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Abstract

Innate immunity is one of the most ancient and conserved aspect of the immune system. It is responsible for an anti-
infective response and has been intrinsically linked to the generation of inflammation. While the inflammatory response
entails signaling to the adaptive immune system, it can be self-perpetuating and over-exaggerated, resulting in deleterious
consequences, including cytokine storm, sepsis, and the development of inflammatory and autoimmune diseases. Cytokines
are the defining features of the immune system. They are critical to mediation of inflammation and host immune defense,
and are tightly regulated at several levels, including transcriptional and post-transcriptional levels. Recently, the role of
post-transcriptional regulation in fine-tuning cytokine expression has become more appreciated. This interest has advanced
our understanding of how various mechanisms are integrated and regulated to determine the amount of cytokine production
in cells during inflammatory responses. Here, we would like to review how innate immunity recognizes and responds to
pathogens by pattern-recognition receptors, and the molecular mechanisms regulating inflammatory responses, with a focus
on the post-transcriptional regulations of inflammatory mediators by RNA-binding proteins, especially Regnase-1. Finally,
we will discuss the regulatory mechanisms of Regnase-1 and highlight therapeutic strategies based on targeting Regnase-1

activity and its turnover as potential treatment options for chronic and autoimmune diseases.
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Introduction

Humans are continuously exposed to pathogens and debris
from damaged host cells. Yet, only on some occasions can
they cause infectious diseases, indicating that a delicate bal-
ance between induction and resolution of inflammation is
critical for the host defense and survival. Failure to resolve
inflammation results in the development of chronic inflam-
matory diseases, which are associated with irreversible tis-
sue damage.

Since the discovery of pattern-recognition receptors
(PRRs) in the mid-1990s (Janeway 1989), much progress
has been made in unraveling the role of innate immunity
in host defense. In particular, it has been revealed that the
inflammatory process is initiated and/or propagated by a
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variety of endogenous molecules, including cytokines and
chemokines, which are most often released during a short
period of time upon recognition of conserved pathogen-
associated molecular patterns (PAMPs) from microorgan-
isms and damage-associated molecular patterns (DAMPs)
from damaged host cells (Medzhitov and Janeway 1997).
Upon PAMP recognition, PRRs initiate a series of signal-
ing pathways that results in the activation of transcriptional
factors, including nuclear factor kappa-B (NF-xB), activa-
tor protein 1 (AP-1), and interferon (IFN) regulatory factors
(IRF). Activation of PRR-signaling pathways results in the
transcription of a family of mRNAs encoding proinflamma-
tory cytokines such as interleukin-6 (IL-6), IL-1f, and tumor
necrosis factor (TNF), which are critical for initiating cell
recruitment and local inflammation for clearance of many
pathogens. However, the overproduction of cytokines by
immune cells can be fatal and is the major driving cause of
inflammatory and autoimmune diseases. Accordingly, mam-
malian systems have formulated ways to fine-tune cytokine
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expression at multiple levels, including gene transcription,
mRNA translation, and mRNA degradation.

A growing body of evidence suggests that RNA-binding
proteins (RBPs) are intimately involved in cytokine mRNA
metabolism, specifically in the degradation of cytokine
mRNAs by post-transcriptional mechanisms (Anderson
2008; Mino and Takeuchi 2013). RBPs bind to sequence
and/or structural motifs in RNA via modular combinations
of structurally well-defined RNA-binding domains such as
RNA-recognition motif (RRM), Cys-Cys-Cys-His (CCCH)
zinc finger (ZF) domain, or DEAD box helicase domain.
Implicit in this characterization is the deficiency or dysregu-
lation of RBP expression in the accumulation of cytokine
transcripts and the development of autoinflammatory dis-
eases. In this review, we summarize the PRR mechanisms
underlying the activation and regulation of innate inflam-
matory responses. After that, we would like to review the
regulatory mechanisms of the master transcriptional factors,
NF-kB and IRF3/IRF7, as well as the post-transcriptional
regulations that regulate cytokine mRNA turnover by RNA-
binding proteins (RBPs) such as Regnase-1 and Roquin.
Lastly, we will outline the post-transcriptional and post-
translational regulations of Regnase-1 and therapeutic inter-
ventions which aim to specifically manipulate Regnase-1
stability and/or production.

Innate immunity-mediated pathogen
elimination

Our immune system is composed of two types of immunity,
innate and adaptive, to ensure a rapid and correct response
to intruders. While the innate arm uses germline-encoded
receptors to sense conserved molecular patterns of patho-
gens by PRRs, the adaptive arm comprises clonally selected
lymphocytes. The hypothesis of PRRs and conserved molec-
ular patterns was first proposed in the mid-1990s (Janeway
1989). Since then much progress has been made in unrave-
ling the role of innate immunity in biological systems. The
innate immune system in vertebrates is characterized by five
major types of receptors based on protein domain homology;
transmembrane Toll-like receptors (TLRs), nucleotide-bind-
ing oligomerization domain (NOD)-like receptors (NLRs),
RIG-I-like receptors (RLRs), C-type lectin receptor (CLR),
and absent in melanoma-2 (AIM?2) like receptors (ALRs),
each recognizing specific pattern derivatives of bacterial,
fungal or virus, genotoxic stress or tissue damage (Akira
et al. 2006; Takeuchi and Akira 2010; Broz and Dixit 2016;
Kelley et al. 2019; Geijtenbeek and Gringhuis 2022). In gen-
eral, PRRs are composed of ligand recognition domains,
intermediate domains, and effector domains. Of note, the
TLR family member is one of the best characterized PRR
families, with each TLR harboring N-terminal leucine-rich
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repeats (LRRs, 20-30 amino acids), a transmembrane region
followed by a cytoplasmic Toll/IL-1R (TIR) domain, which
plays a major role in signal transduction. Because the recog-
nition and binding of PRRs to their ligands is critical for the
initiation of appropriate innate immune response, the loca-
tion of receptors determines the molecules they are going
to sense. For example, membrane-bound sensors survey
molecules outside the cells or inside organelles, whereas
cytosolic receptors are activated only when they encounter
microbe/virus derivatives that have invaded the host cells.
Based on their cellular localization and the pathogens they
recognize, PRRs can be roughly categorized into three
groups, (1) plasma membrane, (2) endosomal/lysosomal
membrane, and (3) cytoplasm:

PRRs on the plasma membrane include TLR1, TLR2,
TLR4, TLR5, TLR6 and the CLR

TLRs present on the plasma membrane mainly recognize
distinct membrane component derived from pathogenic
microorganisms, in the form of heterodimers or homodi-
mers. TLR1/TLR2 and TLR2/TLR6 recognize lipoteichoic
acids, TLR4 recognizes lipopolysaccharide (LPS) of Gram-
negative bacteria, while TLRS recognizes flagellin. Of note,
stimulation of these TLR pathways results in the activation
of NF-xB, mitogen-activated protein kinases (MAPK), and
interferon (IFN)-regulatory factors, through associating
with the cytoplasmic adaptor protein MyD88 (myeloid dif-
ferentiation primary response gene 88) (Wesche et al. 1997;
Medzhitov et al. 1998). In addition, activation of TLR4 not
only results in the production of NF-kB-dependent transcrip-
tion of proinflammatory cytokines, but also induces the gen-
eration of type I IFNs by recruiting the adaptor molecule
TIR domain-containing adaptor inducing IFN-f (TRIF).
On the other hand, CLRs recognize specific carbohydrates
on the surface of pathogens through its carbohydrate rec-
ognition domain (CRD). Interestingly, CLRs are mainly
expressed on antigen-presenting cells such as dendritic cells
(DCs) and macrophages. Among the CLR family, dendritic
cell-associated C-type lectin (dectin)-1 and dectin-2 detect
p-1,3-glucans and mannan on fungal cell walls, respectively.

PRRs on the endosomal/lysosomal membrane
include TLR3, TLR7, TLR8, and TLR9

This family of TLRs is usually expressed in the form of
homodimers, and mainly recognize nucleic acids from
viruses and bacteria, as well as endogenous nucleic acids
from damaged cells. Unmethylated DNA with CpG DNA
motifs derived from bacteria and viruses, as well as single-
stranded DNA (ssDNA), can be recognized by TLR9, while
double-stranded RNA (dsRNA) and synthetic dSRNA analog
polyinosinic polycytidylic acid (poly I:C) are detected by
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TLR3. In addition, TLR7 and TLRS are responsible for the
recognition of single-stranded RNA (ssRNA) from RNA
viruses, as well as anti-viral small compounds imidazoqui-
nolines (Diebold et al. 2004; Heil et al. 2004).

Intracellular PRRs include NLR, RLR, AIM2,
and the cyclin GMP-AMP synthase (cGAS)

NLRs commonly possess protein-binding motifs such as
pyrin domain (PYD), caspase activation and recruitment
domains (CARDs) or baculovirus inhibitor of apoptosis
protein repeat (BIR), both are members of the death domain
superfamily—in their N-terminal regions (Inohara et al.
2005). Particularly, activation of the cytoplasmic NLRs by
components of bacterial outer membranes (muramyl dipep-
tide) or cell wall component including diaminopimelic acid,
triggers NLR oligomerization. Two of the best-characterized
NLR family proteins are NOD1 and NOD2, which amplify
the effect of anti-pathogen infection by recruiting adaptor
molecules RIP2/RICK to drive NF-kB-mediated expression
of proinflammatory cytokines (Hsu et al. 2008; Park et al.
2007). In addition, it was reported that NOD?2 also stimulates
IRF3-dependent expression of type I IFNs to combat with
respiratory syncytial virus infection (Sabbah et al. 2009).
Other NLRs, including NLRP1, NLRP3 and NLRC4, oli-
gomerize to form multiprotein inflammasome complexes,
which ultimately results in the recruitment of pro-caspase- 1
and their activation through proteolytic cleavage (Faus-
tin et al. 2007; Franchi et al. 2009; Kufer and Sansonetti
2011). The activated caspase-1 then cleaves the immature
pro-inflammatory cytokines pro-IL-1p, pro-IL-18, and Gas-
dermin-D, which are responsible for subsequent inflamma-
tory signaling event and pyroptotic cell death, respectively.
The RLR family also recognizes viral nucleic acids and is
composed of three major members, including RIG-I, mela-
noma differentiation factor 5 (MDAS), and laboratory of
genetics and physiology 2 (LGP2) (Yoneyama and Fujita
2008; Takeuchi and Akira 2009). While MDAS recognizes
relatively long dsDNA (> 1000 bp), RIG-I tends to detect
short-chain dsRNA harboring 5’-triphosphate ends. Upon
recognition of the corresponding viral RNA, activated RIG-I
and MDAS induce downstream signal transduction by asso-
ciating with the adaptor protein mitochondrial antiviral sign-
aling protein (MAVS) through the two N-terminal CARD
domains, resulting in the IRF3/IRF7-mediated production
of type I IFNs and type III IFNs, as well as the NF-kB-
mediated production of target cytokines. In addition, sensing
of intracellular dsDNA by AIM2 triggers the formation of
inflammasomes and caspase-1, resulting in the maturation
and release of IL-1f and IL-18. Alternatively, dsDNA can
also be recognized by cGAS, the binding of which activates
cGAS catalytic activity to produce 2’-3’-cyclic GMP-
AMP (cGAMP) as a second messenger molecule to further

trigger the STING (stimulator of interferon genes)-mediated
response against viral infection through the production of
type I IFNs and related gene products by activating IRF3
(Ishikawa et al. 2009; Ablasser et al. 2013; Decout et al.
2021).

Regulation of the activity of transcription
factors

A major consequence of the PRR-induced innate immune
response is the transcription of proinflammatory molecules
through activation of distinct intracellular signaling path-
ways. In the case of TLR, for example, upon recognition
of PAMPs and DAMPs, the TIR domains conduct signal
transduction by binding to different adaptor molecules in
the cytoplasmic region, thereby activating the downstream
transcription factors including NF-kB and IRF, to promote
the expression of proinflammatory cytokines, chemokines
and type I IFNs. Notably, two of the well-characterized TIR-
containing adaptor molecules, MyD88 and TRIF, mediate
most, if not all, TLR signaling pathways, resulting in the
activation of transcription factors NF-xB and IRF3/IRF7,
respectively.

NF-xB

NF-kB is a well-known transcription factor in the regula-
tion of innate and adaptive immune responses, lympho-
cyte function, and cell survival, and is widely expressed in
different types of immune cells (Schulze-Luehrmann and
Ghosh 2006; Liu et al. 2017). Because aberrant activation
of NF-xB is associated with chronic inflammatory diseases
such as rheumatoid arthritis, inflammatory bowel disease,
multiple sclerosis, and asthma, activation of NF-kB is tightly
controlled by its cellular localization by distinct inhibitor
proteins. Under homeostatic conditions, NF-kB remains
in an inactive form and is sequestered in the cytoplasm by
IxB (inhibitor of kB) family members and related proteins
through their ankyrin repeats. Canonical NF-xB pathway
responds to stimuli from diverse immune receptors includ-
ing PRRs (TLRs, NLRs, RLRs, and CLRs), cytokine recep-
tors, as well as T cell-receptor (TCR) and B-cell receptor
(BCR). The canonical pathway depends on site-specific
phosphorylation of IkB at distinct N-terminal lysine resi-
dues (Lys 48) by the IxB kinase (IKK) complex, which
ultimately results in the degradation of IxkB molecules by
the ubiquitination-proteasome pathway (Fig. 1A). In par-
ticular, IKK complex contains two catalytic subunits, IKKa
and IKKP, and a regulatory subunit known as NF-kB essen-
tial modulator (NEMO). Degradation of IxkB allows NF-xB
translocation to the nucleus for initiation of transcriptional
activation of a wide range of genes that control immune
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Fig. 1 Regulation of the activation of transcription factor NF-kB and IRF3/7. A IkB is a pivotal regulator of NF-kB activity. Under homeostatic
condition, NF-kB remains inactive because it is sequestered in cytoplasm by IkB. Following stimulation of PRRs, IkB proteins are rapidly
phosphorylated by the IxkB kinases (IKKs), resulting in the ubiquitin-mediated proteasomal degradation (Lys48) of IkB. This enables NF-xB
translocation to the nucleus for transcription activation of inflammation-mediated genes such as 116, I11b and Tnf. B Binding of double stranded
DNA (dsDNA) by cGAS results in the synthesis of cGAMP, which then binds and activates the endoplasmic reticulum resident protein STING,
while sensing of viral RNA by RLRs such as RIG-1 and MDAS, activates a signaling cascade through the adapter MAVS. This event stimulates
the IKK-related kinase IKK-i//TBK1, which phosphorylate IRF3/7 to induce production of type I interferons (IFNs), interferon-stimulated genes
(ISGs) and proinflammatory cytokines. Similarly, TLR7/8 senses single-stranded RNA (ssRNA) in the endosome and signals through the adap-
tor molecule MyD88, while TLR3 recognizes double-stranded RNA (dsRNA) and uses the adaptor protein TRIF to further activate TRAF3 and
IKK-i/TBK1 and the phosphorylation of IRF3/7 and the nucleus translocation to activate IFN expressions. This figure is made with BioRender:

https://biorender.com/

responses, including proinflammatory cytokines (116, 111,
Tnf and 1112p40), chemokines, as well as activation, dif-
ferentiation and effector functions of inflammatory T cells.
Importantly, it is reported that after its degradation by IKK-
mediated phosphorylation, IxB is resynthesized via NF-kB-
mediated induction of its gene expression, thus providing a
negative feedback mechanism to terminate NF-kB responses
in a timely manner (Sun et al. 1993). These findings together
illustrate the intricacy and complexity of dynamic NF-kB
shuttling between cytoplasm and nucleus, suggesting that
better understanding of the mechanism is crucial for design-
ing more specific and effective therapeutic agents for the
treatment of inflammatory diseases.

IRF3/IRF7

IRF3 and IRF7 are well-studied transcriptional factors which
counteract viral infection by promoting the transcription of
type I IFNs and IFN-inducible genes. IRF3 is constitutively
expressed in various types of cells, whereas IRF7 is abun-
dantly expressed in plasmacytoid DCs (pDCs) (Au et al.
1998). Of note, IRF expression is induced by type I IFNs,
resulting in a positive feedback loop to maximally drive type
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I IFN expression (Marié et al. 1998). The activity of IRF3
is controlled by the phosphorylation and dimerization state,
as well as its translocation ability from the cytoplasm to
the nucleus. IRF3 is activated by phosphorylation by the
Traf-family member-associated NF-xB activator (TANK)-
binding kinase 1 (TBK1) and inducible IxB kinase (IKK-i),
also known as IKKe, which changes its confirmation and
triggers dimerization and translocation into the nucleus,
where it associates with co-activator CREB-binding protein
(CBP) and binds to the IFN-stimulated regulatory element
(ISREs) of the promoters of IFN-o and IFN-f (Fitzgerald
et al. 2003; Sharma et al. 2003) (Fig. 1B). While TLR3 and
TLR4 use the adaptor protein TRIF to recruit IKK-i/TBK1
to endosomes and phagosomes, respectively, RIG-I/MDAS5
recruit the adaptor protein MAVS to recruit and activate
IKK-i/TBK1 at the mitochondrial membrane. Recently a
growing body of evidence suggests that cytosolic DNA-
detecting PRRs such as cGAS, utilize the adaptor protein
STING to recruit and activate TBK1, and ultimately results
in IRF3 phosphorylation and production of IFNs (Chen
et al. 2016). Similarly, IRF7 is activated by TBK1/IKK-i
downstream of cytosolic RNA/DNA sensors and TRIF
dependent pathways. However, IRF7 can form a homodimer
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or heterodimer with IRF3 to induce IFN-o/p} expression.
Alternatively, stimulation of the TLR7/TLRS8 pathway in
pDCs results in phosphorylation and activation of IRF7 by
the recruitment of MyD88 and the activation of IRAK1/2/4
signaling complex, and is independent on IKK-i/TBK1 path-
way (Ikushima et al. 2013). Indeed, cells that are deficient
of IRF3 and IRF7 are defective in IFN-a/f production, in
response to viral infection (Honda et al. 2005). Thus, the
coordinated activity of IRF3/7 downstream of the various
PRRs determines the extent of type I IFN production and
the pattern of cytokines induced. Given the importance of
IRF3 and IRF7 in regulating the production of a wide range
of antiviral and inflammatory mediators, it is hardly surpris-
ing that dysregulation of IRF3/IRF7 has been implicated in
COVID-19 and the pathogenesis of autoimmune diseases
including systemic lupus erythematosus (SLE). In particular,
it is reported that SARS-CoV-2 uses the nucleocapsid pro-
tein to inhibit IRF3 nuclear translocation (Wang et al. 2021b)
and RIG-I/MAVS signaling (Wang et al. 2021a), suggesting
that targeting this process might be a useful therapeutic strat-
egy to boost antiviral immunity against COVID-19.

Post-transcriptional regulation
of inflammatory messenger RNAs

Thus far, we have described the host receptors and signal-
ing pathways of key transcription factors such as NF-xB
and IRF3/7, and how they act as an accelerator to produce
inflammatory molecules to protect the host from infection.
Equally important to this is the rapid elimination of the
inflammatory transcripts to prevent further tissue damage
and maintain immune homeostasis. Post-transcriptional reg-
ulation constitutes an essential layer of regulation of innate
inflammatory signaling via affecting the stability of inflam-
matory mediators at the mRNA level including splicing,
capping, polyadenylation, export, localization, translation
and decay. Emerging evidence suggests that CCCH-zinc fin-
ger proteins are intimately involved in mRNA metabolism,
specifically in the degradation of cytokine mRNAs (Hall
2005; Maeda and Akira 2017), and have crucial roles in the
regulation of cytokine production, immune cell activation,
immune homeostasis and antiviral innate immune responses
(Fu and Blackshear 2016; Mino and Takeuchi 2018; Uehata
and Takeuchi 2021). Here, we describe how RBPs, particu-
larly tristetraprolin (TTP) and two well-characterized ribo-
nucleases namely Regnase-1 and Roquin, contribute to pro-
moting the resolution of inflammation through recognizing
specific cis-elements such as adenine/uridine-rich elements
(AREs) and stem-loop structures in the 3’ untranslated
regions (UTRs) to promote mRNA decay of inflammatory
molecules (Fig. 2A).

TTP, also known as ZFP36, plays important role in the
regulation of immune functions (Taylor et al. 1996; San-
duja et al. 2011). TTP-deficient mice spontaneously develop
severe inflammatory and autoimmune phenotypes character-
ized by excessive accumulation of TNF and high titers of
anti-DNA and antinuclear antibodies in periphery (Taylor
et al. 1996; Carballo et al. 1998). Structural studies indi-
cated that TTP harbors two CCCH ZF domains, which are
responsible for the destabilization of TNF mRNA (Fabian
et al. 2013). Subsequent biochemical studies illustrated
that through the association to AU-rich elements (AREs)
(AUUUA sequence) in the TNF 3’ UTR, TTP promotes the
removal of poly(A) tail by recruiting CCR4-NOT deadeny-
lase and decapping enzymes DCP1 and DCP2 to further
trigger exonucleolytic mRNA decay (Carballo et al. 1998;
Lai et al. 1999; Lykke-Andersen and Wagner 2005). Consist-
ently, deletion of the ARE sequence in TNF 3’ UTR results
in a similar phenotype in mice, indicating the importance
of TTP-ARE recognition in controlling TNF mRNA decay
(Kontoyiannis et al. 1999). Besides TNF, TTP can destabi-
lize a variety of inflammatory cytokine mRNAs including
IL2, IL6 and GMCSF (granulocyte—macrophage colony-
stimulating factor) by associating to the AREs in their 3’
UTRs (Carballo et al. 2000; Zhao et al. 2011). TTP expres-
sion is inducible by several inflammatory modulators includ-
ing TNF, LPS, glucocorticoids, insulin and IFN-y. Upon
TLR stimulation, however, TTP becomes phosphorylated
at site Ser-52 and Ser-178 by p38/MAPK-activated protein
kinase 2 (MK2) (Mahtani et al. 2001). Phosphorylated TTP
is then recognized by 14-3-3 proteins, which sequester TPP
from recruiting CCR4-NOT complex for destabilization of
inflammatory mRNAs (Chrestensen et al. 2004) (Fig. 2B).
Interestingly, mutation of the two TPP phosphorylation sites
to alanine residues results in potent suppression of inflam-
matory responses in mice (Ross et al. 2015), suggesting
that small molecules specifically blocking TPP phospho-
rylation might provide therapeutic benefits for the treat-
ment of inflammatory diseases and thus warrants further
investigation.

Regnase-1, also known as Zc3h12a and Mcpipl, is an
endoribonuclease that plays important roles in the regula-
tion of immune response, iron metabolism, and virus infec-
tion (Matsushita et al. 2009; Lin et al. 2013, 2014; Uehata
et al. 2013; Cui et al. 2017; Yoshinaga et al. 2017; Li et al.
2018; Nakatsuka et al. 2018). Structural study reveals that
Regnase-1 contains four domains: an N-terminal domain
(NTD), a CCCH ZF domain, and a PIN domain-like RNase
domain and a C-terminal domain (CTD) (Yokogawa et al.
2016). Accumulating evidence suggests that Regnase-1
expression is inducible by a variety of stimulus, including
LPS, IL-1p and IL-17A (Iwasaki et al. 2011; Ruiz-Romeu
et al. 2016; Takeuchi 2018; Tanaka et al. 2019). Previ-
ous reports showed that mice with Regnase-1 deficiency
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Fig.2 Post-transcriptional regulation of inflammatory mRNAs by different RBPs. A Schematic drawing of different cis-regulatory elements
in a mRNA. The cis-regulatory elements in the 3° UTR include stem-loop secondary structure, AU-rich elements and miRNA target sequence.
These elements are recognized by RNA-binding proteins or miRNA through cognate RNA-binding domains and distinct sequence, respectively.
B TTP recognizes the AU-rich elements in the 3° UTR of target genes and induces exonucleolytic mRNA decay by recruiting the CCR4-NOT
deadenylase complex and DCP1/2 decapping enzymes. Under homeostatic condition, MK2 phosphorylates TTP at two distinct serine residues,
and the phosphorylated TTP is sequestered by the 14-3-3 protein, making it inaccessible to the target mRNAs. Upon PRR stimulation, however,
its phosphorylation is readily reversible by a protein phosphatase, allowing it to access to the inflammatory cytokine transcripts. C Regnase-1
and Roquin are well-characterized RBPs that recognize stem-loop structures located at the 3> UTR of common target transcripts. A pyrimi-
dine-purine-pyrimidine (Py-Pu-Py) tri-nucleotide sequence at the stem-loop region preferentially associates with Regnase-1 and Roquin. While
Regnase-1 degrades mRNAs with the association of the helicase UPF1 in the ribosome and endoplasmic reticulum (ER), Roquin targets tran-
scripts by recruiting a CCR4-NOT deadenylase complex and Edc4/RCK decapping proteins in the possessing body (PB) and stress granules
(SG). CDS, coding sequence. D Sequential dynamics of Regnase-1 degradation of mRNA is mediated by unwinding of stem-loop structures by
the helicase UPF1. Small molecule SMG-1 inhibitor blocks SMG1-mediated phosphorylation of UPF1. This figure is made with BioRender:
https://biorender.com/

(Regnase-17") displayed increased cytokine, serum immu-
noglobin and autoantibody levels, and spontaneously die
within 8—12 weeks after birth (Matsushita et al. 2009).
Further analysis demonstrate that Regnase-1 deficient
mice display severe autoimmune phenotypes characterized
by lymphadenopathy and splenomegaly, massive infiltra-
tion of lymphocytes in the lungs and liver, and increased
levels of effector/memory T cells and plasma cell counts.
In addition, increased deposition of IL-6 and IL-12p40 in
Regnase-17"" macrophages was observed in response to
LPS stimulation.
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On the other hand, Roquin, comprised of Roquin-1 and
Roquin-2, is a E3 ubiquitin ligase originally discovered to
be associated with the pathogenesis of SLE-like symptoms
in mice (Vinuesa et al. 2005). In addition to a CCCH ZF
domain, Roquin harbors a RING finger domain, a ROQ
domain and a proline-rich domain (Schlundt et al. 2016).
The ROQ domain of Roquin proteins is responsible for bind-
ing with target mRNAs harboring a stem-loop structure at
the 3> UTRs. While deletion of Roquin leads to postnatal
mortality in mice, dominant negative mutation of this RBP
results in spontaneous activation of myeloid cells and T
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cells, increased autoantibody production and excessive T
follicular helper cell activation (Vinuesa et al. 2005; Yu et al.
2007; Linterman et al. 2009). Consistently, T cell-specific
ablation of Requin-1 and Roquin-2 led to the development
of lupus-like autoimmune disease in mice due to the activa-
tion of T cells (Vogel et al. 2013). Further studies showed
that Roquin post-transcriptionally represses the expression
of inducible costimulatory (ICOS) in T cells, as well as
the NF-kB pathway regulatory molecules IkBa and A20,
thereby modulating the activity and the intensity of the IKK/
NF-«B signaling pathway (Murakawa et al. 2015).
High-throughput sequencing of RNA isolated by
crosslinking immunoprecipitation (HITS-CLIP) studies
revealed that Regnase-1 and Roquin recognize overlapping
sets of mRNAs harboring stem-loop secondary structures
located in the 3 UTRs (Mino et al. 2015). Using HITS-
CLIP analysis, Mino and colleagues further showed that
the sequence motifs shared by these stem-loop structures
contain a common pyrimidine-purine-pyrimidine (Py-Pu-
Py) tri-loop sequence, a well-studied cis-element recog-
nized by a set of RBPs for controlling the stability of target
mRNAs (Fig. 2C). Importantly, these stem-loop structures
are located in the 3° UTR of immune-related mRNAs includ-
ing 116, Cox2 (also known as Ptgs2), Cxcl, Nfkbiz and so on,
highlighting the importance of these structural elements in
controlling gene expression at the post-transcriptional level
(Leppek et al. 2013; Mino et al. 2015). Further investigation
showed that Regnase-1-mediated mRNA decay of inflam-
matory transcripts requires the assistance of the helicase
upstream frameshift 1 (UPF1) in a manner reminiscent of
nonsense-mediated mRNA decay (Mino et al. 2015, 2019)
(Fig. 2C). More specifically, upon phosphorylation at the
Thr28 position by a PI3K-related protein kinase, SMG-1,
two points of interaction occur between UPF1 and Regnase-1
to promote the unwinding activity of the UPF1 helicase,
thus allowing Regnase-1 to endonucleolytically cleave tar-
get mRNAs (Fig. 2D). Indeed, depletion of UPF1 in bone
marrow-derived macrophages resulted in the accumulation
of Regnase-1 targeting proinflammatory transcripts follow-
ing LPS stimulation (Mino et al. 2019). On the other hand,
Roquin promotes mRNA decay by recruiting the CCR4-
NOT deadenylase complex (Leppek et al. 2013) or Rck/
EDC4 decapping protein (Glasmacher et al. 2010) (Fig. 2C).
Importantly, although Regnase-1 and Roquin share overlap-
ping binding motifs, Regnase-1 degrades target mRNAs fol-
lowing the pioneer rounds of translation in the endoplasmic
reticulum (ER) or cytoplasm, while Roquin induces mRNA
degradation located in the stress granules and possessing
bodies (Mino et al. 2015, 2019). These findings together
showed that these RBPs function spatiotemporally to fine-
tune inflammatory responses and highlight the importance
of RBPs as important “brakes” to halt inflammation through
controlling the stability of inflammatory mRNAs.

Regulation of Regnase-1 by multiple
mechanisms and its implication
in therapeutic interventions

Regnase-1 activation and expression are dynamically regu-
lated in the homeostatic and inflammatory conditions to
achieve appropriate immune reactions. Upon TLR or IL-1
receptor (IL-1R) stimulation, Regnase-1 protein is rap-
idly degraded (Matsushita et al. 2009; Iwasaki et al. 2011)
(Fig. 3A). Subsequent biological studies revealed that IKK
complex cooperates with the kinase IRAK1 to phosphoryl-
ate Regnase-1 at the Ser435 and Ser439 on the canonical
DSGXXS motif (Fig. 3B). Phosphorylation of Regnase-1
was also induced by IL-17 stimulation depending on the
Actl signaling pathway (Tanaka et al. 2019). Because
phosphorylated Regnase-1 is inherently unstable, it is
later subjected to ubiquitin-dependent proteasome degra-
dation via the E3 ligase f-TrCP complex (Iwasaki et al.
2011). Interestingly, further investigation suggests that
proteasome inhibitor MG-132 results in the suppression
of Regnase-1 degradation. Additionally, a recent study by
Akaki et al. revealed an extra layer of post-translational
regulation of Regnase-1 (Akaki et al. 2021). Analysis of
the Regnase-1 interactome shows dynamic interaction
between Regnase-1 and 14-3-3 complex through phos-
phorylation of Regnase-1 at Ser494 and Ser513, upon
TLR/IL-1R activation (Fig. 3A). Although the formation
of the Regnase-1-14-3-3 complex protects its degradation
by B-TrCP, it abolishes Regnase-1-medaited mRNA decay
by sequestering Regnase-1 in the cytoplasm, thereby pre-
venting Regnase-1 nuclear-cytoplasmic shutting and its
recognition of inflammatory mRNAs in the nucleus. Thus
phosphorylation-dependent 14-3-3-mediated cytoplasmic
sequestration of Regnase-1 thereby inhibits its degradation
of inflammatory mRNA in the nucleus (Akaki et al. 2021).
In the case of T cells, however, stimulation of T cell recep-
tor (TCR) results in the activation of mucosa-associated
lymphoid tissue 1 (MALT1), which is the only paracaspase
in mammalian cells, and the activation of which results in
proteolytic cleavage of Regnase-1 at site Argl11 (Uehata
et al. 2013) (Fig. 3C). Importantly treatment of cells with
the MALT1 protease inhibitor suppressed Regnase-1 deg-
radation, highlighting its potential role in the treatment of
diseases where aberrant activation of T cells is a driving
force.

In addition to Regnase-1 protein, Regnase-1 mRNA
level is also tightly regulated through different mecha-
nisms. For example, it was reported that microRNA-9
downregulates Regnase-1 expression by associating to the
3" UTR of Regnase-1 mRNA, thereby promoting activation
of microglial cells (Yao et al. 2014). Alternatively, accu-
mulating reports show that similar stem-loop secondary
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structures were found in the 3’ UTR of Regnase-1 mRNA,
suggesting Regnase-1 can degrade its own mRNA in an
autoregulatory fashion (Iwasaki et al. 2011; Tse et al.
2022) (Fig. 4A).

We have recently demonstrated that enhancing Regnase-1
expression by blocking its autoregulation was therapeuti-
cally effective in alleviating inflammatory and autoimmune
diseases (Tse et al. 2022). Our strategy focuses on block-
ing the binding interaction between Regnase-1 and the two
stem-loop structures in its 3° UTR by using two antisense
phosphorodiamidate morpholino oligonucleotides (MOs).
MOs are short synthetic nucleic acids that bind to mRNA
via complementary base-pairing interactions to prevent
mRNA translation or alter splicing events (Crooke et al.
2021). Contrary to the common usages of MO which target
the coding region to downregulate mRNA expression, we
aimed to direct these antisense MOs to the self-regulatory
elements in the untranslated region of Regnae-1 mRNAs
(Fig. 4B). Further proof-of-concept studies revealed that
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Regnase-1-targeting MOs increase Regnase-1 mRNA tran-
script stability and therefore its protein abundance. In addi-
tion, the increased Regnase-1 availability is able to potenti-
ate its degradation of target inflammatory cytokines, leading
to a lower level of inflammatory cytokine deposition in the
BMDMs stimulated with LPS, and in primary monocytes
which have undergone IL-1 stimulation. The therapeutic
efficacy of tissue-targeted delivery of Regnase-1 specific
MOs was demonstrated in several animal models, and we
found that the acute respiratory inflammation and chronic
fibrosis in the lung, as well as the experimental autoimmune
encephalitis symptoms in the nervous system were attenu-
ated by the local treatment of mice with the Regnase-1 spe-
cific MOs. Of note, increasing Regnase-1 abundance by the
MO approach has benefits over current biological therapy
because it can simultaneously reduce the production of
multiple inflammatory cytokines and chemokines that are
directly targeted by Regnase-1, including IL-6, IL-1p and
CXCLI1.
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The above methods aim to enhance Regnase-1 availabil-
ity by blocking the signal-induced degradation or cleavage
as well as its autoregulation. They are anticipated to have
therapeutic potential in diseases where dysregulation of
Regnase-1 was reported as a major driving force (Cui et al.
2017; Yoshinaga et al. 2017; Nakatsuka et al. 2018, 2020;
Yaku et al. 2022). However, in some cases, downregulation
of Regnase-1, rather than its upregulation, is more thera-
peutically favorable. One example is given by Wei and col-
leagues, where they show that targeting Regnase-1 was a
potential strategy to improve the persistence and effector
function of CD8" T cells (Wei et al. 2019). In particular,
they found that ablation of murine REGNASE-1 in CD8* T
cells prolonged the survival and enhanced CD8* T cytotoxic
function, by stabilizing the BATF (basic leucine zipper ATF-
like transcription factor) mRNA, which is a key regulator of
CD8™* T cell differentiation. Interestingly, subsequent animal
experiments demonstrated that Regnase-1 deficient CD8"
T cells had enhanced anticancer efficacy in melanoma and
acute lymphocytic leukemia models. Approaches to specif-
ically attenuate Regnase-1 expression, including usage of
small interfering RNA-based gene knockdown or CRISPR-
Cas9 gene-editing technology are preferable to respectively
reduce or delete Regnase-1 expression in a cell-specific

manner. Alternatively, given the importance of Regnase-1-
UPF1 axis in mediating inflammatory mRNA decay, and
that phosphorylation at the Thr28 position of UPF1 heli-
case by a PI3K-related protein kinase, SMG1, is necessary
for Regnase-1 binding, it has been shown that inhibition
of SMG1 kinase activity by small molecule could abrogate
Regnase-1-medaited mRNA decay and therefore, potentiate
the activation of a variety of immune cells (Fig. 2D) (Mino
et al. 2019).

Concluding remarks

In the past decades, the interest in innate immunity has
grown enormously and tremendous progress has been made
in understanding how pathogens detection is achieved by
PRRs. This review started with a revision of different PRRs
and how the sensing of different pathogens and cellular
components triggers activation of distinct signaling path-
ways and results in inflammation. Following this we have
described the activation and regulation of transcription fac-
tors, NF-xB and IRF3/7, and their subsequent production of
cytokines and type I IFNs through the association of differ-
ent adaptor proteins, including MyD88 and TRIF.
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In the second part of this review, we discussed about the
importance of post-transcriptional regulation in controlling
the production of inflammatory mediators. More specifically,
we summarized how RBPs, especially the members in the
CCCH zinc finger proteins (TTP, Roquin and Regnase-1),
participate in the resolution of inflammation through desta-
bilizing inflammatory cytokine mRNAs by recognizing dis-
tinct cis-elements in the 3° UTR of inflammatory mRNAs,
including stem-loop structures and AU-rich elements. While
not discussed in this review, there exists a diversity of RBPs
that are not well-characterized, thus further studies on the
function and mechanisms of these less-characterized pro-
teins will provide valuable information in understanding
the regulatory mechanisms underlying the post-transcrip-
tional regulation of immune reactions. Lastly, we outlined
the functional termination of Regnase-1 through multiple
mechanisms and highlighted the therapeutic interventions
by enhancing or repressing its expression and/or function in
treating inflammatory diseases as well as cancer.

In conclusion, the role of RBP-mediated post-transcrip-
tional regulation of cytokine mRNAs has an inevitable
impact on the physiological well-being of biological sys-
tems. Future work will extend this field of research and pro-
vide novel insight into new therapeutics for autoimmunity
and other inflammatory diseases.
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