possible therapeutic approaches 

to regulate PARP13 function.

The ins and outs of PARP13

PARP13 (also known as Zinc-finger Antiviral Protein (ZAP)/ZC3HAV1) is a member of the 

CCCH-PARP subfamily; PARPs that contain one or more RNA-binding CCCH-type zinc-

finger domains [2, 32]. Similar to the other CCCH PARPs, PARP12 and PARP7, PARP13 

also contains a WWE domain, shown in other proteins to bind poly(ADP-ribose) (Figure 1) 

[33, 34]. Two major isoforms of PARP13, resulting from alternative splicing, are found in 

humans: the full length PARP13.1, and the truncated PARP13.2 [2, 35] (Figure 1). Both 

isoforms lack PARP activity and are unable to ADP-ribosylate target proteins; the catalytic 

domain of PARP13.1 lacks amino acid residues required for ADP-ribosylation activity, 

whereas PARP13.2 completely lacks a PARP domain. Three additional isoforms have been 
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predicted based on sequence analyses but their expression in humans has not been 

experimentally verified (Uniprot) (Figure 1). PARP13 is unique among PARPs as it is the 

only catalytically inactive PARP shown to be targeted for ADP-ribosylation by other PARPs 

[2, 4, 33, 34, 36].

The four CCCH zinc finger domains found in the N-terminus of PARP13 bind target RNAs 

with high specificity [37]. The zinc fingers form two RNA-interacting clefts that provide 

specificity and selectivity of binding, and allow recognition of and interaction with looped 

RNA [38]. Therefore PARP13 is thought to bind to tridimensional structures within its 

cognate RNAs, rather than to a linear motif [38]. In addition, PARP13 can form a dimer, 

potentially increasing the complexity of the RNA-interaction surface and the specificity of 

RNA binding [38, 39]. While PARP13 can bind certain transcripts, it lacks nuclease or 

helicase activity, and cannot directly affect the integrity or structure of its RNA targets. 

Instead, PARP13 functions as a recruiting factor, bringing destabilizing factors, and likely 

other effector proteins, to the transcripts it binds, leading to their destabilization, and in 

certain cases decreasing the rate of their translation [25–28].

Posttranscriptional RNA regulation and disease

Changes in posttranscriptional RNA regulation occur during the initial stage of cellular 

stress responses. Increases in the half-lives of stress response transcripts and global 

inhibition of translation, accompanied by specific translation of specialized proteins helps to 

establish an antiviral state [20, 40–42]. Resolution of the stress response and return to steady 

state also relies on posttranscriptional regulation of RNA [19, 41]. Given the important role 

posttranscriptional RNA regulation plays in both initiating and abolishing the stress 

response, misregulation of any of the posttranscriptional mechanisms that regulate the 

expression of stress response genes can result in disease. Below we discuss the three major 

mechanisms of posttranscriptional RNA regulation in detail and describe how misregulation 

of any of these processes is linked to disease.

RNA decay

RNA decay has two major functions: (i) quality control and elimination of defective 

transcripts; and (ii) regulating the abundance of specific transcripts in order to control their 

expression [43]. This review focuses on the second of these functions. For more information 

onRNA quality control, or aspects of nonsense mediated decay, refer to [43, 44].

RNA decay is initiated by interactions of specialized RNA-binding proteins with specific 

target mRNAs. It involves removal of the 3′ poly-A tail by deadenylases such as the CCR4-

NOT complex, poly(A) nuclease (PAN) and the poly(A)-specific ribonuclease (PARN), and 

removal of the 5′ 7-methyl guanine cap structure by the decapping enzymes DCP1 and 

DCP2 (Figure 2a) [43, 45]. The 5′-3′ exoribonuclease XRN1 or the 3′-5′ exonuclease 

complex, the RNA exosome, degrade the remaining transcript. RNA binding proteins bound 

to cis-acting elements found in the 3′UTRs of mRNA transcripts facilitate or prevent the 

binding of RNA decay factors, resulting in degradation or stabilization of the RNA, 

respectively (Figure 2a). Both endogenous and viral transcripts are targeted by this 

mechanism. RNA decay is often compartmentalized in non-membrane-bound structures 
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called P-bodies, and recent evidence suggests that RNA decay components can also be 

enriched in specialized RNA granules during viral infection [46–49].

RNA decay plays important roles during both physiological conditions and during stress and 

disease. In healthy cells RNA decay helps regulate the levels of stress-response genes, 

cytokines, growth factors and pro-apoptotic factors [16]. This mechanism ensures that the 

expression of these transcripts does not exceed tolerable levels, and that their expression can 

be rapidly induced by inhibiting their decay [15, 41, 50, 51].

During cell stress, RNA decay is modulated through multiple mechanisms. For example, the 

RNA-destabilizing activity of Tristetraprolin (TTP), a key regulatory protein for mRNA 

decay, is inhibited by posttranslational modification during the initial stages of 

inflammation, leading to an accumulation of cellular transcripts encoding inflammatory 

cytokines, and their increased expression [19]. When inhibition of TTP is reversed, cytokine 

mRNA decay is upregulated resulting in the resolution phase of the response [19]. This so 

called “peaked” response allows for a rapid increase of cytokine expression followed by an 

equally rapid decrease in their expression facilitating the quick resolution of inflammatory 

signaling [18].

Misregulation of RNA decay can have important disease consequences. For example, loss of 

TTP function creates an imbalance in inflammatory signaling and leads to uncontrolled 

expression of inflammatory cytokines, resulting in chronic inflammation and conditions 

such as cachexia and arthritis [40]. Loss of TTP is also common in breast cancer and 

correlates with infiltration of monocytes and macrophages into the tumor; a poor prognostic 

indicative of increased local inflammatory signaling [52, 53]. Another RNA-regulatory 

protein, AUF1, is upregulated in human hepatocellular carcinomas [54], and increased levels 

of the RNA-stabilizing factor HuR have been found in multiple human cancer samples, 

including breast, lung and ovarian [55].

Translational repression

The upregulation of stress-response gene expression is often facilitated by a switch from 

cap-dependent to cap-independent translation initiation [15, 20, 56]. Cap-dependent 

initiation of translation is a multistep process (Figure 2b) that requires the recognition of the 

5′ cap of mRNAs by a complex consisting of the cap-binding factor eIF4E, the scaffold 

protein eIF4G, and the helicase eIF4A [42]. Interactions between eIF4G and the poly(A)-

binding protein (PABP) stabilize the complex and allow it to recruit the 43S subunit, which 

includes the 40s ribosomal subunit, the ternary complex, composed of Met-tRNA, and the 

eIF2 complex bound to GTP, and additional initiation factors (Figure 2b). Once bound, the 

43S subunit begins scanning the mRNA and upon recognition of a start codon allows the 

joining of the 60S ribosomal subunit to initiate elongation. During physiological conditions, 

RNA-binding proteins that repress the translation of specific mRNAs often target eIF4E 

function by either inhibiting its binding to the 5′cap or by interfering with its binding to 

eIF4G [42, 57]. More rarely, later steps in the initiation process can also be targeted.

The regulation of translation initiation is an important component of stress responses. 

During stress, phosphorylation of eIF2α, a subunit of eIF2, globally inhibits cap-dependent 
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translation, blocking general protein synthesis [20, 56]. However, specific stress-response 

factors continue to be translated through cap-independent internal ribosome entry site 

(IRES) initiation. The expression of several stress response transcripts is regulated in this 

manner. IRES-containing RNAs can for instance promote proliferation (c-Myc), inhibit 

apoptosis (XIAP) or stimulate angiogenesis (HIF1, VEGF) [58]. Global translational 

repression also induces stress granules, which can themselves alter cell signaling by 

sequestering signaling factors, and have been shown to be protective against cell death [23, 

24]. Translational repression is usually transient and is abolished upon resolution of the 

stress [59].

Escape from translational repression is one mechanism by which pathogens evade inhibition 

through the cellular stress response. Multiple viruses employ IRES elements to avoid the 

general translational repression triggered during infection while others have evolved 

mechanism to inhibit eIF2α phosphorylation, allowing for the production of viral proteins 

[60, 61]. Prolonged inhibition of protein synthesis and sustained IRES-dependent translation 

of cellular transcripts can be detrimental as it can facilitate the ability of tumors to survive 

and proliferate in the stress-inducing tumor microenvironment [56, 62].

microRNA silencing

MicroRNAs (miRNAs) are small non-coding RNAs that bind to specific mRNAs through 

base-pairing with sequences found in the 3′UTR of the transcripts and, by doing so, suppress 

the expression and abundance of their targets [51, 63, 64]. Gene silencing by miRNAs is 

therefore an important component of posttranscriptional RNA regulation and is essential for 

optimizing gene expression programs [65]. In addition, misregulation of miRNAs can result 

in pathologies and correlates with many diseases, including cancer.

miRNAs repress target mRNAs through the activity of a ribonucleoprotein complex called 

the RNA-induced Silencing Complex (RISC) [51, 63, 64]. Two proteins, Argonaute (AGO) 

and Glycine-Tryptophan Protein 182 (GW182), constitute the core components of the 

complex. In humans there are four AGO proteins (AGO1-4), all of which confer silencing 

upon base-pairing between miRNAs and their targets. AGO, loaded with a miRNA, 

mediates target mRNA recognition and binding, while GW182 initiates target decay [66]. In 

addition RISC induces translational repression of its targets (Figure 2c).

Changes in miRNA silencing activity can facilitate rapid and in some cases global changes 

in gene expression programs. For example, under physiological conditions, miRNA 

silencing represses the expression of antiviral, but potentially cytotoxic genes [67]. During 

stress and infection, the activity of the miRNA pathway is itself repressed, allowing for the 

rapid upregulation of these targets which helps to establish an antiviral stress state in the cell 

[22].

Not surprisingly, misregulation of miRNA silencing can have widespread physiological 

effects and has the potential to result in disease. General loss of miRNA silencing is 

associated with cancers, while specific miRNAs can act as tumor suppressors (e.g. let7g in 

lung cancer models) or as oncogenes (e.g. miR-17-92 in lymphoma models; reviewed in 
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[68]). One miRNA from the mir-17-92 cluster, miR-19, induces inflammation and NF-kB 

signaling [69], which is consistent with the link between chronic inflammation and cancer.

PARP13 and posttranscriptional regulation of RNAs

PARP13 is an important regulator of each of the three mechanisms of posttranscriptional 

RNA regulation described above. By regulating the miRNA pathway, PARP13 promotes the 

rapid initiation of the cellular antiviral stress responses. It also directly targets specific 

pathogenic and cellular RNAs for decay, and can repress translation of some viral RNAs. In 

addition, PARP13 facilitates the assembly of stress granules and viral RNA granules, with 

potential global effects on posttranscriptional gene expression. Proper regulation of PARP13 

function is therefore important for human health and disease.

PARP13 destabilizes target RNAs by binding to defined regions within the transcripts, and 

recruiting RNA decay factors to initiate their degradation (Figure 2a). In humans, it recruits 

the exosome complex by interacting with the exosome component EXOSC7 and binds to 

and engages PARN [27], promoting 3′-5′ decay of target RNAs (Figure 2a) [25, 27]. 

PARP13 can also indirectly recruit 5′-3′ decay factors XRN1, DCP1 and DCP2 through the 

DEAD-box RNA helicase DDX17, and initiate 5′-3′ mRNAs decay [27].

PARP13 also regulates the translation efficiency of specific RNAs and plays a role in 

general translation inhibition during the cellular stress response. It represses the translation 

of specific targets by binding the translation-initiation factor eIF4A, and preventing it from 

interacting with the scaffold protein eIF4G (Figure 2b) [28]. This blocks an early step in 

translation initiation and inhibits expression of the target mRNA. High levels of PARP13 

expression can also induce global translational repression by triggering de-novo stress 

granule assembly [4]. Similarly, during infection PARP13 facilitates the formation of RNA 

granules enriched in mRNA decay factors that promote degradation of the viral RNA [48]. 

These observations suggest that RNA granule assembly could be an important general 

function of PARPs in RNA regulation [4, 48].

Finally, PARP13 represses miRNA silencing by targeting AGO proteins for poly(ADP-

ribosyl)ation during physiological and stress conditions, including viral infection (Figure 2c) 

[4, 22]. Modification of AGO results in decreased silencing activity, possibly by reducing 

the affinity of the miRNA-AGO complex for target mRNA [4, 22, 70].

PARP13 and disease: innate immunity

PARP13 was initially discovered in a screen for host factors that restrict proliferation of the 

retroviral murine leukemia virus (MLV), and was therefore named Zinc Finger Antiviral 

Protein (ZAP) [6]. Its antiviral function has since been expanded to other retroviruses (HIV) 

[27] as well as different viral families such as alpha viruses (Sindbis Virus, SINV; Semliki 

Forest Virus, SFV; Ross River Virus, RRV; Venezuelan Equine Encephalitus Virus, VEEV) 

[29], filoviruses (Ebola Virus, EBOV; Marburg Virus, MARV) [71], and hepadna viruses 

(Hepatitis B Virus, HBV) [72] (Table 1). In addition, PARP13 promotes latency upon 

infection with herpes viruses (murine gamma herpes virus 68, MHV-68) [73]. In many of 

these cases the activity of PARP13 was demonstrated to be dependent on direct recognition 
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and binding to specific regions of the viral RNAs and the initiation of their decay via 3′-5′ 

and 5′-3′ cytoplasmic RNA decay (Figure 2a, 3a). However, whether or not this is the 

dominant mechanism of PARP13 antiviral activity is unknown. Additional PARP13 

functions that have been recently identified, including translational repression and regulation 

of miRNA silencing, could also contribute to its antiviral function significantly (see below).

During MLV infection, PARP13 and MLV transcripts localize to RNA granules that share 

characteristics of stress granules and P-bodies (Figure 3a) [48]. PARP13 recruits both MLV 

RNA and the exosome complex to these structures, likely facilitating the 

compartmentalization of viral RNA decay and promoting its efficiency. Whether or not this 

is related to PARP13 function in stress granule assembly is unknown, but given the 

biochemical similarities between the structures, it is a likely possibility [4, 48].

PARP13 can also repress the translation of specific viral RNAs, inhibiting the production of 

viral proteins (Figure 2b, 3a). PARP13 blocks translation initiation of HIV and SINV RNA 

reporters without affecting global translation [28]. Translation inhibition appears 

independent of RNA decay, and may precede recruitment of RNA decay factors by PARP13 

[28]. Whether or not this mechanism of translation inhibition is specific for HIV and SINV 

or is relevant to the restriction for other viruses remains unknown Figure 2b, 3a).

Finally, upon viral infection, PARP13 suppresses miRNA silencing by downregulating 

AGO activity, resulting in the rapid upregulation and expression of miRNA targets, 

particularly those repressed by mir-17 and mir-93 [22]. Targets of these miRNA families are 

enriched for antiviral and cytotoxic transcripts and miR-93 was recently shown to silence 

inflammatory cytokines [22, 74]. PARP13-mediated repression of the miRNA pathway, 

therefore, facilitates the expression of antiviral transcripts, and promotes the switch to an 

antiviral state [22].

Thus, PARP13 employs multiple mechanisms of posttranscriptional RNA regulation to 

contribute to the innate immune response (Figure 3a). In addition, PARP13 synergizes with 

more than 30 interferon-stimulated genes, and interferon signaling appears to be required for 

its antiviral activity through unknown mechanisms [75, 76]. PARP13 was recently reported 

to facilitate the antiviral signaling of the retinoic acid-inducible gene 1(RIG-I), an important 

sensor of viral RNA in the cytosol that triggers the type I interferon response [35]. However, 

this interaction, initially observed in human cells, was absent in mouse cells, therefore its 

relevance to the antiviral activity of PARP13 remains controversial [48]. Nevertheless it is 

clear that PARP13 forms an important node in the signaling pathways that detect and restrict 

foreign RNA and establish the cellular antiviral state. As a result, the PARP13 gene, and 

specifically the PARP domain, has experienced positive diversifying selection pointing to 

rapid evolution in an arm’s race with viral genomes [77].

PARP13 and disease: cancer

PARP13 plays direct and indirect roles in cancer and could be a useful prognostic biomarker 

as several cancer types show lower levels of PARP13 expression [78]. PARP13 restricts the 

proliferation of oncogenic viruses [6, 72] and regulates the cellular response to the TNF-
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related apoptosis-inducing ligand (TRAIL), a pro-apoptotic cytokine secreted primarily by 

immune cells that selectively targets cancer cells for killing [13].

Viral infections pose dangers beyond the immediate impact of acute infection. Some human 

viruses can cause cancer: for example specific human papillomavirus (HPV) types encode 

oncogenes that can initiate malignant transformation, and HPV is the primary cause of 

cervical cancer [79]. Chronic infection with Hepatitis B Virus (HBV) is tightly linked to the 

increased risk of liver cancer and appears to contribute to oncogenesis through a 

combination of genetic alterations of host cells and the induction of chronic inflammation 

[80]. PARP13 restricts HBV infection in human hepatocytes during the acute phase [72], 

thereby preventing the development of chronic infection and could be protective against 

HBV associated cancers (Figure 3b). In mice PARP13 restricts the murine leukemia virus 

(MLV) and can thus be protective against leukemia in those models [6].

In addition to targeting viral RNA for degradation, PARP13 also represses the expression of 

cellular RNAs through RNA decay. One important example is the regulation of the TNF-

Related Apoptosis Inducing Ligand (TRAIL) receptor, TRAILR4 [26]. Repression of 

TRAILR4 by PARP13 has direct implications for cell survival, apoptosis, and cancer 

therapy (Figure 3b). Four TRAIL receptors are found in humans: TRAILR1-R4. TRAILR3 

and R4 are pro-survival receptors that protect cells from TRAIL-induced apoptosis, whereas 

TRAILR1 and TRAILR2 are proapoptotic, and induce programmed cell death upon binding 

to TRAIL [81, 82]. TRAILR4 is incapable of signaling apoptosis upon TRAIL binding and 

sequesters TRAIL from binding to TRAILR1 and R2, inhibiting apoptotic signaling. Thus, 

TRAILR4 expression is a critical component of the TRAIL response, and high TRAILR4 

expression can result in resistance to TRAIL-mediated apoptosis [83–86]. Interestingly, 

TRAIL treatment increases PARP13 levels consistent with positive feedback between 

TRAIL signaling and PARP13 expression [26]. Thus, by targeting TRAILR4 mRNA for 

decay, PARP13 acts as a pro-apoptotic factor and may increase the cellular response to 

TRAIL in transformed cells (Figure 3b).

It is therefore becoming clear that the antiviral and pro-apoptotic activity of PARP13 is 

protective against cancer development and survival, and consequently loss of PARP13 may 

be detrimental for human health. Indeed, decreased PARP13 levels were recently identified 

in liver, colon and bladder cancer samples from human patients compared to normal tissue, 

suggesting that loss of PARP13 may indeed be favorable for the progression of certain 

cancers [78].

Regulation of PARP13 function and its therapeutic potential

Given its importance in the cellular stress response and the posttranscriptional regulation of 

RNA, PARP13 is an attractive target for the treatment of diseases including cancer, 

autoimmunity and viral infection, although the effects of targeting PARP13 on an 

organismal level is unknown. Based on its complex function, both increasing and decreasing 

PARP13 activity could have therapeutic benefits for different disease indications, even 

though inhibiting PARP13 should be balanced against the potential risk of increased 

susceptibility to certain viruses. But how does one target a protein that lacks enzymatic 
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activity? Several attractive approaches exist. PARP13 activity is regulated 

posttranslationally [4, 22, 87, 88] and inhibiting the enzymes that modify it could be an 

effective approach to decrease its activity. On the other hand, PARP13 levels can be 

transcriptionally upregulated by interferon treatment [35, 89], an approach with potential 

clinical relevance.

Several posttranslational modifications of PARP13 have been identified that modulate its 

function, localization and interactions with other proteins (Figure 4). Therapeutically 

targeting the enzymes that posttranslationally modify PARP13 can therefore suppress its 

activity. Due to its function in the innate immune response, PARP13 inhibition can be 

beneficial in conditions characterized by chronic inflammation, such as autoimmunity, 

which often exhibit elevated interferon signaling [12, 90]. In addition PARP13 was recently 

identified as a host factor protective against the oncolytic alphavirus M1 [78]. Consequently, 

the oncolytic therapeutic potential of infection with M1 was restricted to cancers defective in 

PARP13 expression [78]. Therapeutic inhibition of PARP13 can therefore be used in 

combination with oncolytic virotherapy to sensitize a more diverse set of cancers to the 

effects of the viral infection.

PARP13 is phosphorylated at four serine residues in the N-terminal RNA binding domain by 

Glycogen Synthase Kinase 3b (GSK3β) (Figure 4) [87]. Phosphorylation by GSK3β 

facilitates the ability of PARP13 to repress the translation of HIV mRNA, likely by 

promoting its interaction with factors involved in the regulation of translation initiation. 

Additional regulatory functions in the absence of viral infection have not been examined. If 

phosphorylation contributes to the role of PARP13 in promoting inflammation and an 

antiviral cell state, specific kinase inhibitors may be useful in suppressing this function of 

the protein, especially in pathologies characterized by chronic inflammation such as 

autoimmunity and cancer. GSK3 inhibitors are already used for the treatment of pathologies 

such as diabetes, Alzheimer’s, neurological diseases and cancer [91].

PARP13 is also activated by poly(ADP-ribos)ylation by other PARPs (Figure 4). It is 

heavily ADP-ribosylated during stress and infection: cellular contexts when its activity in 

repressing the miRNA pathway increases [4, 22]. This observation suggests that ADP-

ribosylation of the protein helps it target AGO for modification and thus suppress miRNA 

silencing. Whether ADP-ribosylation also activates the RNA decay and translational 

repression functions of PARP13 is currently unknown, but is a likely possibility. Inhibiting 

the poly(ADP-ribos)ylation of PARP13 with specific PARP inhibitors could therefore 

decrease its activity for therapeutic purposes. To this end, it is essential to determine which 

PARP family member(s) is responsible for modifying PARP13 and to target that PARP 

selectively. Highly specific and active inhibitors of PARPs 1, 2 and 5a are already in clinical 

trials for the treatment of cancer, and there is a growing interest in developing specific 

inhibitors for the remaining members of the family [3, 92, 93].

PARP13.1 is specifically targeted to cellular membranes through farnesylation at its C-

terminal CaaX-motif, which is not present in PARP13.2 (Figure 4) [88]. The addition of this 

hydrophobic lipid group onto target proteins facilitates interaction with membranes [94]. 

Farnesylation is required for optimal antiviral activity of PARP13.1 against SINV [88]. The 
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importance of this modification for the antiviral activity against other viruses, or for other 

non-antiviral functions for PARP13 has not been explored. Farnesyl transferase inhibitors 

therefore have the potential to modulate PARP13 function. Farnesyl transferase inhibitors 

are already in clinical trials and are promising agents for the treatment of cancers driven by 

Rho GTPases, as they prevent their proper localization and function [95]. It would be 

interesting to examine their effects on PARP13 function.

Upregulation of PARP13 function can be induced therapeutically via interferon treatment 

[35, 89]. PARP13.2 expression is transcriptionally activated during viral infection by 

interferons and the Interferon-regulatory factor 3 (IRF3) [89]. PARP13.2 is therefore 

classified as an Interferon-stimulated gene (ISG) and is a key component of the cellular 

transcriptional response to infection [35]. Consequently, treatment with interferons can be 

employed to increase PARP13.2 levels and promote PARP13.2-mediated RNA decay 

(Figure 4).

Therapeutic increase of PARP13 levels can be beneficial for the treatment of viral infections 

and cancers that are TRAIL sensitive. For cancer therapy, interferon treatment in 

combination with TRAIL therapy can be used to decrease the mRNA levels of the pro-

survival TRAILR4 receptor, maximizing the efficacy of TRAIL therapy. TRAIL-induced 

apoptosis has been already shown to contribute to the antitumor effects of Interferon-α in 

hepatocellular carcinoma cell lines [96]. Interferon therapy is a common approach to treat 

viral infections and autoimmune diseases including multiple sclerosis, and the increase in 

PARP13.2 expression could be partially responsible for some of the beneficial effects [97].

An important consideration, however, is that interferon treatment fails to increase PARP13.1 

expression [35], and the question of which PARP13 isoform has more potent antiviral 

activity remains controversial. Several reports suggest that PARP13.1 is more efficient at 

restricting viruses [77, 88, 98]. Positive selection, indicative of antiviral function, has only 

affected PARP13.1 and not PARP13.2, suggesting a more important role for the longer 

isoform [77]. This question is further complicated by the fact that many of the early studies 

of PARP13 were performed with the rat gene, and rats only express a single PARP13 

isoform that lacks the PARP domain, a PARP13.2 homologue (Uniprot). Therefore much of 

the founding work on PARP13 provides no information about possible functional 

differences between the two human isoforms. Additional analysis comparing the function of 

the two isoforms is therefore needed in order to examine the effectiveness of increasing 

PARP13 function through interferon treatment.

Concluding remarks

Posttranscriptional regulation of RNA, including decay, translational repression and miRNA 

silencing, is an important component of gene expression that facilitates the fine-tuning of 

transcript levels during physiological conditions, and the rapid switch in global gene 

expression programs that occur during cellular stress responses. Long-term misregulation of 

stress-response pathways dependent on posttranscriptional RNA regulation can often result 

in disease states including cancer. PARP13 has emerged as an important regulator of 

multiple facets of posttranscriptional RNA regulation, with promising therapeutic potential.
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During the innate immune response PARP13 helps eliminate viral RNA through RNA 

decay, inhibits the translation of specific viral proteins, and helps establish an antiviral 

cellular state by repressing the activity of the miRNA pathway. PARP13 activity is also 

likely protective against cancer, as its antiviral activity can help prevent the development of 

chronic infections correlated with cancer onset; in addition, by inhibiting the expression of 

the pro-survival receptor TRAILR4, it helps sensitize cells to TRAIL mediated apoptosis 

and thus may restrict cancer survival. Indeed multiple cancers show decreased PARP13 

expression compared to normal tissue. PARP13, therefore, emerges as an important pro-

inflammatory and pro-apoptotic factor with effects on the cellular response to stress and the 

onset and resolution of disease.

The direct involvement of PARP13 in multiple stress response pathways relevant to human 

health and disease suggests that activating or inhibiting PARP13 may show therapeutic 

potential. Transcriptional upregulation of PARP13 levels by interferon treatment can be 

useful during infection or for the therapy of cancers in combination with TRAIL treatment. 

On the other hand, PARP13-deficient cancers are susceptible to oncolytic viral therapies, 

and PARP13 inhibition may be an important mechanism to broaden the impact of this 

approach to more cancer types. In addition, PARP13 inhibition may be useful during chronic 

inflammation or stress pathway activation. Importantly, all approaches to inhibit or 

upregulate PARP13 activity, including GSK3 inhibitors, PARP inhibitors, 

farnesyltransferase inhibitors and interferon treatment are already in use in the clinic or are 

undergoing clinical trials. Data suggests that these treatments are well tolerated and could 

therefore be useful approaches to modulate PARP13 function in patients [97, 99–101]. 

Elucidating how PARP13 is regulated and exploiting this knowledge for the therapeutic 

repression of PARP13 is the next step in understanding this multifaceted protein (Box 2).

Box 2

Outstanding questions

• How do the known posttranslational modifications of PARP13 affect its activity 

and function?

• Is PARP13 regulated differently during different stress conditions, or is it 

generally activated during stress?

• Is PARP13 function misregulated during chronic inflammation or in cancer? Is 

PARP13 downregulated in multiple cancer types? What is the activity of the 

remaining PARP13 protein?

• What other cellular transcripts and signaling pathways are regulated by PARP13 

and do they contribute to immunity and cancer?

• Which enzymatically active PARPs modify PARP13 and how does modification 

with poly(ADP-ribose) affect PARP13 function, RNA binding affinity and 

target specificity?
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• What role does PARP13 play in the compartmentalization of viral RNAs to 

RNA granules? Is such compartmentalization required for efficient 

destabilization?
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Glossary

Apoptosis The process of programmed cell death used to eliminate cells damaged 

beyond repair in a controlled fashion without eliciting inflammation. 

Apoptosis is also utilized by the developing organism to remove cells 

that are no longer needed

Cellular stress 
response

Cellular pathways that are activated in response to specific stressors, 

including pathogens, hypoxia, heat shock, unfolded proteins, reactive 

oxygen species and others. In general, cellular stress responses are used 

to eliminate the stress and to prevent or minimize possible cellular 

damage. If a cell is unable to resolve the stress, most cellular stress 

responses activate separate apoptotic pathways to prevent damage to 

the whole organism

Cytokines Secreted proteins that act as messengers and mediate the local crosstalk 

between immune and non-immune cells during an immune response

Farnesylation A posttranslational modification constituting the addition of a farnesyl 

lipid group onto a target protein by a farnesyl transferase. The presence 

of a farnesyl group facilitates interactions of the modified protein with 

cellular membranes and can affect protein localization, activity and 

interactions with other polypeptides

Inflammation A protective response by the body that consists of a complex set of 

signaling pathways aimed at removing harmful agents. At the tissue 

level, inflammation involves the increased permeability of the vascular 

endothelium that allows immune cells to invade the damaged space and 

repair the damage. Inflammation can be triggered by wounding and 

microbial or viral infection and is tightly linked to the innate immune 

response. In the case of infection it often helps to recruit and activate 

cells of the adaptive immune system

Innate immune 
response

A set of defined cellular responses stimulated by the detection of 

foreign molecules of pathogenic origin. The innate immune response 

triggers the upregulation of pro-inflammatory cytokines, which initiate 

the process of inflammation and help to recruit adaptive immune cells
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P-bodies Sites of active RNA decay. These structures are enriched in RNA-

decay factors, such as the decapping enzymes DCP1/2, the 5′-3′ 

exonuclease XRN1, the components of RISC, GW182 and AGO, and 

others

PARPs Poly(ADP-ribose) polymerases are a family of proteins that use NAD+ 

as substrate to modify target proteins with a posttranslational protein 

modification called ADP-ribose. PARPs modify proteins with two 

types of ADP-ribose modifications: mono(ADP-ribose), the addition of 

a single ADP-ribose unit; and poly(ADP-ribose),the addition of 

multiple ADP-ribose subunits in linear or branched polymers. 17 

PARPs are found in humans that have multiple cellular functions

Stress granules Non-membrane-bound structures that consist of stalled preinitiation 

complexes, mRNAs and RNA-binding proteins. Their formation is 

induced by global translational repression in response to different 

stresses, including hypoxia, heat shock, cytoplasmic stress, and others
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• PARP13 regulates RNA in stress and disease

• RNA regulation is important for health

• PARP13 is a target for treatment of disease
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Figure 1. PARP13 domain structure
PARP13.1 and PARP13.2 are the two major isoforms of PARP13 in humans. Both contain 

four CCCH-type RNA-binding zinc fingers (red) and a WWE domain predicted to bind 

poly(ADP-ribose) (dark blue). PARP13.1 also contains a catalytically inactive PARP 

domain (green). Three additional predicted isoforms of PARP13 are shown below.
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Figure 2. Mechanisms of RNA regulation
a) RNA decay. Cis-regulatory elements found within an RNA sequence (usually within the 

3′UTR) mediate binding of a destabilizing RNA-binding protein (RBP). The RBP can 

recruit specific RNA decay factors (arrows), but RNA decay usually initiates with removal 

of the poly(A) tail by deadenylases PAN, PARN or the CCR4-NOT complex. Removal of 

the poly(A) tail recruits decapping enzymes, including DCP1 and DCP2, which remove the 

5′ methyl-guanine cap structure. The now unprotected RNA is degraded by the processive 

5′-3′ exonuclease, XRN1, or 3′-5′ exonuclease, the exosome complex. Decay factors 

recruited specifically by PARP13 are boxed in red. An indent shows the structure of the 

exosome complex, with EXOSC1-EXOSC9 subunits identified. Arrow points to EXOSC7, 

the subunit that binds PARP13 in human.. b) Translation initiation and translational 
repression. Translation initiation begins by activating the mRNA via binding of the cap-

binding factor eIF4E, the scaffold protein eIF4G and the helicase eIF4A. Interactions 

between eIF4G and PABP are required to stabilize the complex which then recruits the 43S 

complex, consisting of the small ribosomal subunit, loaded with the ternary complex (Met-

tRNA and GTP bound eIF2), and additional initiation factors. The 43S-RNA complex is 

then competent for translation initiation, scanning and 60S subunit joining. T-bars show 

steps of translation initiation known to be inhibited by RNA-binding proteins. PARP13 

represses translation by binding eIF4A and preventing it from interacting with eIF4G, a step 
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required for cap-dependent translation initiation. c) miRNA silencing. Left, RISC complex 

loaded with miRNA silences its target by repressing translation and recruiting deadenylation 

factors, thus initiating decay. Right, PARP13 targets Argonaute (Ago), a component of the 

RISC complex, for poly(ADP-ribos)ylation by another PARP protein. Modification of Ago 

inhibits its function, likely by decreasing the binding affinity of the Ago-miRNA complex 

for the target mRNA. This results in global repression of miRNA silencing and increased 

expression of miRNA targets.
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Figure 3. PARP13 functions in human health
a) PARP13 antiviral functions. Left, PARP13 mediates translational repression of target 

viral RNA transcripts and initiates their degradation by recruiting RNA decay factors as 

described in Fig. 2a. In the case of MLV, this process occurs in the context of viral RNA 

granules, and granule compartmentalization may be a common element of PARP13 

function. Right, in parallel, PARP13 targets Ago for ADP-ribosylation, inhibiting its 

function. The global repression of miRNA silencing results in upregulation of pro-

inflammatory cytokines, common miRNA targets, and helps mount the antiviral response. b) 
PARP13 functions in cancer. Top, chronic infection with an oncogenic virus can result in 

cancer onset. Restriction of oncogenic viruses by PARP13 prevents chronic infection and 

may be protective against cancer. Bottom, PARP13-mediated destabilization of TRAILR4 

mRNA promotes TRAIL binding to the apoptotic receptors TRAILR1 and TRAILR2 and 

favors cell death. Loss of PARP13 function leads to stabilization of TRAILR4 mRNA and 

the increased expression of the protein. This inhibits TRAIL signaling through TRAILR1 

and TRAILR2, favoring cell survival.

Todorova et al. Page 23

Trends Mol Med. Author manuscript; available in PMC 2016 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. Mechanisms of PARP13 regulation
Bullet points indicate how the indicated regulation affects PARP13 levels and activity; 

boxed text indicates how inhibition (red) or activation (green) of these regulatory 

mechanisms can be used therapeutically. Clockwise: 1) PARP13 expression is upregulated 

at the level of transcription by interferons. 2) PARP13 is poly(ADP-ribos)ylated by another 

member of the PARP family; ADP-ribosylation of PARP13 increases during stress and 

infection, and likely increases PARP13 activity. 3) PARP13 is phosphorylated at multiple 

residues by GSK3β; phosphorylation promotes the translational repression function of 

PARP13. 4) PARP13.1 is farnesylated at Cys899, a modification that results in its anchoring 

to cellular membranes.
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Table 1

Virus Viral family PARP13- sensitive region Citation

Sindbis Virus (SINV) Alphavirus Multiple fragments [29, 37]

Semliki Forest Virus (SFV) Alphavirus NA [29]

Ross River Virus (RRV) Alphavirus NA [29]

Venezuelan Equine Encephalitis Virus 
(VEEV) Alphavirus NA [29]

Moloney Murine Leukemia Virus 
(MMLV) Retrovirus 3′ Long Terminal Repeat [6, 37]

Xenotropic Murine Leukemia Virus- 
related Virus (XMRV) γ-retrovirus 3′ UTR

Wang, X., Tu, F., Zhu, Y., & Gao, G. 
(2012). Zinc-finger antiviral protein 
inhibits XMRV infection. PloS one, 7(6), 
e39159.

Human Immunodeficiency Virus 
(HIV) Retrovirus nef 5′ UTR [27]

Ebola Virus (EBOV) Filovirus L gene sequences [71]

Marburg virus (MARV) Filovirus L gene sequences [71]

Hepatitus B Virus (HBV) Hepadna- virus Terminal redundancy sequences [72]

Murine gammaherpesvirus 68 
(MHV-68) Gamma herpesvirus M2 gene, ORF64 gene

[73]
Xuan, Y., Gong, D., Qi, J., Han, C., 
Deng, H., & Gao, G. (2013). ZAP 
Inhibits Murine Gammaherpesvirus 68 
ORF64 Expression and Is Antagonized 
by RTA. Journal of virology, 87(5), 
2735–2743.
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