Review

Role of Alternative Splicing in Regulating Host Response to

Viral Infection

Kuo-Chieh Liao I'* and Mariano A. Garcia-Blanco %-3:4/5:*

check for

updates
Citation: Liao, K.-C.; Garcia-Blanco,
M.A. Role of Alternative Splicing in
Regulating Host Response to Viral
Infection. Cells 2021, 10, 1720.
https:/ /doi.org/10.3390/ cells10071720

Academic Editors: Marco Binder and
Meike Dittmann

Received: 17 June 2021
Accepted: 30 June 2021
Published: 8 July 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Genome Institute of Singapore, A*STAR, Singapore 138672, Singapore

Department of Biochemistry and Molecular Biology, University of Texas Medical Branch,

Galveston, TX 77550, USA

3 Department of Internal Medicine, University of Texas Medical Branch, Galveston, TX 77550, USA

4 Institute of Human Infections and Immunity, University of Texas Medical Branch, Galveston, TX 77550, USA
Programme in Emerging Infectious Diseases, Duke-NUS Medical School, Singapore 169857, Singapore

*  Correspondence: liao_kuo_chieh@gis.a-star.edu.sg (K.-C.L.); maragarc@utmb.edu (M.A.G.-B.)

Abstract: The importance of transcriptional regulation of host genes in innate immunity against viral
infection has been widely recognized. More recently, post-transcriptional regulatory mechanisms
have gained appreciation as an additional and important layer of regulation to fine-tune host
immune responses. Here, we review the functional significance of alternative splicing in innate
immune responses to viral infection. We describe how several central components of the Type
I and III interferon pathways encode spliced isoforms to regulate IFN activation and function.
Additionally, the functional roles of splicing factors and modulators in antiviral immunity are
discussed. Lastly, we discuss how cell death pathways are regulated by alternative splicing as well
as the potential role of this regulation on host immunity and viral infection. Altogether, these studies
highlight the importance of RNA splicing in regulating host-virus interactions and suggest a role in
downregulating antiviral innate immunity; this may be critical to prevent pathological inflammation.
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1. Introduction

The host response to viral infection is multifaceted and incorporates the induction
of an antiviral transcriptional program, including the expression of interferons (IFNs)
and cytokines, and the activation of cell death pathways (apoptosis, necroptosis, and
pyroptosis). Among these pathways, many steps are tightly regulated at several levels to
ensure tissue homeostasis. In this review, we discuss the functional roles of alternative
splicing and various spliced isoforms in shaping host immunity against viral infection.

Pre-messenger RNA splicing is an important RNA maturation step that involves
the joining of exons and removal of introns. The overwhelming majority of transcripts
produced by RNA polymerase II (RNAP II), including most mRNAs, contain introns and
thus must be spliced. Splicing is carried out in cell nuclei by one of two macromolecular
ribonucleoprotein complexes, known as the major and the minor spliceosomes [1]. It is
estimated that more than 90% of expressed human genes undergo alternative splicing
(AS) [2], which enables single genes to generate multiple distinct mRNAs that can encode
distinct proteins, thus greatly expanding proteome complexity. Many types of AS events
have been described, and they primarily include cassette exons, mutually exclusive exons,
alternative 5’ splice site use, alternative 3’ splice site use, and intron retention. AS events
can be regulated in a spatiotemporal-dependent manner [1] by the combined action of
cis-elements (e.g., exon splicing enhancers (ESEs)) and trans-factors (e.g., RNA binding
proteins) [3]. Aberrant splicing has been linked to many diseases [4,5], further underscoring
the importance this highly regulated process. AS and mRNA isoforms play important roles
in virtually all cellular processes and pathways, and it is thus not surprising that both have
been noted to be critical for an effective antiviral response.
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2. Alternative RNA Splicing and Its Isoforms in Type I and III IFN Responses

The antiviral response initiates when cellular pattern recognition receptors (PRRs)
detect pathogen-associated molecular patterns (PAMPs). Cytosolic retinoic acid-inducible
gene I (RIG-I) and melanoma differentiation-associated protein 5 (MDA-5) sense double-
stranded RNA (dsRNA) (RIG-I specifically detects 5'-triphosphate or 5'-diphosphate of
RNA molecules) and undergo conformational changes to associate with the downstream
mitochondrial antiviral signaling protein (MAVS). Subsequently, MAVS associates with
TANK Binding Kinase 1 (TBK1) and I-kappa-B kinase epsilon (IKKe), promoting the
phosphorylation of interferon regulatory factor 3 (IRF3) and interferon regulatory factor 7
(IRF7). These two transcription factors translocate to the nucleus and drive the transcription
and production of Type I and Type III interferon (IFN) mRNAs. The cytosolic DNA
sensor, cyclic GMP-AMP synthase (cGAS), can detect DNA in the cytoplasm as PAMP,
when DNA viruses infect cells and produce the cyclic dinucleotide 2’,3"-cyclic GMP-AMP
(2/,3'-cGAMP) [6]. This secondary messenger in turn activates ER-resident stimulator of
interferon genes (STING) and leads to TBK1-dependent IRF3 phosphorylation for Type I
and III IFN production. It is important to note that cGAS has been shown to also respond
to RNA virus infection, probably due to the cytoplasmic release of host mitochondrial
DNA [7]. Additionally, membrane-bound Toll-like receptor 3 (TLR3) can recognize dsRNA
in the endosomal compartments. Ligand detection by TLR3 triggers its association with
the TIR-domain-containing adapter-inducing interferon-f (TRIF) adaptor and induces
TBK1/IKKe-dependent IRF3 phosphorylation. All of these processes culminate in the
transcriptional induction of Type I and III IFN genes and the production of these IFNs
(Figure 1).
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Figure 1. Alternative splicing in the host Type I and Type III IFN response. AS isoforms that upregulate the antiviral
response are shown in green, and those that downregulate the antiviral response are shown in red.

Newly synthesized Type I and III IFNs are secreted and activate downstream signaling
in both autocrine- and paracrine-dependent manners. These two classes of IFNs bind to
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different membrane receptors. Type I IFNs bind to interferon alpha and beta receptor
subunits 1 and 2 (IFNAR1 and IFNAR2), whereas Type III IFNs utilize the interferon
lambda receptor 1 (IFNLR1) and interleukin 10 receptor subunit beta (IL10-RB) [8]. Once
these receptors bind to their ligands, conformational changes recruit intracellular kinases
that subsequently phosphorylate signal transducer and activator of transcription 1 (STAT1)
and signal transducer and activator of transcription 2 (STAT2). Phosphorylated STAT1 and
STAT2 associate with interferon regulator factor 9 (IRF9) to form the ISGF3 complex that
translocates to the nucleus and activates hundreds of IFN stimulated genes (ISGs) to
establish a cellular antiviral state.

PRR genes encode several splice variants to regulate their functions. A splice variant
of RIG-I lacking exon 2 has been reported to be expressed along with the full-length
isoform after IFN-f3 treatment and Sendai virus (SeV) infection [9]. This splice variant has a
deletion in its N-terminal CARD domain, and this deletion prevents RIG-I ubiquitination by
tripartite motif containing 25 (TRIM25), a pre-requisite for RIG-I activation. As a result, this
splice variant was shown to act as a dominant negative form of RIG-I. Ectopic expression
of this RIG-I splice variant inhibits SeV-induced IFN-{ transcription. TLR3 was shown to
have several isoforms [10,11]. An isoform that lacks the trans-membrane domain and most
of the original intracellular TIR domain plays an inhibitory role in the IFN response [10].
The negative regulatory effects of this TLR3 isoform may be caused by competition for
ligand binding because this TLR3 isoform has dsRNA binding sites, whereas it lacks the
cytoplasmic TIR domain required for signal transduction. These PRR isoforms suggest the
existence of a negative feedback loop that fine-tunes the antiviral IFN response.

Key signaling effector proteins downstream to the viral sensors in Type I and Type
III responses express various AS isoforms as well, and many of them act in dominant
negative fashion. Multiple isoforms of MAVS were observed: MAVS 1a, 1b, and 1c [12].
MAVS 1a is produced from exon 2 skipping and encodes a truncated MAVS due to a pre-
mature stop codon. This truncated protein has an intact N-terminal CARD domain, and
its overexpression blocks IFN-f3 transcription, presumably by sequestering TNF receptor-
associated factor 2 (TRAF2) proteins. MAVSIb, lacking exon3, also encodes a truncated
protein by a premature stop codon due to the frameshift. However, this MAVS1b is
able to activate IFN-{ transcription and inhibit vesicular stomatitis virus (VSV) replication,
suggesting a bidirectional mechanism by which MAVS activity is regulated. Additionally,
STING, the cGAS downstream effector, has a spliced isoform, termed MRP [13]. As
compared with STING, MRP does not contain exon 7 and thus does not have a C-terminal
TBK1 interacting domain. It was shown that MRP can dimerize with STING and block
STING-TBK1 interaction. This interference in STING-TBK association explains why MRP
inhibits STING-mediated IFN-§ transcription. In line with this finding, MRP knock-down
reduces VSV replication, presumably by de-repressing host IFN responses. Intriguingly,
although MRP blocks STING-mediated IFN signaling pathway induced by SeV infection,
MRP enhances the herpes simplex virus type 1 (HSV-1)-induced IFN response. Thus, it
appears that MRP plays different roles in response to RNA and DNA virus infections.
TRIF is a critical adaptor for the TLR3-initiated signaling pathway. A splice variant that
lacks central TIR domain, termed TRIS, was observed in a wide spectrum of cell lines [14].
Previous studies have demonstrated that TRIF is associated with TLR3 through their
respective TIR domains [15]; therefore, a TIR-deficient TRIS would be expected to act as an
inhibitor of the TLR3-medjiated signaling. However, TRIS overexpression, though to a lesser
degree than TRIF, activates IFN-f3 transcription and knock-down of TRIS reduced poly
(:C)-induced IFN-p transcription. These results suggest a surprising, yet nonredundant,
role for TRIS in TLR3-mediated signaling. Tumor necrosis factor receptor-associated
factor 3 (TRAEF3) is an accessory protein in RIG-I-MAVS pathways and undergoes AS in
T-cells [16]. This exon 8 skipping event in TRAF3 is primarily mediated by CUGBP Elav-
Like Family Member 2 (CELF2) and heterogeneous nuclear ribonucleoprotein C (hnRNP
C) proteins [17]. Nonetheless, the role of this AS event in host antiviral response remains
to be determined.
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Novel spliced isoforms of TBK1 and IKKe have also been identified to play nega-
tive regulatory roles during the IFN response. TBK1s, a TBK1 spliced transcript variant,
lacks exon 3-6, which encodes a serine/threonine kinase domain mediating IRF3 and
IRF7 phosphorylation. Additional functional and biochemical assays show that TBK1s
inhibits IFN-f transcription by blocking the interaction between RIG-I and MAVS [18].
Intriguingly, TBK1s is not abundantly expressed in uninfected cells. Upon SeV infection,
particularly at later time points, TBK1s expression becomes more prominent. This delayed
upregulation suggests that the cells have evolved a strategy to negatively regulate IFN
activation once a viral infection is cleared. Additionally, a spliced isoform is observed
upon Influenza A virus (IAV) infection, but its functional significance remains to be char-
acterized [19]. Regarding IKKe, this gene expresses two spliced variants, IKKe sv1l and
IKKe sv2, that differ in the carboxyl regions, as compared with full-length IKKe [20]. Both
IKKe sv1 and sv2 form dimers with full-length IKKe and inhibit full-length IKKe-induced
IRF3 signaling, including its role in promoting antiviral activity. Interestingly, Dengue virus
(DENV) infection was observed to upregulate the expression of these two isoforms [21],
suggesting that this flavivirus has evolved the capacity to interfere with innate immunity
by regulating AS.

Multiple isoforms of IRF3 and IRF7 have been characterized in mammals. IRF3a
is an IRF3 AS variant [22,23] that utilizes an alternative exon 3a and produces an N-
terminal truncated protein due to the use of a different start codon. IRF3a does not
have a functional DNA binding domain and, therefore, fails to bind to IFN- promoter.
Therefore, IRF3a inhibits IRF3 transcriptional activity [22]. The second spliced isoform,
IRF3-CL, is a transcript derived from an alternative 3’ splice site, 16 nucleotides upstream
of exon 7 of the major IRF3 transcript [24]. IRF3-CL shares the N-terminal region with
IRF3, but differs at the C-termini. This isoform negatively regulates IRF3 activity and
is expressed ubiquitously. By contrast, expression of IRF3-nirs3 is limited to specific
tissues [25]. This isoform appears to be expressed in human hepatocellular carcinoma cells,
but not in primary human hepatocytes. IRF-nirs3 transcripts do not contain exon 6, and
this exclusion results in a protein that lacks the central IRF association domain, which
is critical for its homodimerization or heterodimerization with IRF3 or other IRFs. As
expected, the overexpression of IRF3-nirs3 repressed IFN-{3 transcription and facilitated
viral replication [25]. Additional IRF3 spliced isoforms are identified with varying degrees
of capabilities in inhibiting IRF3-mediated IFN-f3 transcriptional activation [26]. Lastly,
heterogeneous nuclear ribonucleoprotein A1(hnRNPA1) and serine- and arginine-rich
splicing factor 1 (SRSF1) were shown to promote the inclusion of exon 2 and exon 3 of IRF3
and to generate the full-length IRF3 that is required for IFN-{3 transcriptional activation [27].
Depletion of either hnRNPA1 or SRSF1 causes a reduction in poly (I:C) induced IFN-3
activation. More recently, IRF7 expression was shown to be regulated by the intron retention
mechanism through the BUD13 protein [28]. BUD13 represses intron 4 retention in the
IRF7 transcript. As a result, a mature IRF7 transcript is produced, and the IRF7 protein is
translated to support the IFN response. In support of this observation, the knock-down
of BUD13 increases intron retention of the IRF7 transcript, which appears to be degraded
via nonsense-mediated decay (NMD). Consequently, the IRF7 protein level is reduced to
facilitate viral replication [28]. Several other IRF7 transcript variants have been reported,
and some may be induced by respiratory syncytial virus (RSV) infection [29,30].

Most Type I IEN genes are intron-less, whereas Type III IFN genes usually have
multiple introns, suggesting a potential regulatory mechanism by AS. A recently discovered
IFNL4, a Type IIL IFN, is encoded by a gene comprising five exons, and several transcript
variants have been observed [31]. Functional characterization shows that full-length
IFNL4 isoforms, but not shorter ones, exhibit antiviral activity [32]. Surprisingly, genetic
variants in exon 1 that negatively correlate with the expression of functional IFNL4 are
associated with Hepatitis C virus (HCV) clearance [31,33].

Type I and III IFN proteins exert their functions (e.g., triggering the production
of antiviral ISGs) by binding to their respective receptors, which are expressed as var-
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ious isoforms. IFNAR1 and IFNAR?2 form a receptor complex for Type I IFNs, and IF-
NAR?2 produces three mRNA AS variants, including two membrane-bound isoforms
(IFNAR2b and 2c) and a soluble isoform (IFNAR?2a) [34]. Transfection of human IFNAR1
and IFNARZ2c, but not IFNAR2D, reconstituted the antiviral IFN response [35]. This is
consistent with the data that IFNAR2b may act as a dominant, negative regulator of IFN
responses [36]. Multiple splice variants of IFNLR1, with which IL-10RB forms the Type III
IEN receptor, have been described in human cells [37-39]. Membrane-bound IFNLR1 is
a functional receptor subunit, whereas a soluble spliced isoform, which lacks exon 6 en-
coding transmembrane domain, serves as a dominant negative form. The addition of
recombinant soluble IFNLR1 reduced Type III IFNs-induced ISG transcription in peripheral
blood mononuclear cells (PBMC) and in Huh7.5 cells [40].

Following the binding of Type I and III IENs to their receptors, phosphorylated
STAT1 and STAT?2 ultimately translocate to the nucleus driving ISG expression. STAT1 has
two isoforms [41], alpha and beta, which differ at the C-terminal trans-activation domain.
Initially, STAT1 alpha was considered to be the only functional isoform, and STAT1 beta
presumably acts as a dominant negative regulator [42,43]. Nevertheless, recent studies
suggest that STAT1 alpha and beta activate an overlapping, but non-redundant, set of genes
that are important in regulating immunity [44]. In addition to these two isoforms, Epstein—
Barr virus (EBV) SM proteins associate with the host splicing factor SRSF3 and promote
the usage of a cryptic 5 splice site, generating the STAT1 alpha’ transcript variant [45,46].
The role of the STAT1 alpha’ transcript, and whether or not it is translated, is yet unclear.
Given the importance of STAT1 and STAT?2 in driving ISG expression for antiviral state
establishment, aberrant splicing of these genes has been linked with impaired immunity
and severe viral illness [47-49]. For example, homozygous mutation leading to STAT1 exon
3 skipping results in its reduced expression and phosphorylation. Patients homozygous for
this mutation display profound susceptibility to infection [49]. A mutation in intron 4 of
STAT?2 causes aberrant splicing and probably results in NMD. STAT2 protein expression is
not detectable in homozygous patient cells, and the exogenous expression of STAT2 rescues
the phenotype and induces an antiviral state [48].

Evidence showing that ISG function is regulated by AS is starting to emerge. OASI is
a key component in the RNaseL 2-5A antiviral system. A recent report shows that the
Ouas1g (a mouse homolog of human OASI) gene has an alternative 5’ splice site in the intron
between exon 3 and exon 4, and the use of this alternative 5’ splice leads to a non-functional
mRNA variant that is destined for degradation [50]. Interestingly, the removal of this
alternative 5’ splice site increases Oas1g expression and inhibits viral infection. MxA is
another well-known ISG that restricts various viruses. Intriguingly, HSV-1 viral infection
induces the production of varMxA [51]. This transcript has exons 14-16 deleted and
encodes a protein that supports HSV-1 replication. The appearance of MxA exon exclusion
isoforms was also observed in DENV-infected cells [21]. Its regulatory function on DENV
replication awaits further investigation.

In summary, various isoforms of key components in Type I and Type III IFN responses
are expressed to regulate innate immunity in the host response (Figure 1). It is intriguing
that most AS events downregulate the antiviral response, suggesting that posttranscrip-
tional regulation works to balance the transcriptional upregulation of the antiviral state.
This would imply that defects in the post-transcriptional regulation of the antiviral innate
immune response would lead to autoimmunity and pathological inflammatory conditions.

3. Other Innate Immune Pathways Impacted by Alternative RNA Splicing

The promyelocytic leukemia (PML) protein, a member of the TRIM protein family, is a
key component of structures known as PML nuclear bodies that have an important role
in innate immune signaling [52,53]. The PML gene consists of nine exons and undergoes
extensive AS, generating several transcript variants [54]. These isoforms share amino-
terminal regions but differ at the C-terminus. Importantly, they appear to have differential
roles in modulating the IFN response. PML isoform IV has been reported to enhance the
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activity of IRF3, thereby participating in IFN- production during VSV infection [55]. In
line with this finding, the overexpression of PML isoform IV is sufficient to suppress DENV
replication [56]. Similarly, PML isoform II promotes IFN-f3 activation [57] and achieves this
enhancement by associating with various transcriptional complexes. Depletion of PML
isoform II reduced IRF3 and STAT1 recruitment to the IFN-3 promoter and ISRE elements,
respectively. By contrast, unlike PML isoform II, the knock-down of PML isoform V did not
have an impact on poly (I:C)-triggered IFN-f activation, suggesting that PML isoform V is
not required for this regulation of the IFN response [57]. Interestingly, herpes simplex virus
type 2 (HSV-2) infection caused a switch of PML isoform II to PML isoform IV by increasing
the use of intron 7a through viral ICP27 proteins [58]. This is well in line with a viral
strategy to antagonize the host IFN response for viral replication since isoform 1II, as well as
isoform IV, promotes IFN-f3 activation. The restoration of PML isoform II in PML-knocked-
down cells, however, facilitates HSV2 replication. The depletion of PML isoform II by
siRNA reduced HSV2 infectivity, suggesting PML isoform Il is a pro-HSV2 factor. These
results suggest a complex and perhaps paradoxical role of PML in host-virus interactions.

Zinc finger protein (ZFR) participates in several cellular functions and is a potent
splicing modulator. ZFR controls IFN signaling by preventing aberrant splicing and the
nonsense-mediated decay of histone variant macroH2A1 mRNAs [59]. In ZFR-expressing
cells, ZFR promotes the usage of macroH2A1 exon 6a, leading to the production of full-
length macroH2A1, which represses the IFN-f3 promoter and prevents transcriptional
activation. In ZFR-depleted cells, mutually exclusive usage of exon 6b results in a spliced
transcript destined for NMD. As a consequence, the IFN-3 promoter is released from
repression and can be accessible to transcription factors for gene expression. Consistently,
either knock-down ZFR or macroH2A1 enhances IFN-f transcription. Furthermore, ZFR
depletion restricts viral replication [59].

hnRNP M belongs to the family of ubiquitously expressed heterogeneous nuclear
ribonucleoproteins (hnRNPs) and impacts pre-mRNA processing and several other aspects
of mRNA metabolism and transport. Recently, hnRNP M was shown to possess immune-
suppressing capability via distinct mechanisms. Firstly, this protein interacts with RIG-I
to impair immune sensing [60]. Moreover, hnRNP M promotes intron retention to reduce
IL-6 transcript abundance. Overall, as a consequence, the depletion of hnRNP M dampens
host immunity and facilitates viral replication [61].

4. Alternative Splicing Regulates Host Cell Death Pathways Activated during
Viral Infection

Several cell death programs have been described, and the molecular mechanisms of
these programs are overlapping, yet quite divergent [62]. Here, we discuss AS regulation
of apoptosis, necroptosis, and pyroptosis in the context of host-virus interactions (Figure 2).
Viruses interact extensively with cellular intrinsic and extrinsic apoptotic pathways [63,64],
and the spliced isoforms of apoptotic factors can play a key role in determining cell
fate [65,66]. Apoptosis is generally conceived as a non-inflammatory type of programmed
cell death, characterized by morphological changes, including cell shrinkage, nuclear con-
densation, and plasma membrane blebbing. Intrinsic apoptosis is primarily controlled
at the mitochondria. The disturbance of intracellular homeostasis (e.g., DNA damage or
oxidative stress) and pro-apoptotic stimuli results in the induction of mitochondrial outer
membrane permeabilization (MOMP) by the proteins BAX or BAK. In the absence of apop-
totic stimuli, these proteins are sequestered in an inactive state by anti-apoptotic members
of the BCL2 family of proteins. MOMP releases cytochrome c into the cytoplasm and
triggers the formation of the apoptosome protein complex containing apoptotic protease
activating factor 1 (APAF1) and caspase 9, a member of cellular cysteine-aspartic proteases.
Activated caspase 9 then cleaves caspases 3 and 7, which triggers a pathway leading to
cell death. Interestingly, viral infection activates non-transcriptional IRF3-Bax interactions
and causes MOMP and cell death [67,68]. Viral infection can also trigger extrinsic apopto-
sis [63]. The extrinsic pathway is primarily initiated by binding of ligands to various death
receptors, activating caspase 8, and leading to the activation of caspase 3 and apoptosis.
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A key host factor in regulating this pathway is the FLICE-like inhibitory protein (cFLIP).
Human cFLIP has 14 exons and gives rise to three major isoforms cFLIPy, cFLIPs and
cFLIPR [69]. Both cFLIPg and cFLIPR are shown to block apoptosis [69-71], while cFLIPy,’s
role in regulating apoptosis is dependent on its local availability and concentration [72].
In addition to regulating apoptosis, cFLIP;, has recently been shown to inhibit IRF3 and
IRF7 transcriptional activation, suggesting the critical role of cFLIP in the host’s response
to viral infection [73,74]. Splicing regulatory mechanisms by which various cFLIP isoforms
are generated are currently being revealed. A 21-bp insertion in the 3'UTR of the fifth
exon in the cflar gene causes preferential splicing to cFLIPy, [75]. Intriguingly, this effect
was mainly observed in liver tissue, suggesting that additional tissue-specific trans-acting
factors are important to modulate this splicing process. In addition, a single nucleotide
polymorphism is reported to dictate whether cFLIPR or cFLIPg is produced [76]. It is
important to note that though cFLIPg inhibits apoptosis, it promotes another programmed
cell death, termed necroptosis [70].

NLRP3 Aex5

‘ |
£
(owar)
N

Caspase3 & l
Caspase?7

\ Necroptosis

Apoptosis Pyroptosis

Figure 2. Alternative splicing regulates host cell death pathways activated during viral infection.

Necroptosis is an inflammatory type of cell death, characterized by cell swelling,
loss of plasma membrane permeability, and the release of cytosolic contents into the
extracellular space [77]. Some viral infections trigger necroptosis through membrane-
bound receptors (e.g., TLR3 [78,79]) or cytosolic sensors (e.g., ZBP1 [80-82]), and culminate
with the activation and phosphorylation of mixed lineage kinase domain-like protein
(MLKL), which forms a homotrimeric complex that translocates to the plasma membrane,
where it forms a pore and induces cell lysis [83,84]. MLKL has two isoforms, MLKL1 and
MLKL2 [85]; MLKL2 is a more potent necroptosis inducer than MLKL1 [86]. This increase
in activity can be attributed to the altered domain structure of MLKL2. MLKL2 lacks
exons 4-8 and, thus, MLKL2 does not have most of the C-terminal pseudokinase domain
that is believed to serve as a suppressing function. Additional key components in the
necroptosis pathway include receptor-interacting serine/threonine-protein kinase 1 (RIPK1)
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and receptor-interacting serine/threonine-protein kinase 3 (RIPK3), and both genes have
been reported to encode transcript variants. CRISPR whole-genome screening identified
PTBP1 as a novel regulator of RIPK1 splicing in necroptosis [87]. PTBP1 suppresses
an alternative exon inclusion between the canonical exons 4 and 5 and promotes full-
length RIPK1 protein expression for cell death induction. In line with PTBP1-mediated
exon skipping, a signature CU-rich tract in the intron adjacent to the 3’ splice site was
identified [87]. Lastly, RIPK3 has two splice variants, RIPK3 beta and RIPK3 gamma, both of
which appear to suppress cell death [88].

Pyroptosis, which is also an inflammatory form of cell death, is induced by inflam-
masome activation and is critical for the antiviral response [89,90]. This death pathway
is initiated by the detection of PAMPs or danger-associated molecular patterns (DAMPs)
by inflammasome proteins, most of which are members of the Nod-like receptor (NLR)
family [91]. Subsequently, the recruitment of adaptor apoptosis-associated speck-like pro-
tein containing a CARD (ASC) and caspase 1 forms an inflammasome protein complex.
Activated caspase 1 would cleave gasdermin D (GSDMD), releasing the GSDMD-N do-
main. The GSDMD-N domain translocates to the plasma membrane and oligomerizes to
generate membrane pores. This pore formation disrupts the osmotic potential, resulting
in cell swelling and eventual lysis. In addition, active caspase-1 processes pro-IL-13 and
pro-IL-18 to bioactive forms, promoting inflammation. Among many NLRs, NLR family
pyrin domain containing 3 (NLRP3) is important in antiviral response [89], and it was
recently shown to be regulated at the splicing level. A novel NLRP3 spliced variant that
lacks exon 5 encodes a fraction of the LRR domain [92]. Deletion of this region abolishes
its interaction with the NIMA-related kinase 7 (NEK?7) protein, the binding of which is a
prerequisite of NLRP3 activation, and thus makes NLRP3 Aexon5 inactive. Another critical
component in the inflammasome is the adaptor ASC, composed of an N-terminal PYD
domain for association with the NLR proteins, a linker region, and a C-terminal CARD
domain for interaction with the caspase proteins. A spliced variant of ASC-b lacks exon 2,
encoding the linker, and is able to activate NLRP3 inflammasome [93]. In line with this, a
patient harboring this ASC exon 2 deletion exhibits a higher level of IL-1§ protein in the
serum [94]. Another spliced isoform ASC-c has a deletion in the PYD domain. It acts as a
dominant negative regulator and reduces NLRP3 activation [93].

5. Conclusions

Viral infection triggers myriads of cellular events in the host. Most earlier studies have
focused on the role of transcription in setting up the cellular antiviral response. In this
review, we discuss the underexplored role of AS in regulating the host response during viral
infection. Most AS regulatory events discovered to date appear to negatively modulate
the antiviral response. This would imply that defects in the post-transcriptional regulation
of the antiviral innate immune response would lead to autoimmunity and pathological
inflammatory conditions. With the advent of next-generation sequencing, novel discoveries
have been made to delineate how the host splicing machinery is modulated during viral
infection [95,96]. It is evident that AS plays critical roles in the regulation of a productive
innate immune response; however, the functional significance of many novel AS isoforms
and the regulatory mechanisms by which these spliced variants are generated remain
incompletely understood. Further investigation should explore AS as an important layer of
regulation of virus-host interactions and potentially identify novel targets for therapeutic
development to treat infectious diseases.

Funding: K.-C.L. was supported by the Singapore Ministry of Health’s National Medical Research
Council under its Young Individual Research Grant (NMRC/OFYIRG/0054/2017), and M.A.G.-B.
was supported by grant P01 AI150585 of the National Institutes of Health (USA).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.



Cells 2021, 10, 1720 9of 12

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Wilkinson, M.E.; Charenton, C.; Nagai, K. RNA Splicing by the Spliceosome. Annu. Rev. Biochem. 2020, 89, 359-388. [CrossRef]
[PubMed]

2. Wang, E.T,; Sandberg, R.; Luo, S.; Khrebtukova, I.; Zhang, L.; Mayr, C.; Kingsmore, S.E; Schroth, G.P; Burge, C.B. Alternative
isoform regulation in human tissue transcriptomes. Nature 2008, 456, 470—-476. [CrossRef] [PubMed]

3. Fu, X.D.; Ares, M., Jr. Context-dependent control of alternative splicing by RNA-binding proteins. Nat. Rev. Genet. 2014, 15,
689-701. [CrossRef] [PubMed]

4. Evsyukova, I; Somarelli, ].A.; Gregory, S.G.; Garcia-Blanco, M.A. Alternative splicing in multiple sclerosis and other autoimmune
diseases. RNA Biol. 2010, 7, 462-473. [CrossRef]

5. Tazi, ].; Bakkour, N.; Stamm, S. Alternative splicing and disease. Biochim. Biophys. Acta 2009, 1792, 14-26. [CrossRef]

6. Hopfner, K.P.; Hornung, V. Molecular mechanisms and cellular functions of cGAS-STING signalling. Nat. Rev. Mol. Cell Biol.
2020, 21, 501-521. [CrossRef]

7. Sun, B.; Sundstrom, K.B.; Chew, ].J.; Bist, P.; Gan, E.S.; Tan, H.C.; Goh, K.C.; Chawla, T.; Tang, C.K.; Ooi, E.E. Dengue virus
activates cGAS through the release of mitochondrial DNA. Sci. Rep. 2017, 7, 3594. [CrossRef]

8.  Lazear, H.M,; Schoggins, ].W.; Diamond, M.S. Shared and Distinct Functions of Type I and Type III Interferons. Immunity 2019, 50,
907-923. [CrossRef]

9.  Gack, M.U;; Kirchhofer, A.; Shin, Y.C.; Inn, K.S,; Liang, C.; Cui, S.; Myong, S.; Ha, T.; Hopfner, K.P,; Jung, J.U. Roles of RIG-I
N-terminal tandem CARD and splice variant in TRIM25-mediated antiviral signal transduction. Proc. Natl. Acad. Sci. USA 2008,
105, 16743-16748. [CrossRef]

10. Seo, ].W.; Yang, E.J.; Kim, S.H.; Choi, L.H. An inhibitory alternative splice isoform of Toll-like receptor 3 is induced by type I
interferons in human astrocyte cell lines. BMB Rep. 2015, 48, 696-701. [CrossRef]

11. Yang, E.; Shin, ].S.; Kim, H.; Park, HW.; Kim, M.H.; Kim, S.J.; Choi, .H. Cloning of TLR3 isoform. Yonsei Med. ]. 2004, 45, 359-361.
[CrossRef] [PubMed]

12. Lad, S.P; Yang, G.; Scott, D.A.; Chao, T.H.; Correia Jda, S.; de la Torre, J.C.; Li, E. Identification of MAVS splicing variants that
interfere with RIGI/MAVS pathway signaling. Mol. Immunol. 2008, 45, 2277-2287. [CrossRef] [PubMed]

13.  Chen, H,; Pei, R.;; Zhu, W.; Zeng, R.; Wang, Y.; Wang, Y.; Lu, M.; Chen, X. An alternative splicing isoform of MITA antagonizes
MITA-mediated induction of type I IENs. J. Immunol. 2014, 192, 1162-1170. [CrossRef]

14. Han, KJ,; Yang, Y;; Xu, L.G.; Shu, H.B. Analysis of a TIR-less splice variant of TRIF reveals an unexpected mechanism of
TLR3-mediated signaling. J. Biol. Chem. 2010, 285, 12543-12550. [CrossRef] [PubMed]

15. Oshiumi, H.; Matsumoto, M.; Funami, K.; Akazawa, T.; Seya, T. TICAM-1, an adaptor molecule that participates in Toll-like
receptor 3-mediated interferon-beta induction. Nat. Immunol. 2003, 4, 161-167. [CrossRef]

16. Michel, M.; Wilhelmi, I.; Schultz, A.S.; Preussner, M.; Heyd, F. Activation-induced tumor necrosis factor receptor-associated factor
3 (Traf3) alternative splicing controls the noncanonical nuclear factor kappaB pathway and chemokine expression in human T
cells. J. Biol. Chem. 2014, 289, 13651-13660. [CrossRef]

17.  Schultz, A.S.; Preussner, M.; Bunse, M.; Karni, R.; Heyd, F. Activation-Dependent TRAF3 Exon 8 Alternative Splicing Is Controlled
by CELF2 and hnRNP C Binding to an Upstream Intronic Element. Mol. Cell Biol. 2017, 37, €00488-16. [CrossRef]

18. Deng, W.; Shi, M.; Han, M.; Zhong, J.; Li, Z.; Li, W.; Hu, Y; Yan, L.; Wang, ].; He, Y.; et al. Negative regulation of virus-triggered
IFN-beta signaling pathway by alternative splicing of TBK1. |. Biol. Chem. 2008, 283, 35590-35597. [CrossRef]

19. Fabozzi, G.; Oler, A.J,; Liu, P; Chen, Y.; Mindaye, S.; Dolan, M.A.; Kenney, H.; Gucek, M.; Zhu, J.; Rabin, R.L.; et al. Strand-Specific
Dual RNA Sequencing of Bronchial Epithelial Cells Infected with Influenza A /H3N2 Viruses Reveals Splicing of Gene Segment
6 and Novel Host-Virus Interactions. J. Virol. 2018, 92, e00518-18. [CrossRef]

20. Koop, A.; Lepenies, I.; Braum, O.; Davarnia, P; Scherer, G.; Fickenscher, H.; Kabelitz, D.; Adam-Klages, S. Novel splice variants
of human IKKepsilon negatively regulate IKKepsilon-induced IRF3 and NF-kB activation. Eur. J. Immunol. 2011, 41, 224-234.
[CrossRef]

21. De Maio, FA ; Risso, G.; Iglesias, N.G.; Shah, P; Pozzi, B.; Gebhard, L.G.; Mammi, P; Mancini, E.; Yanovsky, M.].; Andino, R; et al.
The Dengue Virus NS5 Protein Intrudes in the Cellular Spliceosome and Modulates Splicing. PLoS Pathog. 2016, 12, e1005841.
[CrossRef] [PubMed]

22. Karpova, A.Y.; Ronco, L.V.; Howley, PM. Functional characterization of interferon regulatory factor 3a (IRF-3a), an alternative
splice isoform of IRF-3. Mol. Cell Biol. 2001, 21, 4169—4176. [CrossRef]

23. Karpova, A.Y.; Howley, PM.; Ronco, L.V. Dual utilization of an acceptor/donor splice site governs the alternative splicing of the
IRE-3 gene. Genes Dev. 2000, 14, 2813-2818. [CrossRef]

24. Li, C;Ma, L.; Chen, X. Interferon regulatory factor 3-CL, an isoform of IRF3, antagonizes activity of IRF3. Cell Mol. Immunol.
2011, 8, 67-74. [CrossRef] [PubMed]

25. Marozin, S.; Altomonte, ].; Stadler, E; Thasler, W.E.; Schmid, R.M.; Ebert, O. Inhibition of the IFN-beta response in hepatocellular

carcinoma by alternative spliced isoform of IFN regulatory factor-3. Mol. Ther. 2008, 16, 1789-1797. [CrossRef] [PubMed]


http://doi.org/10.1146/annurev-biochem-091719-064225
http://www.ncbi.nlm.nih.gov/pubmed/31794245
http://doi.org/10.1038/nature07509
http://www.ncbi.nlm.nih.gov/pubmed/18978772
http://doi.org/10.1038/nrg3778
http://www.ncbi.nlm.nih.gov/pubmed/25112293
http://doi.org/10.4161/rna.7.4.12301
http://doi.org/10.1016/j.bbadis.2008.09.017
http://doi.org/10.1038/s41580-020-0244-x
http://doi.org/10.1038/s41598-017-03932-1
http://doi.org/10.1016/j.immuni.2019.03.025
http://doi.org/10.1073/pnas.0804947105
http://doi.org/10.5483/BMBRep.2015.48.12.106
http://doi.org/10.3349/ymj.2004.45.2.359
http://www.ncbi.nlm.nih.gov/pubmed/15119015
http://doi.org/10.1016/j.molimm.2007.11.018
http://www.ncbi.nlm.nih.gov/pubmed/18207245
http://doi.org/10.4049/jimmunol.1300798
http://doi.org/10.1074/jbc.M109.072231
http://www.ncbi.nlm.nih.gov/pubmed/20200155
http://doi.org/10.1038/ni886
http://doi.org/10.1074/jbc.M113.526269
http://doi.org/10.1128/MCB.00488-16
http://doi.org/10.1074/jbc.M805775200
http://doi.org/10.1128/JVI.00518-18
http://doi.org/10.1002/eji.201040814
http://doi.org/10.1371/journal.ppat.1005841
http://www.ncbi.nlm.nih.gov/pubmed/27575636
http://doi.org/10.1128/MCB.21.13.4169-4176.2001
http://doi.org/10.1101/gad.813800
http://doi.org/10.1038/cmi.2010.55
http://www.ncbi.nlm.nih.gov/pubmed/21200386
http://doi.org/10.1038/mt.2008.201
http://www.ncbi.nlm.nih.gov/pubmed/28189006

Cells 2021, 10, 1720 10 of 12

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Li, Y.; Hu, X,; Song, Y.; Lu, Z.; Ning, T.; Cai, H.; Ke, Y. Identification of novel alternative splicing variants of interferon regulatory
factor 3. Biochim. Biophys. Acta 2011, 1809, 166-175. [CrossRef] [PubMed]

Guo, R.; Li, Y;; Ning, J.; Sun, D,; Lin, L.; Liu, X. HnRNP A1/A2 and SF2/ASF regulate alternative splicing of interferon regulatory
factor-3 and affect immunomodulatory functions in human non-small cell lung cancer cells. PLoS ONE 2013, 8, 62729. [CrossRef]
Frankiw, L.; Majumdar, D.; Burns, C.; Vlach, L.; Moradian, A.; Sweredoski, M.].; Baltimore, D. BUD13 Promotes a Type I Interferon
Response by Countering Intron Retention in Irf7. Mol. Cell 2019, 73, 803-814. [CrossRef]

Xu, X.; Mann, M.; Qiao, D.; Brasier, A.R. Alternative mRNA Processing of Innate Response Pathways in Respiratory Syncytial
Virus (RSV) Infection. Viruses 2021, 13, 218. [CrossRef]

Zhang, L.; Pagano, ].S. Structure and function of IRF-7. J. Interferon Cytokine Res. 2002, 22, 95-101. [CrossRef]
Prokunina-Olsson, L.; Muchmore, B.; Tang, W.; Pfeiffer, R.M.; Park, H.; Dickensheets, H.; Hergott, D.; Porter-Gill, P.; Mumy, A.;
Kohaar, I; et al. A variant upstream of IFNL3 (IL28B) creating a new interferon gene IFNL4 is associated with impaired clearance
of hepatitis C virus. Nat. Genet. 2013, 45, 164-171. [CrossRef]

Hong, M.,; Schwerk, J.; Lim, C.; Kell, A,; Jarret, A.; Pangallo, J.; Loo, YM,; Liu, S.; Hagedorn, C.H.; Gale, M., Jr.; et al. Interferon
lambda 4 expression is suppressed by the host during viral infection. J. Exp. Med. 2016, 213, 2539-2552. [CrossRef]

Fang, M.Z.; Jackson, S.S.; O’Brien, T.R. IFNL4: Notable variants and associated phenotypes. Gene 2020, 730, 144289. [CrossRef]
[PubMed]

Lutfalla, G.; Holland, S.J.; Cinato, E.; Monneron, D.; Reboul, J.; Rogers, N.C.; Smith, ].M.; Stark, G.R.; Gardiner, K.; Mogensen,
K.E.; et al. Mutant U5SA cells are complemented by an interferon-alpha beta receptor subunit generated by alternative processing
of a new member of a cytokine receptor gene cluster. EMBO J. 1995, 14, 5100-5108. [CrossRef]

Cohen, B.; Novick, D.; Barak, S.; Rubinstein, M. Ligand-induced association of the type I interferon receptor components.
Mol. Cell Biol. 1995, 15, 4208-4214. [CrossRef] [PubMed]

Gazziola, C.; Cordani, N.; Carta, S.; De Lorenzo, E.; Colombatti, A.; Perris, R. The relative endogenous expression levels of the
IFNAR?2 isoforms influence the cytostatic and pro-apoptotic effect of IFNalpha on pleomorphic sarcoma cells. Int. J. Oncol. 2005,
26, 129-140.

Sheppard, P; Kindsvogel, W.; Xu, W.; Henderson, K.; Schlutsmeyer, S.; Whitmore, T.E.; Kuestner, R.; Garrigues, U.; Birks, C.;
Roraback, J.; et al. IL-28, IL-29 and their class II cytokine receptor IL-28R. Nat. Immunol. 2003, 4, 63—68. [CrossRef] [PubMed]
Dumoutier, L.; Lejeune, D.; Hor, S.; Fickenscher, H.; Renauld, J.C. Cloning of a new type II cytokine receptor activating signal
transducer and activator of transcription (STAT)1, STAT2 and STAT3. Biochem. J. 2003, 370, 391-396. [CrossRef] [PubMed]
Witte, K.; Gruetz, G.; Volk, H.D.; Looman, A.C.; Asadullah, K.; Sterry, W.; Sabat, R.; Wolk, K. Despite IFN-lambda receptor
expression, blood immune cells, but not keratinocytes or melanocytes, have an impaired response to type III interferons:
Implications for therapeutic applications of these cytokines. Genes Immun. 2009, 10, 702-714. [CrossRef]

Santer, D.M.; Minty, G.E.S.; Golec, D.P; Lu, J.; May, J.; Namdar, A.; Shah, J.; Elahi, S.; Proud, D.; Joyce, M,; et al. Differential
expression of interferon-lambda receptor 1 splice variants determines the magnitude of the antiviral response induced by
interferon-lambda 3 in human immune cells. PLoS Pathog. 2020, 16, e1008515. [CrossRef]

Schindler, C.; Fu, X.Y.; Improta, T.; Aebersold, R.; Darnell, J.E., Jr. Proteins of transcription factor ISGF-3: One gene encodes the
91-and 84-kDa ISGF-3 proteins that are activated by interferon alpha. Proc. Natl. Acad. Sci. USA 1992, 89, 7836-7839. [CrossRef]
[PubMed]

Baran-Marszak, F; Feuillard, ].; Najjar, I.; Le Clorennec, C.; Bechet, ]. M.; Dusanter-Fourt, I.; Bornkamm, G.W.; Raphael, M.; Fagard,
R. Differential roles of STAT1alpha and STAT1beta in fludarabine-induced cell cycle arrest and apoptosis in human B cells. Blood
2004, 104, 2475-2483. [CrossRef] [PubMed]

Walter, M.].; Look, D.C.; Tidwell, R.M.; Roswit, W.T.; Holtzman, M.]. Targeted inhibition of interferon-gamma-dependent
intercellular adhesion molecule-1 (ICAM-1) expression using dominant-negative Statl. ]. Biol. Chem. 1997, 272, 28582-28589.
[CrossRef]

Semper, C.; Leitner, N.R.; Lassnig, C.; Parrini, M.; Mahlakoiv, T.; Rammerstorfer, M.; Lorenz, K.; Rigler, D.; Muller, S.; Kolbe,
T.; et al. STAT1beta is not dominant negative and is capable of contributing to gamma interferon-dependent innate immunity.
Mol. Cell Biol. 2014, 34, 2235-2248. [CrossRef] [PubMed]

Verma, D.; Swaminathan, S. Epstein-Barr virus SM protein functions as an alternative splicing factor. J. Virol. 2008, 82, 7180-7188.
[CrossRef] [PubMed]

Verma, D.; Bais, S.; Gaillard, M.; Swaminathan, S. Epstein-Barr Virus SM protein utilizes cellular splicing factor SRp20 to mediate
alternative splicing. . Virol. 2010, 84, 11781-11789. [CrossRef]

Du, Z.; Fan, M,; Kim, J.G.; Eckerle, D.; Lothstein, L.; Wei, L.; Pfeffer, L.M. Interferon-resistant Daudi cell line with a Stat2 defect is
resistant to apoptosis induced by chemotherapeutic agents. . Biol. Chem. 2009, 284, 27808-27815. [CrossRef]

Hambleton, S.; Goodbourn, S.; Young, D.E; Dickinson, P.; Mohamad, S.M.; Valappil, M.; McGovern, N.; Cant, A J.; Hackett, S.J.;
Ghazal, P; et al. STAT2 deficiency and susceptibility to viral illness in humans. Proc. Natl. Acad. Sci. USA 2013, 110, 3053-3058.
[CrossRef]

Vairo, D.; Tassone, L.; Tabellini, G.; Tamassia, N.; Gasperini, S.; Bazzoni, F.; Plebani, A.; Porta, F.; Notarangelo, L.D.; Parolini, S.;
et al. Severe impairment of IFN-gamma and IFN-alpha responses in cells of a patient with a novel STAT1 splicing mutation. Blood
2011, 118, 1806-1817. [CrossRef]


http://doi.org/10.1016/j.bbagrm.2011.01.006
http://www.ncbi.nlm.nih.gov/pubmed/21281747
http://doi.org/10.1371/journal.pone.0062729
http://doi.org/10.1016/j.molcel.2018.11.038
http://doi.org/10.3390/v13020218
http://doi.org/10.1089/107999002753452700
http://doi.org/10.1038/ng.2521
http://doi.org/10.1084/jem.20160437
http://doi.org/10.1016/j.gene.2019.144289
http://www.ncbi.nlm.nih.gov/pubmed/31846709
http://doi.org/10.1002/j.1460-2075.1995.tb00192.x
http://doi.org/10.1128/MCB.15.8.4208
http://www.ncbi.nlm.nih.gov/pubmed/7623815
http://doi.org/10.1038/ni873
http://www.ncbi.nlm.nih.gov/pubmed/12469119
http://doi.org/10.1042/bj20021935
http://www.ncbi.nlm.nih.gov/pubmed/12521379
http://doi.org/10.1038/gene.2009.72
http://doi.org/10.1371/journal.ppat.1008515
http://doi.org/10.1073/pnas.89.16.7836
http://www.ncbi.nlm.nih.gov/pubmed/1502203
http://doi.org/10.1182/blood-2003-10-3508
http://www.ncbi.nlm.nih.gov/pubmed/15217838
http://doi.org/10.1074/jbc.272.45.28582
http://doi.org/10.1128/MCB.00295-14
http://www.ncbi.nlm.nih.gov/pubmed/24710278
http://doi.org/10.1128/JVI.00344-08
http://www.ncbi.nlm.nih.gov/pubmed/18463151
http://doi.org/10.1128/JVI.01359-10
http://doi.org/10.1074/jbc.M109.028324
http://doi.org/10.1073/pnas.1220098110
http://doi.org/10.1182/blood-2011-01-330571

Cells 2021, 10, 1720 11 of 12

50.

51.

52.

53.

54.
55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Frankiw, L.; Mann, M.; Li, G.; Joglekar, A.; Baltimore, D. Alternative splicing coupled with transcript degradation modulates
OASlg antiviral activity. RNA 2020, 26, 126-136. [CrossRef]

Ku, C.C; Che, X.B.; Reichelt, M.; Rajamani, J.; Schaap-Nutt, A.; Huang, K.J.; Sommer, M.H.; Chen, Y.S.; Chen, Y.Y.; Arvin, A.M.
Herpes simplex virus-1 induces expression of a novel MxA isoform that enhances viral replication. Immunol. Cell Biol. 2011, 89,
173-182. [CrossRef]

Scherer, M.; Stamminger, T. Emerging Role of PML Nuclear Bodies in Innate Immune Signaling. J. Virol. 2016, 90, 5850-5854.
[CrossRef] [PubMed]

Kim, Y.E.; Ahn, ].H. Positive role of promyelocytic leukemia protein in type I interferon response and its regulation by human
cytomegalovirus. PLoS Pathog. 2015, 11, €1004785. [CrossRef] [PubMed]

Jensen, K,; Shiels, C.; Freemont, P.S. PML protein isoforms and the RBCC/TRIM motif. Oncogene 2001, 20, 7223-7233. [CrossRef]
El Asmi, E; Maroui, M.A.; Dutrieux, J.; Blondel, D.; Nisole, S.; Chelbi-Alix, M.K. Implication of PMLIV in both intrinsic and
innate immunity. PLoS Pathog. 2014, 10, e1003975. [CrossRef]

Giovannoni, F; Ladelfa, M.F; Monte, M; Jans, D.A.; Hemmerich, P.; Garcia, C. Dengue Non-structural Protein 5 Polymerase
Complexes With Promyelocytic Leukemia Protein (PML) Isoforms III and IV to Disrupt PML-Nuclear Bodies in Infected Cells.
Front. Cell Infect. Microbiol. 2019, 9, 284. [CrossRef] [PubMed]

Chen, Y.; Wright, J.; Meng, X.; Leppard, K.N. Promyelocytic Leukemia Protein Isoform II Promotes Transcription Factor
Recruitment to Activate Interferon Beta and Interferon-Responsive Gene Expression. Mol. Cell Biol. 2015, 35, 1660-1672.
[CrossRef]

Nojima, T.; Oshiro-Ideue, T.; Nakanoya, H.; Kawamura, H.; Morimoto, T.; Kawaguchi, Y.; Kataoka, N.; Hagiwara, M. Herpesvirus
protein ICP27 switches PML isoform by altering mRNA splicing. Nucleic Acids Res. 2009, 37, 6515-6527. [CrossRef]

Haque, N.; Ouda, R.; Chen, C.; Ozato, K.; Hogg, ].R. ZFR coordinates crosstalk between RNA decay and transcription in innate
immunity. Nat. Commun. 2018, 9, 1145. [CrossRef]

Cao, P; Luo, WW.; Li, C; Tong, Z.; Zheng, Z.Q.; Zhou, L.; Xiong, Y.; Li, S. The heterogeneous nuclear ribonucleoprotein hnRNPM
inhibits RNA virus-triggered innate immunity by antagonizing RNA sensing of RIG-I-like receptors. PLoS Pathog. 2019, 15,
€1007983. [CrossRef]

West, K.O.; Scott, H.M.; Torres-Odio, S.; West, A.P; Patrick, K.L.; Watson, R.O. The Splicing Factor hnRNP M Is a Critical Regulator
of Innate Immune Gene Expression in Macrophages. Cell Rep. 2019, 29, 1594-1609. [CrossRef]

Galluzzi, L.; Vitale, I.; Aaronson, S.A.; Abrams, ].M.; Adam, D.; Agostinis, P.; Alnemri, E.S.; Altucci, L.; Amelio, I.; Andrews,
D.W.,; et al. Molecular mechanisms of cell death: Recommendations of the Nomenclature Committee on Cell Death 2018.
Cell Death Differ. 2018, 25, 486-541. [CrossRef]

Zhou, X,; Jiang, W.; Liu, Z,; Liu, S.; Liang, X. Virus Infection and Death Receptor-Mediated Apoptosis. Viruses 2017, 9, 316.
[CrossRef]

Galluzzi, L.; Brenner, C.; Morselli, E.; Touat, Z.; Kroemer, G. Viral control of mitochondrial apoptosis. PLoS Pathog. 2008, 4,
€1000018. [CrossRef]

Paronetto, M.P,; Passacantilli, I.; Sette, C. Alternative splicing and cell survival: From tissue homeostasis to disease.
Cell Death Differ. 2016, 23, 1919-1929. [CrossRef] [PubMed]

Lin, J.C.; Tsao, M.E; Lin, Y.J. Differential Impacts of Alternative Splicing Networks on Apoptosis. Int. J. Mol. Sci. 2016, 17, 2097.
[CrossRef] [PubMed]

Chattopadhyay, S.; Yamashita, M.; Zhang, Y.; Sen, G.C. The IRF-3/Bax-mediated apoptotic pathway, activated by viral cytoplasmic
RNA and DNA, inhibits virus replication. J. Virol. 2011, 85, 3708-3716. [CrossRef] [PubMed]

Chattopadhyay, S.; Marques, ].T.; Yamashita, M.; Peters, K.L.; Smith, K.; Desai, A.; Williams, B.R.; Sen, G.C. Viral apoptosis is
induced by IRF-3-mediated activation of Bax. EMBO J. 2010, 29, 1762-1773. [CrossRef]

Dijerbi, M.; Darreh-Shori, T.; Zhivotovsky, B.; Grandien, A. Characterization of the human FLICE-inhibitory protein locus and
comparison of the anti-apoptotic activity of four different flip isoforms. Scand. J. Immunol. 2001, 54, 180-189. [CrossRef]
Feoktistova, M.; Geserick, P.; Kellert, B.; Dimitrova, D.P; Langlais, C.; Hupe, M.; Cain, K.; MacFarlane, M.; Hacker, G.; Leverkus,
M. cIAPs block Ripoptosome formation, a RIP1/caspase-8 containing intracellular cell death complex differentially regulated by
cFLIP isoforms. Mol. Cell 2011, 43, 449-463. [CrossRef]

Krueger, A.; Schmitz, I.; Baumann, S.; Krammer, P.H.; Kirchhoff, S. Cellular FLICE-inhibitory protein splice variants inhibit
different steps of caspase-8 activation at the CD95 death-inducing signaling complex. J. Biol. Chem. 2001, 276, 20633-20640.
[CrossRef] [PubMed]

Hughes, M.A.; Powley, LR.; Jukes-Jones, R.; Horn, S.; Feoktistova, M.; Fairall, L.; Schwabe, J.W.; Leverkus, M.; Cain, K,;
MacFarlane, M. Co-operative and Hierarchical Binding of c-FLIP and Caspase-8: A Unified Model Defines How c-FLIP Isoforms
Differentially Control Cell Fate. Mol. Cell 2016, 61, 834-849. [CrossRef] [PubMed]

Gates, L.T.; Shisler, J.L. cFLIPL Interrupts IRF3-CBP-DNA Interactions to Inhibit IRF3-Driven Transcription. J. Immunol. 2016, 197,
923-933. [CrossRef] [PubMed]

Gates-Tanzer, L.T.; Shisler, J.L. Cellular FLIP long isoform (cFLIPL)-IKKalpha interactions inhibit IRF7 activation, representing a
new cellular strategy to inhibit IFNalpha expression. J. Biol. Chem. 2018, 293, 1745-1755. [CrossRef]

Ram, D.R;; Ilyukha, V.; Volkova, T.; Buzdin, A.; Tai, A.; Smirnova, I; Poltorak, A. Balance between short and long isoforms of
cFLIP regulates Fas-mediated apoptosis in vivo. Proc. Natl. Acad. Sci. USA 2016, 113, 1606-1611. [CrossRef]


http://doi.org/10.1261/rna.073825.119
http://doi.org/10.1038/icb.2010.83
http://doi.org/10.1128/JVI.01979-15
http://www.ncbi.nlm.nih.gov/pubmed/27053550
http://doi.org/10.1371/journal.ppat.1004785
http://www.ncbi.nlm.nih.gov/pubmed/25812002
http://doi.org/10.1038/sj.onc.1204765
http://doi.org/10.1371/journal.ppat.1003975
http://doi.org/10.3389/fcimb.2019.00284
http://www.ncbi.nlm.nih.gov/pubmed/31456950
http://doi.org/10.1128/MCB.01478-14
http://doi.org/10.1093/nar/gkp633
http://doi.org/10.1038/s41467-018-03326-5
http://doi.org/10.1371/journal.ppat.1007983
http://doi.org/10.1016/j.celrep.2019.09.078
http://doi.org/10.1038/s41418-017-0012-4
http://doi.org/10.3390/v9110316
http://doi.org/10.1371/journal.ppat.1000018
http://doi.org/10.1038/cdd.2016.91
http://www.ncbi.nlm.nih.gov/pubmed/27689872
http://doi.org/10.3390/ijms17122097
http://www.ncbi.nlm.nih.gov/pubmed/27983653
http://doi.org/10.1128/JVI.02133-10
http://www.ncbi.nlm.nih.gov/pubmed/21307205
http://doi.org/10.1038/emboj.2010.50
http://doi.org/10.1046/j.1365-3083.2001.00941.x
http://doi.org/10.1016/j.molcel.2011.06.011
http://doi.org/10.1074/jbc.M101780200
http://www.ncbi.nlm.nih.gov/pubmed/11279218
http://doi.org/10.1016/j.molcel.2016.02.023
http://www.ncbi.nlm.nih.gov/pubmed/26990987
http://doi.org/10.4049/jimmunol.1502611
http://www.ncbi.nlm.nih.gov/pubmed/27342840
http://doi.org/10.1074/jbc.RA117.000541
http://doi.org/10.1073/pnas.1517562113

Cells 2021, 10, 1720 12 of 12

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

Ueffing, N.; Singh, K.K.; Christians, A.; Thorns, C.; Feller, A.C.; Nagl, F; Fend, F; Heikaus, S.; Marx, A.; Zotz, RB.; etal. A
single nucleotide polymorphism determines protein isoform production of the human c-FLIP protein. Blood 2009, 114, 572-579.
[CrossRef]

Pasparakis, M.; Vandenabeele, P. Necroptosis and its role in inflammation. Nature 2015, 517, 311-320. [CrossRef]

Kaiser, W].; Sridharan, H.; Huang, C.; Mandal, P.; Upton, ].W.; Gough, PJ.; Sehon, C.A.; Marquis, R.-W.; Bertin, J.; Mocarski, E.S.
Toll-like receptor 3-mediated necrosis via TRIF, RIP3, and MLKL. J. Biol. Chem. 2013, 288, 31268-31279. [CrossRef] [PubMed]
He, S.; Liang, Y.; Shao, F.; Wang, X. Toll-like receptors activate programmed necrosis in macrophages through a receptor-interacting
kinase-3-mediated pathway. Proc. Natl. Acad. Sci. USA 2011, 108, 20054-20059. [CrossRef]

Kuriakose, T.; Man, S.M.; Malireddi, RK.; Karki, R.; Kesavardhana, S.; Place, D.E.; Neale, G.; Vogel, P; Kanneganti, T.D.
ZBP1/DAl is an innate sensor of influenza virus triggering the NLRP3 inflammasome and programmed cell death pathways.
Sci. Immunol. 2016, 1. [CrossRef] [PubMed]

Thapa, R.J.; Ingram, ].P,; Ragan, K.B.; Nogusa, S.; Boyd, D.F.; Benitez, A.A.; Sridharan, H.; Kosoff, R.; Shubina, M.; Landsteiner,
V.J.; et al. DAI Senses Influenza A Virus Genomic RNA and Activates RIPK3-Dependent Cell Death. Cell Host Microbe 2016, 20,
674-681. [CrossRef]

Upton, ].W,; Kaiser, W.J.; Mocarski, E.S. DAI/ZBP1/DLM-1 complexes with RIP3 to mediate virus-induced programmed necrosis
that is targeted by murine cytomegalovirus vIRA. Cell Host Microbe 2012, 11, 290-297. [CrossRef] [PubMed]

Cai, Z,; Jitkaew, S.; Zhao, J.; Chiang, H.C.; Choksi, S.; Liu, J.; Ward, Y.; Wu, L.G.; Liu, Z.G. Plasma membrane translocation of
trimerized MLKL protein is required for TNF-induced necroptosis. Nat. Cell Biol. 2014, 16, 55-65. [CrossRef]

Wang, H.; Sun, L.; Su, L.; Rizo, J.; Liu, L.; Wang, L.F.; Wang, ES.; Wang, X. Mixed lineage kinase domain-like protein MLKL causes
necrotic membrane disruption upon phosphorylation by RIP3. Mol. Cell 2014, 54, 133-146. [CrossRef]

Zhao, J.; Jitkaew, S.; Cai, Z.; Choksi, S.; Li, Q.; Luo, J.; Liu, Z.G. Mixed lineage kinase domain-like is a key receptor interacting
protein 3 downstream component of TNF-induced necrosis. Proc. Natl. Acad. Sci. USA 2012, 109, 5322-5327. [CrossRef] [PubMed]
Arnez, K.H.; Kindlova, M.; Bokil, N.J.; Murphy, ].M.; Sweet, M.].; Guncar, G. Analysis of the N-terminal region of human MLKL,
as well as two distinct MLKL isoforms, reveals new insights into necroptotic cell death. Biosci. Rep. 2015, 36, €00291. [CrossRef]
[PubMed]

Callow, M.G.; Watanabe, C.; Wickliffe, K.E.; Bainer, R.; Kummerfield, S.; Weng, J.; Cuellar, T.; Janakiraman, V.; Chen, H.; Chih, B.;
et al. CRISPR whole-genome screening identifies new necroptosis regulators and RIPK1 alternative splicing. Cell Death Dis. 2018,
9, 261. [CrossRef] [PubMed]

Yang, Y.; Hu, W.; Feng, S.; Ma, J.; Wu, M. RIP3 beta and RIP3 gamma, two novel splice variants of receptor-interacting protein 3
(RIP3), downregulate RIP3-induced apoptosis. Biochem. Biophys. Res. Commun. 2005, 332, 181-187. [CrossRef] [PubMed]

Zhao, C.; Zhao, W. NLRP3 Inflammasome-A Key Player in Antiviral Responses. Front. Immunol. 2020, 11, 211. [CrossRef]
[PubMed]

Zheng, D.; Liwinski, T,; Elinav, E. Inflammasome activation and regulation: Toward a better understanding of complex mecha-
nisms. Cell Discov. 2020, 6, 36. [CrossRef]

Platnich, ].M.; Muruve, D.A. NOD-like receptors and inflammasomes: A review of their canonical and non-canonical signaling
pathways. Arch. Biochem. Biophys. 2019, 670, 4-14. [CrossRef] [PubMed]

Hoss, E; Mueller, ].L.; Rojas Ringeling, F.; Rodriguez-Alcazar, J.F.; Brinkschulte, R.; Seifert, G.; Stahl, R.; Broderick, L.; Putnam,
C.D.; Kolodner, R.D.; et al. Alternative splicing regulates stochastic NLRP3 activity. Nat. Commun. 2019, 10, 3238. [CrossRef]
Bryan, N.B.; Dorfleutner, A.; Kramer, S.J.; Yun, C.; Rojanasakul, Y.; Stehlik, C. Differential splicing of the apoptosis-associated
speck like protein containing a caspase recruitment domain (ASC) regulates inflammasomes. J. Inflamm. 2010, 7, 23. [CrossRef]
[PubMed]

Suganuma, Y.; Tanaka, H.; Kawase, A.; Kishida, A.; Yamaguchi, M.; Yabuuchi, A.; Inoue, K.; Shiozawa, S.; Komai, K. Expression of
a PYCARD/ASC variant lacking exon 2 in Japanese patients with palindromic rheumatism increases interleukin-1beta secretion.
Asian Pac. |. Allergy Immunol. 2019. [CrossRef]

Boudreault, S.; Roy, P.; Lemay, G.; Bisaillon, M. Viral modulation of cellular RNA alternative splicing: A new key player in
virus-host interactions? Wiley Interdiscip. Rev. RNA 2019, 10, e1543. [CrossRef]

Ashraf, U.; Benoit-Pilven, C.; Lacroix, V.; Navratil, V.; Naffakh, N. Advances in Analyzing Virus-Induced Alterations of Host Cell
Splicing. Trends Microbiol. 2019, 27, 268-281. [CrossRef]


http://doi.org/10.1182/blood-2009-02-204230
http://doi.org/10.1038/nature14191
http://doi.org/10.1074/jbc.M113.462341
http://www.ncbi.nlm.nih.gov/pubmed/24019532
http://doi.org/10.1073/pnas.1116302108
http://doi.org/10.1126/sciimmunol.aag2045
http://www.ncbi.nlm.nih.gov/pubmed/27917412
http://doi.org/10.1016/j.chom.2016.09.014
http://doi.org/10.1016/j.chom.2012.01.016
http://www.ncbi.nlm.nih.gov/pubmed/22423968
http://doi.org/10.1038/ncb2883
http://doi.org/10.1016/j.molcel.2014.03.003
http://doi.org/10.1073/pnas.1200012109
http://www.ncbi.nlm.nih.gov/pubmed/22421439
http://doi.org/10.1042/BSR20150246
http://www.ncbi.nlm.nih.gov/pubmed/26704887
http://doi.org/10.1038/s41419-018-0301-y
http://www.ncbi.nlm.nih.gov/pubmed/29449584
http://doi.org/10.1016/j.bbrc.2005.04.114
http://www.ncbi.nlm.nih.gov/pubmed/15896315
http://doi.org/10.3389/fimmu.2020.00211
http://www.ncbi.nlm.nih.gov/pubmed/32133002
http://doi.org/10.1038/s41421-020-0167-x
http://doi.org/10.1016/j.abb.2019.02.008
http://www.ncbi.nlm.nih.gov/pubmed/30772258
http://doi.org/10.1038/s41467-019-11076-1
http://doi.org/10.1186/1476-9255-7-23
http://www.ncbi.nlm.nih.gov/pubmed/20482797
http://doi.org/10.12932/AP-040319-0509
http://doi.org/10.1002/wrna.1543
http://doi.org/10.1016/j.tim.2018.11.004

	Introduction 
	Alternative RNA Splicing and Its Isoforms in Type I and III IFN Responses 
	Other Innate Immune Pathways Impacted by Alternative RNA Splicing 
	Alternative Splicing Regulates Host Cell Death Pathways Activated during Viral Infection 
	Conclusions 
	References

