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RBP–RNA interactions in the control of autoimmunity
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Autoimmunity and autoinflammation arise from aberrant immunological and inflammatory responses toward self-components,
contributing to various autoimmune diseases and autoinflammatory diseases. RNA-binding proteins (RBPs) are essential for
immune cell development and function, mainly via exerting post-transcriptional regulation of RNA metabolism and function.
Functional dysregulation of RBPs and abnormities in RNA metabolism are closely associated with multiple autoimmune or
autoinflammatory disorders. Distinct RBPs play critical roles in aberrant autoreactive inflammatory responses via orchestrating a
complex regulatory network consisting of DNAs, RNAs and proteins within immune cells. In-depth characterizations of RBP–RNA
interactomes during autoimmunity and autoinflammation will lead to a better understanding of autoimmune pathogenesis and
facilitate the development of effective therapeutic strategies. In this review, we summarize and discuss the functions of RBP–RNA
interactions in controlling aberrant autoimmune inflammation and their potential as biomarkers and therapeutic targets.
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INTRODUCTION
The immune tolerance toward self-components is critical for
the maintenance of immune homeostasis and prevention of the
unwanted autoimmune pathology. Immune tolerance can be
divided into two categories, central tolerance and peripheral
tolerance. Central tolerance is the first layer of protective tolerance
toward self-antigens by clonal deletion of autoreactive T cells in the
thymus and by anergy, receptor editing, and clonal deletion of
autoreactive B cells in the bone marrow. As a considerable
proportion of T and B cells can escape from central tolerance, a
second layer of peripheral tolerance is critically important to
eliminate or inactivate these escaped autoreactive lymphocytes.1

The major mechanisms for peripheral tolerance include expression
of immune inhibitory molecules, T cell anergy, B cell anergy,
ignorance of specific self-antigens in immunologically privileged
tissues, and generation of immune regulatory cell types such as
regulatory T (Treg) cells.2–5 Among immune inhibitory molecules are
well-known immune checkpoint molecules cytotoxic T-lymphocyte
antigen 4 (CTLA-4) and programmed cell death protein 1 (PD-1). T
cell anergy is a consequence of insufficient co-stimulation signals
from immature or regulatory antigen-presenting cells (APCs),
whereas B cell anergy is due to sustained exposure to soluble
antigens or inhibitory intracellular signaling.6 Failure of either
central or peripheral immune tolerance can elicit harmful immune
responses against self-components, thus skewing immune home-
ostasis towards autoimmunity and autoinflammation.
Although autoimmunity and autoinflammation are traditionally

characterized as auto-reactive adaptive immunity and hyperacti-
vation of innate immunity, respectively, they exert overlapping
effects in the induction and persistence of inflammatory

pathogenesis. A mixed spectrum of autoimmunity and autoin-
flammation has been identified in distinct autoimmune diseases
(AIDs) and autoinflammatory diseases, as well as a series of
inflammatory disorders associated with sterile inflammation.7 AIDs
are caused by pathogenic autoimmunity and harmful inflamma-
tory responses toward self-components. Generally, AIDs can be
categorized into systemic (non-organ-specific) disorders, such as
rheumatoid arthritis (RA) and systemic lupus erythematosus (SLE),
and organ-specific diseases, such as multiple sclerosis (MS) and
type I diabetes (T1D).8,9 Autoinflammatory diseases are character-
ized by overactivation of the innate immune system caused by
monogenic mutations, such as cryopyrin-associated periodic
syndromes (CAPS) linked with mutation of NOD-like receptor
family pyrin domain containing 3 (NLRP3).10,11 In addition, sterile
inflammation induced by non-infectious stimuli is closely related
with various chronic inflammatory disorders such as atherosclero-
sis and neurodegenerative diseases. In general, these inflamma-
tory disorders are associated with complex interactions among
genetic, immunological, and environmental factors. The consider-
able heterogenicity and diversity in the underlying immunological
mechanisms greatly challenge the development of effective
prevention and treatment strategies against AIDs and autoin-
flammatory diseases. Characterizing the factors that lead to the
disruption of immune tolerance and continuous inflammatory
attack is therefore critical for a better understanding of
autoimmune pathophysiology and the identification of clinically
meaningful diagnosis markers or drug targets.
RNA–protein interactions are essential for a wide range of

cellular processes related to immunity and homeostasis. RNA-
binding proteins (RBPs) are fundamental mediators and
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regulators of RNA–protein interactions, and control various
genetic, epigenetic and metabolic events in immune and non-
immune cells.12 Canonical RBPs have RNA-binding domains
(RBDs) that recognize and bind to specific sequence elements,
such as adenine and uridine-rich elements (AREs), or structures,
such as stem loops, of target mRNAs. A large number of non-
canonical RBPs without known RBDs have also been shown to
interact with RNAs and regulate immunological processes.13,14

For example, numerous metabolic enzymes can bind to RNA and
regulate RNA function.15,16 Upon binding to RNAs, RBPs regulate
RNA metabolism and stability mainly via post-transcriptional or
translational mechanisms. RBPs can also interact with chromatin
to regulate gene expression at the transcription level.17 In
addition, RBPs have broad roles in modulating protein expres-
sion, localization, modifications, and activities via direct or
indirect protein interactions. Thus, RBPs regulate a diverse range
of cellular processes for a fine-tuned coordination of the
transcriptional, translational and post-translational regulation
of immune responses under both homeostatic and inflammatory
conditions.
Notably, RBPs are implicated in the autoimmune pathogenesis

and organ inflammation through controlling various immunolo-
gical processes (Fig. 1). RBPs themselves are regulated by
pathogenic and inflammatory cues through various mechanisms,
such as post-transcriptional regulation and post-translational
modifications. This reciprocal regulation ensures precisely con-
trolled responses of immune cells in a context-dependent manner,
contributing to a delicate balance between tolerance and
immunity.18 In this review, we will discuss how distinct aspects
of RNA metabolism, function and fate are coordinately regulated
by RBP systems to control autoimmunity and autoinflammation.

RBP–RNA INTERACTIONS DURING AUTOIMMUNITY AND
AUTOINFLAMMATION
mRNAs undergo multiple post-transcriptional regulation events
throughout its life cycle, which contribute to the transcriptomic
and proteomic complexity of the immune system.19 During the
process of mRNA generation in the nucleus, RBPs participate in
controlling 5′ capping, splicing and polyadenylation processes.
Properly spliced and edited mRNAs are then exported to the
cytoplasm, where RBPs regulate the mRNA translation initiation or
silencing or decay via decapping, deadenylation, and degrada-
tion.20,21 These processes take place in large mRNA–RBP
complexes called messenger ribonucleoprotein (mRNP), whose
biogenesis, assembly, and location are essential for the maturation
and fate determination of mRNAs. In particular, the CCR4–NOT
deadenylase complex mediates the deadenylation and removal of
the poly A tail at the 3′ end of target mRNAs, while the decapping
complexes such as DCP1 and DCP2 mediate the removal of the 5′
end cap structure of target mRNAs.22,23 After decapping and
deadenylation, the mRNAs are subjected to subsequent 5′-3′
exonucleolytic degradation by exoribonuclease 1 (XRN1) and 3′-5′
exonucleolytic degradation by exosome.
RBP-mediated modulations of mRNA metabolism and stability

are essential for the regulation of inflammation and immunity.24

Many RBPs have potent immune regulatory functions and can
regulate editing, alternative splicing, stabilization, degradation,
and translation of a wide range of immune-related mRNAs. These
RBPs recognize specific structures of common or distinct mRNA
targets. For example, RBPs such as TTP and HuR (human antigen R)
bind ARE of mRNAs encoding cytokines, chemokines, and
transcriptional factors,25–27 whereas several others such as Roquin,
Regnase, and Arid5a (AT-rich interactive domain-containing

Fig. 1 RBP-mediated regulation of immune responses in autoimmunity and autoinflammation. Immunity and inflammation are tightly
controlled by regulatory networks, including epigenetic, metabolic and immunological factors. Abnormal activation of PRRs-triggered innate
immunity leads to aberrant production of proinflammatory cytokines and type I IFNs, and activation of innate immune cells. The subsequent
dysregulations of T cell- and B cell-dependent adaptive immunity play important roles in the breakdown of self-tolerance and the
development of autoimmune pathology. RBPs are critical for mediating multi-level regulation of immune responses during autoimmunity and
autoinflammation. RBPs are shown in yellow boxes next to immune responses that they target. RBPs that activate inflammatory responses or
promote autoimmune pathogenesis are shown in red and those that inhibit inflammatory responses or limit autoimmune pathogenesis are
shown in green. ADAR1 adenosine deaminase acting on RNA 1, SKIV2L superkiller viralicidic activity 2-like, hnRNP M heterogeneous nuclear
ribonucleoprotein M, hnRNP UL1 heterogeneous nuclear ribonucleoprotein UL1, TTP tristetraprolin, HuR human antigen R, TIA-1 T-cell
restricted intracellular antigen-1, hnRNPA2B1 heterogeneous nuclear ribonucleoprotein A2B1, G3BP1 GTPase-activating protein SH3 domain-
binding protein 1, Arid5a AT-rich interactive domain-containing protein 5a, Mettl3 methyltransferase like 3, SRSF1 serine and arginine-rich
splicing factor 1, ZFP36L1 zinc finger protein 36, C3H type-like 1, PTBP1 polypyrimidine tract binding protein 1, PRRs pattern recognition
receptors, IFN interferon, IL interleukin, TNF tumor necrosis factor, Teff effector T cells, Treg regulatory T cells, Tfh follicular T helper cells, Tfr
follicular regulatory T cells.
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protein 5a) recognize a stem-loop structure in the 3′ UTR of the
same or different mRNAs.28,29 These RBPs act in a cooperative or
competitive manner to control innate and adaptive immune
responses involved in immunity and tolerance.
Large-scale genome-wide association studies and RNA sequencing

have identified many genetic variations of RBPs associated with
human autoimmune or autoinflammatory diseases. These RBP
mutations are closely related with immunological abnormalities in
different manners. Some of these foci are overlapped across distinct
inflammatory diseases (Table 1). For example, ADAR1 (adenosine
deaminase acting on RNA 1) mutations are associated with both
Aicardi-Goutières syndrome (AGS) and T1D; SKIV2L mutations are
associated with both SLE and trichohepatoenteric syndrome; AGS-

associated SAMHD1 mutants are significantly upregulated and
correlated with autoinflammation in SLE patients.30 In addition,
disruptions of RBP expression cause diversified phenotypes of
chronic inflammation and AIDs in mice, in a manner dependent on
the cell type or developmental stages upon conditional gene
ablation (Table 2). The most critical autoimmune pathways involve
innate inflammatory responses triggered by self-antigens and
subsequent activation of self-reactive adaptive immunity.31 During
these autoimmune processes, mRNAs encoding signaling molecules,
proinflammatory cytokines, epigenetic regulators, metabolic
enzymes, or transcriptional factors as well as self and non-self RNAs
are widely targeted and regulated by RBPs. These regulations by
RBPs are sometimes via their interactions with noncoding RNAs

Table 1. Gene variations of RBPs in human autoimmune or autoinflammatory disorders.

Human AIDs Genetic variations of RBPs Potential functional relevance Cohort details

SLE Monoallelic frameshift or missense
mutations and one 3′ UTR variant of TREX1
gene84

Changes in TREX1 subcellular
distribution

12 out of 417 individuals with SLE

SLE SNP rs419788 in SKIV2L gene71 Not mentioned 314 complete SLE trios (mother,
father, and affected lupus
proband)

SLE Missense variant of TLR7 (p.Tyr264His)234 TLR7 gain of function causing
aberrant B cell survival and lupus

A Spanish girl diagnosed with SLE
at the age of 7

THES 7 nonsense or frameshift mutations in
SKIV2L gene (e.g., c.848 G>A/p.Trp283)239

Premature termination codon
conferring loss of function

6 individuals with THES without
variation in TTC37

Psoriasis SNPs of DDX58 encoding RIG-I
(rs11795343), ILF3 encoding NF90
(rs892085) and ZC3H12C encoding
Regnase-3 (rs4561177)240

Related with innate immunity From Psoriasis/Arthritis Genetics
Extension (PAGE) and the Genetic
Analysis of Psoriasis Consortium
(GAPC) datasets

AGS 5 TREX1 mutations (e.g., 341 G>A/R114H)83 Loss of TREX1 enzyme activity 10 AGS families

AGS 9 ADAR1 mutations (e.g., c.577 C>G/
p.Pro193Ala)64

Changes in RNA editing 12 AGS affected individuals from 8
families

AGS Biallelic mutations in LSM11 (c.631 G>A/
p.Gly211Ser) and RNU7-1 (encoding
components of the histone pre-mRNA
processing complex)241

Dysregulated histone RNA
processing, altered cGAS
distribution and enhanced STING
pathway

18 AGS patients from 11 families,
negative for mutations in AGS1–7

AGS 6 mutations of IFIH1 encoding MDA5
(e.g., c.2159 G>A/p.Arg720Gln)242

MDA5 gain of function associated
with enhanced IFN signaling
pathway

11 individuals from 8 families

T1D SNPs of ADAR (e.g., rs4845625), IFIH1
encoding MDA5 (e.g., rs77088072); 3 SNPs
upstream of OAS genes (rs4767000,
rs1034687and rs739744)243

Dysregulation of RNA degradation
pathway associated with enhanced
PAMP recognition and IFN induction

From Diabetes Virus Detection
(DiViD) and the network of
Pancreatic Organ Donors (nPOD)

T1D 2 SNPs of IFIH1 encoding MDA5 (rs2111485,
rs984971)244

Noncoding variant 12,241 cases and 14,636 controls
from 2 different cohorts from the
ImmunoChip platform

T1D 2 variants in IFIH1 encoding MDA5
(rs35667974/Ile923Val, and rs35337543/
IVS8+ 1)245

Potentially reducing MDA5 function,
with protective effects on T1D risk

480 T1D patients and 480 healthy
controls from Great Britain from 20
DNA pools

CAD SNP variation in RNA helicases DHX38
(rs1050362C>A), DDX59 (rs6700559C>T),
DDX5 (rs1867624T>C), RBPMS2
(rs6494488A>G)246

Potentially related with
atherosclerosis, vascular
inflammation

Meta-analysis of a total of 88,192
CAD cases and 162,544 controls

Early and
preclinical AD

10 variants in RBFOX1 encoding ataxin-2-
binding RBP (e.g., rs56081887,
rs34860942)247

Increased amyloid levels associated
with AD-related proteinopathy

From 6 multicenter cohort studies
of healthy older individuals

AD SNP variations in TARBP2 (rs784567),
RNASEN (rs10719) encoding miRNA
processing elements248

Dysregulation of miRNA biogenesis
pathway

172 AD patients and 109 healthy
controls

MS SNP variations in ZFP36L1 (rs2236262)249 Likely linked to downregulated
ZFP36L1 mRNA expression

80,094 individuals of European
ancestry

Abbreviations: SLE systemic lupus erythematosus; THES trichohepatoenteric syndrome; AGS Aicardi-Goutières syndrome; T1D type I diabetes; CAD coronary
artery disease; AD Alzheimer disease; MS multiple sclerosis.
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(ncRNAs) such as microRNAs (miRNAs) and long noncoding RNAs
(lncRNAs). Therefore, RBPs play essential roles in the control of
autoimmunity and autoinflammation via complex interactions
among epigenetic, metabolic, and immunological pathways (Fig. 1).

RBPS REGULATE INNATE IMMUNE RESPONSE IN
AUTOIMMUNITY AND AUTOINFLAMMATION
Accumulating evidence has revealed disturbed innate immune
cell accumulation and function in autoimmune responses.
Activation of pattern recognition receptors (PRRs) results in
profound activation of innate signaling, leading to immune cell
activation and inflammatory responses. These events further
recruit and activate inflammatory cells, causing breakdown of
immune tolerance and generation of autoinflammation and tissue
injury.32,33 In this section, we will discuss how RBPs and RNA
metabolism affect various stages of the innate immune response,
including (1) innate sensing, (2) inflammatory signaling, (3)
proinflammatory cytokine production and (4) innate immune cell

development and function, to regulate autoimmune responses
and inflammatory pathologies (Fig. 2).

RBPs regulate innate immune sensing in autoimmunity and
autoinflammation
The recognition of pathogenic antigens by PRRs, such as Toll-like
receptors (TLRs), retinoic acid-inducible gene I (RIG-I)-like recep-
tors (RLRs), nucleotide-binding oligomerization domain (NOD)-like
receptors (NLRs), generally activates inflammatory response and
protective immune defense. In contrast, the recognition of self-
antigens by innate sensors is considered as initial triggering
events in autoimmune inflammatory responses. In particular, the
recognition of self nucleic acids derived from apoptotic cells or
neutrophil extracellular traps (NETs) by endosomal and cytosolic
innate sensors, such as endosomal TLRs (TLR3/7/8/9) and cytosolic
RLRs (RIG-I and melanoma differentiation-associated protein 5
(MDA5)), of plasmacytoid dendritic cells (pDCs), dendritic cells
(DCs), and antigen-specific B cells is essential for lupus auto-
immunity.34–36 We recently reveal a RNA sensing-independent
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role of nuclear RIG-I in the induction of cellular apoptosis. Nuclear
RIG-I is present in peripheral blood mononuclear cells (PBMCs)
from SLE patients, implying a non-canonical role for nuclear RIG-I
in mediating the autoimmune pathology of SLE.37 It is therefore
critical to understand the molecular mechanism that enables
specific detection of nucleic acid of different origins.38

RNA sensing. RNA sensing is a critical mechanism utilized by RBPs
to enable innate sensors to distinguish between pathogenic and
self RNAs. 2′-O-methylation at the N1 position in capped mRNA
serves as a specific signature of self RNAs to prevent their
recognition by MDA5.39 Interferon (IFN)-induced protein with
tetratricopeptide repeats 1 (IFIT1) is an antiviral RBP that
recognizes viral RNAs lacking 2′-O-methylation, thus preventing
active translation and inhibiting viral replication.40,41 We recently
show that RNA 2′-O-methyltransferase fibrillarin (FBL)-mediated 2′-
O-methylation of RNA prevents the innate recognition of these
RNAs by MDA5, thereby inhibiting IFN responses and facilitating
virus entry into macrophages. Once FBL is downregulated, the
decreased 2′-O-methylation modifications of RNA in macrophages
are recognized as “non-self” RNA by MDA5, leading to autoin-
flammation by inducing the expression of type I IFN and IFN-
stimulated genes (ISGs).42 Therefore, 2′-O-methylation is a critical
mechanism governing innate sensing between self and non-self
RNA. The immunological relevance of 2′-O-methylation on other
RNA targets such as ribosomal RNAs (rRNAs), transfer RNAs and
small nucleolar RNAs remains to be further revealed. N6-
methyladenosine (m6A) RNA modification is also identified as a
mark for innate immune discrimination of self from non-self RNA.
The m6A-modified circular RNA (circRNA) evades host detection as
non-self RNA through binding to the reader YTH domain-
containing family protein 2 (YTHDF2) and loses the ability of
unmodified circRNA in activating RIG-I/MAVS/IRF3/IFN pathway.43

circRNAs have been shown to negatively regulate dsRNA-
dependent protein kinase R (PKR) activation and autoimmunity;
consistently, circRNA reduction and augmented PKR phosphoryla-
tion are found in SLE patients.44 Given the role of 2′-O-methylation
and m6A in marking RNA as self, targeting these modifications
may serve as potential strategy to enhance mRNA vaccine
efficacy.45,46

Inflammasomes are large protein platforms triggered by various
internal or external stimuli via NLR members, to promote caspase-
1-dependent cleavage and maturation of inflammatory cytokines
IL-1β and IL-18, as well as to induce gasdermin D-induced
pyroptotic cell death.47 Overactivation of inflammasome is closely
related to a variety of inflammatory and autoimmune diseases,
such as diabetes,48 Alzheimer’s disease49 and atherosclerosis.50,51

RBPs are critical regulators of inflammasome activation and
inflammatory disease development. Z-DNA-binding protein 1
(ZBP1) is a RBP capable of sensing both DNA and RNA viruses
and mediating antiviral effects via inducing inflammatory cell
death involving pyroptosis, apoptosis, and necroptosis (PANopto-
sis).52,53 Importantly, ZBP1 can be activated by endogenous
nuclear acids in the absence of viral infection. Ablation of the Zα2
domain of ZBP1 can rescue perinatal lethality and skin inflamma-
tion caused by receptor-interacting protein kinase 1 (RIPK1)
mutation, indicating that sensing of endogenous Z-RNA by ZBP1 is
involved in pathological inflammation and the development of
chronic inflammatory pathologies.54 ZBP1 and necroptosis are
upregulated in patients with inflammatory bowel disease (IBD)
and can promote the development of bowel inflammation,
suggesting that ZBP1-dependent necroptosis is involved in the
pathogenesis of IBD and that targeting necroptosis may serve as a
potential approach for the treatment of IBD.55 PKR is also essential
for inflammasome activation via physically interacting with several
inflammasome components such as NLRP3, NLRC4, and AIM2.56

On the contrary, ADAR1 could suppress PANoptosis by interacting
with the Zα2 domain of ZBP1, which subsequently promotes
tumorigenesis.57 Detailed contributions of the inflammasome-
interacting RBP networks involving ZBP1, ADAR1, PKR, as well as
some lncRNAs58,59 in the development of AIDs will provide new
insights into inflammasome activation and suggest potential
targets to treat inflammation.

RNA editing. ADAR1, which mediates adenosine-to-inosine (A-to-
I) editing of RNA, has been implicated in various infectious and
autoimmune diseases, such as RA and systemic sclerosis.60–62

Mutations in ADAR1 cause AGS, an autoinflammatory disorder
associated with high levels of autoantibodies and type I IFNs.63,64

ADAR1-mediated A-to-I editing marks endogenous dsRNAs as self

Fig. 2 Control of RNA metabolism and function by RBPs in innate immune response during autoimmunity and autoinflammation. RBPs
regulate the activation of PRR-triggered innate immunity via targeting various steps at transcriptional, post-transcriptional or translational
levels. a FBL mediates 2′-O-methylation of RNA and prevents the innate recognition by MDA5 and IFN responses. ZBP1 recognizes self Z-RNA
to promote pathologic inflammation. b ADAR1 mediates RNA A-to-I editing, thus allowing effective antiviral immunity while preventing
pathogenic autoinflammation. c The SKIV2L subunit of the RNA exosome cleaves self RNA produced by the endonuclease IRE-1, and thereby
inhibits RIG-I activation and type I IFN-dependent autoinflammation. d G3BP1 enhances DNA binding of cGAS and cGAS-dependent IFN
production. hnRNP A2B1 recognizes viral DNA and enhances cGAS/STING-dependent IFN response. e The short isoform of MyD88 (MyD88s)
inhibits TLR-triggered inflammation due to its failure to recruit IRAK-4. SF3a and SF3b mRNA splicing complexes reduce the MyD88s mRNA
levels. f lncRNA-ISIR binds to IRF3 and impedes the inhibitory effect of Fli-1, thus enhancing IRF3 activation, IFN response and
autoinflammation. g TET2 promotes the degradation of SOCS3 mRNA through ADAR1, facilitating cytokine-induced emergency myelopoiesis
and mast cell expansion and activation during pathogen infection. h hnRNP UL1 inhibits NF-κB-mediated inflammation via competing with
NF-κB to bind κB sites, while hnRNP UL1 expression decreases in RA patients. i hnRNP M inhibits pre-mRNA splicing and maturation of
inflammatory transcripts such as IL-6 to negatively regulate inflammatory responses. j TTP and Regnase-1 destabilize mRNAs of
proinflammatory cytokines such as IL-6 and TNF to control autoimmunity. k HuR downregulates mRNA translation to suppress aberrant
inflammation and autoimmunity. l lnc-DC controls human DC differentiation and function via directly binding to STAT3 in the cytoplasm to
prevent SHP1 binding and promote STAT3 phosphorylation. m Mettl3 mediates m6A methylation of transcripts of co-stimulatory molecules
CD40, CD80 and TLR4 signaling adaptor TIRAP to enhance their translation in DCs, stimulating T cell activation and strengthening TLR4/NF-κB
signaling-induced cytokine production. n CCR7 ligation upregulates expression of lnc-Dpf3 via relieving m6A-dependent degradation,
consequently leading to inhibition of HIF1α-dependent glycolysis and DC migration. RBPs responsible for each step are shown in red ovals.
FBL fibrillarin, ZBP1 Z-DNA-binding protein 1, MDA5 melanoma differentiation-associated gene 5, ADAR1 adenosine deaminase acting on
RNA 1, RIG-I retinoic acid-inducible gene I, SKIV2L superkiller viralicidic activity 2-like, G3BP1 GTPase-activating protein SH3 domain-binding
protein 1, cGAS cyclic GMP AMP synthase, hnRNA A2B1 heterogeneous nuclear ribonucleoprotein A2B1, MyD88 Myeloid differentiation
primary response gene 88, SF3a/3b splicing factor 3a/3b, IRF3 interferon regulatory factor 3, Fli-1 flightless-1, TET2 ten-eleven translocation 2,
hnRNP UL1 heterogeneous nuclear ribonucleoprotein UL1, hnRNP M heterogeneous nuclear ribonucleoprotein M, TTP tristetraprolin, HuR
human antigen R, Arid5a AT-rich interactive domain-containing protein 5a, ARE adenine uridine (AU)-rich elements, DC dendritic cells,
STAT3 signal transducer and activator of transcription 3, SHP1 Src-homology 2 (SH2) domain-containing phosphatase 1, Mettl3
methyltransferase like 3, YTHDF1/2 YTH domain-containing protein 1/2, HIF1α hypoxia-inducible factor-1 alpha.

J. Liu and X. Cao

103

Cell Research (2023) 33:97 – 115



and prevents their recognition by MDA5.65,66 ADAR1 edits Alu
elements in Pol II-transcribed mRNAs and thus prevents endogen-
ous RNAs from activating PKR to avoid autoinflammation.67 Unlike
wild-type MDA5 that is inefficient in recognizing Alu:Alu hybrids
under A-to-I editing, a gain-of-function variant of MDA5 in AGS can
recognize Alu:Alu hybrids to trigger antiviral immune response.68

Therefore, ADAR1-dependent RNA editing allows effective antiviral
immunity while preventing pathogenic autoinflammation. Further
studies are focusing on the detailed molecular basis for ADAR1-
dependent regulation of autoimmunity. Mice with the P195A
mutation of ADAR1 develop lethal AGS-like diseases with the eIF2α
kinase PKR and the integrated stress response downstream of
eIF2α phosphorylation as key drivers of immunopathology.69 In
another strain of mice with an ADAR1 mutant without the Z-form
RNA binding ability, mitochondrial antiviral signaling protein
(MAVS)-dependent IFNs and ISGs are spontaneously induced in
multiple organs, which is associated with significant changes in A-
to-I editing of transposable elements.70 These findings shed light
on how ADAR1 prevents autoimmunity and propose new
therapeutic target for the treatment of human diseases associated
with the ADAR1 dysfunction.

RNA degradation. The super-killer (SKI) complex component
SKIV2L, encoding a subunit of the RNA exosome responsible for
RNA degradation, is a potential susceptibility gene for human
SLE.71 Mutations in the human SKIV2L gene cause tricohepatoen-
teric syndrome characterized by immunodeficiency, severe
diarrhea, skin and hair abnormalities. Notably, the peripheral
blood of SKIV2L-deficient human has a strong type I IFN signature.
SKIV2L-knockdown macrophages exhibit elevated RIG-I activation
and type I IFN production induced by endogenous self RNAs
generated by the endonuclease inositol-requiring enzyme 1 (IRE1)
during unfolded protein response (UPR).72 Therefore, SKIV2L is
critical for suppressing RIG-I signaling via mediating degradation
of self RNA. However, SKIV2L-deficient mice display skin-specific
autoinflammation associated with hyperproliferation of keratino-
cytes and overactivation of T cells, but independently of IFN. The
mechanistic target of rapamycin complex I (mTORC1) signaling is
responsible for epidermal hyperplasia and skin inflammation in
SKIV2L-deficient mice. Treatment of SKIV2L-deficient mice with
the mTOR inhibitor rapamycin relieves their skin inflammation,
suggesting a possible therapeutic strategy for SKIV2L-associated
trichohepatoenteric syndrome.73,74 These studies indicate a
context-dependent immune regulation function of SKIV2L. SKIV2L
has recently been shown to be universally recruited by ribosomes
to mediate mRNA translation surveillance.75 It is likely that SKIV2L
prevents mRNA from aberrant ribosome translation to avoid
overactivation of mTORC1 under homeostatic conditions, while
degrades or cleaves the immunogenic self or viral RNA to avoid
excessive IFN responses under stress conditions.
The 2′-5′ linked oligoadenylates (2-5A), which are generated by

oligoadenylate synthetase (OAS) upon dsRNA sensing, can bind
ribonuclease L (RNase L) and activate its dimer formation,
resulting in degradation of viral and cellular ssRNAs and restriction
of viral infection.76 RNase L cleaves self-RNA to produce small RNA
products which trigger IFN production and antiviral immunity via
RIG-I, MDA5 and IPS-1 pathways.77 RNase L also catalyzes the
generation of RNA cleavage products to trigger NLRP3 inflamma-
some activation and enhance IL-1β production during viral
infections.78 Apart from their potent antiviral effects, RNase L is
increasingly implicated in autoimmunity-related processes such as
apoptosis, autophagy, cell migration, inflammation.79 RNase L
activation promotes cell death in ADAR1-deficient human lung cell
line,80 and a phenolic small-molecule inhibitor of RNase L has
been recently reported to prevent cell death from ADAR1
deficiency.81 Further studies are required to determine the roles
of RNase L in other forms of cell death and their contribution to
the development of autoimmunity and autoinflammation.

DNA recognition. Cytosolic DNA, derived from either invading
viruses or endogenous chromosomal or mitochondrial products,
can be recognized by the cytosolic DNA sensor cyclic GMP, AMP
synthase (cGAS), leading to the stimulator of interferon genes
(STING)/TANK binding kinase 1 (TBK1)/IFN regulatory factor (IRF)-
dependent IFN production.82 Three prime repair exonuclease 1
(TREX1) is a cytoplasmic exonuclease that mediates DNA
degradation, and mutations of TREX1 are associated with human
inflammatory diseases such as AGS and SLE.83,84 Abnormal DNA
accumulation due to inhibition of TREX1 or DNaseII has been
found to activate the cGAS/STING/IRF3 pathway, which enhances
the autoantibody production and autoimmune pathogenesis.85,86

cGAMP and cGAS elevations are observed in a subset of patients
with SLE and correlate with the disease activity.87 Moreover, tumor
necrosis factor (TNF) stimulation induces mtDNA release into the
cytosol, which is recognized by cGAS to trigger IFN responses and
inflammatory arthritis. Deficiency of cGAS in mice blocks IFN
responses and relieves the autoimmune pathologies such as
inflammatory cell infiltration and joint swelling in inflammatory
arthritis.88 Therefore, cGAS-dependent DNA recognition is essen-
tial for IFN response and many forms of autoimmunity and
autoinflammation.
Interestingly, increasing evidence suggests that the cGAS/STING

pathway can also respond to RNA virus infections.89–91 Complex
interactions between cGAS and known RBPs have been implicated
in inflammation and autoimmunity. G3BP1 (GTPase-activating
protein SH3 domain-binding protein 1), a RBP important for stress
granule assembly,92 enhances DNA binding of cGAS and cGAS-
dependent IFN production, which is associated with enhanced
intracellular nucleic acid-induced autoimmunity.93 The G3BP1
chemical inhibitor EGCG can specifically inhibit cGAS-related
autoinflammation.94 These studies indicate a potential role for
RNA- or RBP-dependent activation of cGAS pathway in auto-
immunity. We show that the RBP heterogeneous nuclear
ribonucleoprotein A2B1 (hnRNP A2B1) can recognize viral DNA
to initiate type I IFN production in a TBK1-STING-dependent way
as well as enhance cGAS expression and cGAS-initiated IFN
production, thus contributing to the antiviral defense.95 hnRNP
A2B1 can also recognize host genomic DNA, and autoantibodies
against hnRNP-A2 are observed in patients with SLE,96 indicating a
potential involvement of hnRNP A2B1 in the development of
autoinflammation. The detailed mechanisms for RBP-related
recognition of pathogenic versus self DNA and its relevance in
the development of antiviral immunity or autoimmune responses
require further investigations.

RBPs regulate innate inflammatory signaling in autoimmunity
and autoinflammation
Ligation of PRRs triggers intracellular signaling networks that
converge on the activation of key transcriptional factors nuclear
factor kappa B (NF-κB) and IRFs for the induction of transcriptional
activation of proinflammatory cytokines and IFNs, respectively.97

RBP-mediated post-transcriptional, translational and post-
translational regulation of a variety of signaling adaptors and
regulators is important in modulating the innate signaling and
autoimmunity.

Alternative splicing. Alternative splicing is triggered by various
stress signals and represents an important RBP-dependent post-
transcriptional regulatory mechanism that affects many molecular
components of inflammation and autoimmunity, including
receptors, adaptors, and proinflammatory cytokines.98 Myeloid
differentiation primary response gene 88 (Myd88) encodes an
important adaptor protein (MyD88) associated with TLR signaling
and is widely implicated in immune pathogenesis and tissue
damage of AIDs. Signaling through MyD88 has been shown to be
essential for the development of autoimmune nephritis in MRL/lpr
mice.99 The polymorphism rs6853 of MYD88 is associated with
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inflammatory response and RA development in a Brazilian
cohort.100 MyD88 plays dual roles in regulating intestinal
inflammation. MyD88 on one hand maintains intestinal epithelial
integrity and homeostasis,101,102 but on the other hand promotes
TNF-independent intestinal inflammation and epithelial tissue
damage caused by A20 and ABIN-1 deletion.103 A short isoform of
MyD88 (MyD88s), encoded by an alternatively spliced mRNA, has
been shown to inhibit the full-length form of MyD88 and thus
dampen the downstream activation of TLR signaling and
inflammatory response.104,105 How the altered splicing of MyD88
is specifically involved in the development of autoimmunity
requires further investigations.

ncRNA regulation. RBPs can widely interact with ncRNAs to
regulate cellular processes such as gene transcription, RNA
stability and protein function.106–108 Multiple miRNAs have been
shown to negatively regulate innate immune signaling via
targeting key signaling molecules in NF-κB and IRF pathways.109

These regulations are important for the maintenance of immune
system homeostasis and the prevention of excessive inflammatory
response. Dysregulations of miRNAs have been closely associated
with autoimmunity and some miRNAs are potential biomarkers or
therapeutic targets for AIDs.110,111 For example, reduced expres-
sion of miR-23b results in higher expression of TGF-beta-activated
kinase 1 binding protein 2 (TAB2), TGF-beta-activated kinase 1
binding protein 3 (TAB3) and I kappaB kinase α (IKKα), and
increased production of TNFα, IL-1β and IL-17 in patients with
AIDs such as SLE and RA.112 miR-23a/b also suppresses cGAS-
mediated autoimmunity via interacting with the 3′ UTR of the
cGAS mRNA.113 In addition, miR-146a can target IRF5 and STAT-1
to inhibit the type I IFN pathway in human lupus while type I IFNs
can inhibit miR-146a maturation and thus contribute to SLE
pathogenesis.114,115 miR-146a also inhibits the proliferation of
synovial fibroblasts and prevents joint damage in arthritis via
targeting TNF receptor associated factor 6 (TRAF6).116 Therefore,
miRNAs are important for regulating local and systemic auto-
immunity in a cell type-specific manner. Whether interactions
between miRNAs and their mRNA targets are regulated by RBPs in
the context of autoimmunity remains to be determined.
We identified various lncRNAs as critical regulators of IFN-

dependent autoinflammation and antiviral immunity via interact-
ing with either canonical or non-canonical RBPs. For example,
IRF3-binding lncRNA-ISIR is positively correlated with type I IFN
levels and disease severity of human lupus, and strengthens IRF3
activation and IFN production in viral infection and autoinflamma-
tion;117 the lncRNA Malat1 is reduced in PBMC of SLE patients and
plays a role in inhibiting autoinflammatory interferonopathies by
targeting the transactive response DNA-binding protein 43
(TDP43);118 the IFN-independent lncRNA-ACOD1 promotes viral
replication by directly binding the metabolic enzyme glutamic-
oxaloacetic transaminase 2 (GOT2) to enhance its catalytic
activity.119 These studies highlight the important role of
ncRNA–RBP interactive network in the regulation of innate
responses and autoimmune pathogenesis.

Epigenetic regulation. Many epigenetic enzymes or modulators
have been shown to regulate mRNAs encoding signaling
activators or suppressors for a coordinated modulation of gene
expression and signal transduction. For example, the epigenetic
enzyme ten-eleven translocation 2 (TET2) binds to the 3′ UTR of
the suppressor of cytokine signaling protein 3 (SOCS3) mRNA and
promotes its degradation through ADAR1. SOCS3 is a suppressor
of the JAK-STAT signaling pathway; TET2-mediated degradation of
SOCS3 mRNA promotes cytokine-induced emergency myelopoi-
esis and mast cell expansion during pathogen infection.120 TET2
also recruits histone deacetylases HDAC1/2 to repress transcrip-
tion of Il6 and Il1β via histone deacetylation in innate myeloid cells
including DCs and macrophages, thus mediating inflammation

resolution.121 The identification of RNA-binding capacity and
potential RNA-binding site of TET2 suggests TET2 as a potential
RBP important for inflammation resolution and infection-induced
myelopoiesis.122 The differential recognition of RNA and DNA by
epigenetic modulators and their interactions with known RBPs
add another layer of epigenetic regulation of innate immunity and
inflammation worthy of further investigations.

RBPs regulate the production of proinflammatory cytokines in
autoimmunity and autoinflammation
Activation of innate inflammatory signaling leads to the produc-
tion of large amounts of proinflammatory cytokines such as IL-6,
IL-1β, IL-18, TNF, and type I IFNs that are essential mediators of
autoimmune pathogenesis. Recent scRNA-seq analysis reveals the
elevated expression of ISGs in monocytes in SLE patients123,124

and IL-6 expression in THY1+HLA-DRAhi
fibroblasts and IL-1β

expression in pro-inflammatory monocytes in RA patients.125–127 It
is critical to understand how RBP–RNA interactions determine the
specific transcriptional signatures of innate inflammatory cyto-
kines in distinct immune cells in different autoimmune processes.

Transcriptional control. Transcriptional control of innate inflam-
matory cytokines is precisely regulated by coordinated
networks of transcriptional regulators, epigenetic enzymes and
ncRNAs.128,129 Importantly, RBPs can interact with both DNA and
RNA, contributing to functional integration of transcriptional and
post-transcriptional machineries. Some nuclear RBPs are widely
present in active chromatin regions and are associated with
transcription factors at gene promoters, thus enhancing gene
transcription.130 We recently show that hnRNP UL1 inhibits NF-κB-
mediated inflammation via competing with NF-κB on κB binding
sites, indicating a splicing-independent role of hnRNP UL1 in
restraining inflammatory cytokine expression at the transcriptional
level. The expression of hnRNP UL1 is reduced in RA patients,
suggesting a strong correlation between decreased hnRNP UL1
level and inflammatory autoimmune disease and proposing a
potential therapeutic strategy for controlling aberrant autoin-
flammation.131 It will be important to further clarify how the
structural and functional networks among transcription factors,
RBPs, RNAs, and DNAs are coordinated in a cell type-specific
manner during specific autoimmune or autoinflammatory
responses.

pre-mRNA splicing. pre-mRNA splicing is an important mechan-
ism for RBP-dependent regulation of proinflammatory cytokine
production. Alternative splicing of mRNAs of IL-6 and its receptor
IL-6R has been implicated in the pathogenesis of RA.132–134 The
splicing factor hnRNP M is shown to be a negative regulator of
inflammatory and antimicrobial genes in innate immune cells by
preventing the maturation of transcripts encoding proinflamma-
tory molecules such as IL-6 via blocking pre-mRNA splicing. Innate
stimuli such as LPS induce the phosphorylation of hnRNP M via
p38 signaling and release it from inhibiting IL-6 pre-mRNA splicing
and expression. hnRNP M associates with the Il6 genomic locus in
the nucleus in an RNA-dependent manner, suggesting an essential
role of chromatin–RBP–RNA complexes in shaping transcription
complexity during innate immune response.135 It will be important
to further elucidate the mechanisms underlying the location,
interaction and function of chromatin–RBP networks in innate
immunity and autoinflammation.

mRNA degradation or stabilization. It has been widely shown that
RBPs control the expression of proinflammatory cytokines by
regulating the stability of mRNAs. For example, TTP (also known as
ZFP36) destabilizes mRNAs of proinflammatory cytokines such as
IL-6 and TNF via directly binding to ARE and recruiting dead-
enylation and decapping complexes for mRNA decay.136,137 Mice
deficient of TTP display severe autoimmune phenotypes such as
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cachexia, erosive arthritis, and dermatitis, which can be abolished
by anti-TNFα antibody or combined deficiency of IL-23.138,139 Mice
with myeloid-specific TTP deficiency have minimal autoimmune
inflammation but are highly sensitive to LPS shock with high serum
TNF.140 TTP is also expressed in atherosclerotic lesions both in
human and mice, and functionally inhibits the expression of pro-
inflammatory mRNA transcripts.141 Thus, controlling the stability of
mRNAs encoding innate proinflammatory cytokines such as TNF
and IL-23 by TTP is critical for preventing severe inflammation.
Another well-recognized RBP that controls the mRNA stability

during autoimmune responses is Regnase-1. Mice deficient of
Regnase-1 exhibit severe autoimmune disorders characterized by
augmented serum immunoglobulin and autoantibody levels,
splenomegaly and pulmonary inflammation.142 Mechanistically,
Regnase-1 recognizes the stem loop in mRNAs encoding proin-
flammatory cytokines, such as IL-6, to mediate mRNA decay with its
RNase activity. IκB kinase complex mediates ubiquitination and
degradation of Regnase-1, thereby relieving its inhibition of IL-6
mRNA expression.143 Consistently, mice deficient of Arid5a, a RBP
that inhibits Regnase-1 function and thus stabilizes the IL-6 mRNA,
have reduced IL-6 and TNF serum levels and are resistant to the
development of autoimmune pathogenesis in experimental
autoimmune encephalomyelitis (EAE).144 Interestingly, cytoplasmic
polyadenylation element binding protein 4 (CPEB4) is shown to
stabilize anti-inflammatory mRNAs such as SOCS and consequently
promote inflammation resolution program.145 How these opposite
actions of mRNA decay or stabilization processes coordinately
determine the transcription dynamics of pro- and anti-
inflammatory genes and orchestrate inflammation initiation and
resolution programs in autoimmunity remains to be fully
addressed.

Translational control. Similar to Arid5a-mediated transcript sta-
bilization, HuR is proposed to act as a stabilizer of inflammatory
mRNAs bearing ARE via antagonizing their binding by destabiliz-
ing RBPs such as TTP.146,147 On the other hand, however, HuR also
negatively affects mRNA translation through synergizing with the
translational silencer T-cell restricted intracellular antigen-1 (TIA-1)
during inflammation.148 Mice with myeloid-specific deficiency of
HuR exhibit pathologic inflammation and colorectal carcinogen-
esis, which is associated with an exacerbated proinflammatory
cytokine expression due to a lack of inhibitory effects on their
translation and/or stability.149 Therefore, the translational silencing
by HuR may be dominant over mRNA stabilization in myeloid cells
for the suppression of aberrant inflammation and autoimmunity.
In addition, TIA-1 mediates translational silencing of mRNA
encoding TNF, thus reducing the sensitivity of mice to acute LPS
shock or inflammatory arthritis.150,151 Downregulation of TIA-1/
TIAR genes is observed in ulcerative colitis patients by transcrip-
tome meta-analysis and might contribute to the enhanced IL-1β
production during autoimmunity.152

These RBP-dependent regulations of splicing, stability and
translation of mRNAs encoding cytokines are essential for the
prevention or promotion of aberrant chronic inflammation or
harmful autoimmunity. Meanwhile, how these post-transcriptional
or translational regulations affect biological functions or immune
regulatory properties of cytokines remains to be investigated.

RBPs regulate the innate immune cell development and
function in autoimmunity and autoinflammation
In addition to production of proinflammatory cytokines, innate
immune cells carry out many other cellular functions, which are
important for immune homeostasis and tissue integrity. Innate
immune sensing and activation of innate immune signaling can
also influence the development and function of innate immune
cells, such as DC maturation, macrophage polarization, natural
killer (NK) cell activation, resulting in diversified immunological
effects and regulation of autoimmunity.

lncRNA. lncRNAs display lineage-specific expression pattern and
play essential roles in determining functional hematopoietic
differentiation.153 For example, HOTAIRM1 is critical for myeloid
cell differentiation in human leukemia cells via regulating the
expression of genes associated with granulocyte activation,
maturation, and defense response.154 Later studies suggest
potential role of HOTAIRM1 in regulating differentiation and
function of myeloid-derived suppressor cell (MDSC) during viral
infection.155,156 We show that the lncRNA lnc-DC controls human
DC differentiation and function via directly binding to signal
transducer and activator of transcription 3 (STAT3) in the
cytoplasm to promote STAT3 phosphorylation.157 Further studies
identify lnc-DC as a potential biomarker for AIDs such as MS and
primary Sjögren’s Syndrome.158,159 Macrophages effectively elim-
inate dying cells via efferocytosis, and failure in efferocytosis is one
of important drivers of the progression of atherosclerosis.160,161

HuR is shuttled into cytosol in the absence of macrophage-specific
lncRNA MAARS (macrophage-associated atherosclerosis lncRNA
sequence), where HuR performs RNA-stabilizing functions on a set
of apoptosis genes such as p53 and p27, to decrease macrophage
apoptosis and increase efferocytosis, consequently preventing
atherosclerosis progression.162 The detailed relationships between
these lineage-specific lncRNAs and autoimmunity are worthy of
further investigations.

m6A methylation. m6A modification of mRNAs plays broad roles
in immune cell development and function via regulating mRNA
biogenesis, metabolism and function. Although the role of m6A
modification of mRNAs in tumor and viral infection has been
intensively studied, its association with autoimmunity is less
understood.163 Genetic mutations in the m6A writer METTL3
(methyltransferase like 3) correlate with increased susceptibility to
autoimmune thyroid disease.164 mRNA levels of a set of
m6A-related proteins, such as the writer methyltransferase-like
14 (METTL14), the eraser AlkB homolog 5 (ALKBH5), and the reader
YTHDF2, are decreased in SLE patients, and the levels of ALKBH5
and YTHDF2 mRNAs appear to be associated with disease
pathogenesis such as the accumulation of antibodies against
dsDNAs and nucleosomes.165,166 m6A modifications are also
critical regulators of vascular inflammation via distinct effects in
macrophages, smooth muscle cells or endothelial cells.167

m6A RNA methylation has been closely related with the cell
development of hemopoietic system, nervous system, reproduc-
tive system, and immune system.168 Development and functional
maturation of DCs are important in linking innate immunity with
adaptive immunity. Our study shows that Mettl3 can enhance the
mRNA translation of TLR4 signaling adaptor TIRAP and co-
stimulatory molecules CD40 and CD80 in DCs, contributing to
DC maturation and activation.169 CCR7 ligation upregulates
expression of lnc-Dpf3 via relieving m6A-dependent degradation,
leading to inhibition of HIF1α-dependent glycolysis and DC
migration.170 Considering the critical roles of DC function and
migration in both immune activation and homeostasis, these
mechanisms may offer potential links between m6A-dependent
post-transcriptional or translational regulations and the control of
autoimmunity.
The functional maturation or polarization of macrophages is

extensively involved in innate immunity and autoimmune
processes. The m6A writer METTL3 contributes to the increased
severity and development of age/diet-related non-alcoholic fatty
liver disease and obesity via promoting macrophage metabolic
reprogramming and inflammatory function by controlling damage
inducible transcript 4 (DDIT4) mRNA.171 Interestingly, METTL3 also
reduces susceptibility to bacterial infection and tumor growth in
mice, via regulating macrophage activation and reprogram-
ming.172,173 We show that m6A reader YTHDF3 could suppress
the antiviral activity of macrophage by binding to the translation
initiation region of FOXO3 mRNA to promote its translation.174 It
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will be interesting to further elucidate how m6A could selectively
regulate distinct immune cell differentiation or maturation in
different immune pathological conditions such as autoimmunity,
infection or cancer.
Moreover, NK cells exhibit protective roles in limiting inflamma-

tion via killing autoreactive immune cells, but can also promote
the initiation and progression of autoimmunity via cytokine
production or apoptosis induction.175 The cytotoxic activity of NK
cells is regulated by m6A in the context of antiviral and antitumor
immunity. The m6A writer METTL3 is required for antitumor effects
of NK cells and positively regulates accumulation, effector function
and homeostasis of NK cells in a manner involving m6A
modification of SHP2 coding gene.176 Similarly, the m6A reader
YTHDF2 maintains homeostasis, maturation, antitumor and anti-
viral immunity of NK cells, by forming a STAT5-YTHDF2 positive
feedback loop.177 More evidences are required to uncover
whether m6A methylation in NK cells is associated with
autoimmunity and autoinflammation.

RBPS REGULATE ADAPTIVE IMMUNE RESPONSE IN
AUTOIMMUNITY AND AUTOINFLAMMATION
Dysregulations of T cell- and B cell-dependent adaptive immunity
play indispensable roles in the development of autoimmunity and
tissue injuries. The long-lasting stimulation by autoantigens and
aberrant innate inflammatory responses not only lead to aberrant
T cell activation and infiltration in the inflamed tissue, but also
strengthen B cell activation and increase the production of
autoantibodies. The long-lived auto-reactive memory T and B cells
mediate efficient responses to autoantigens and contribute to
sustained autoimmunity and chronic inflammation3,4,5,178 In this
section, we will discuss how RBP–RNA interactions affect the
differentiation, function, activation or memory response of
adaptive immune cells, whose dysregulations are critical for
autoimmune pathogenesis (Fig. 3).

RBPs regulate the differentiation and function of helper T (Th)
cells in autoimmunity and autoinflammation
Th cells such as IL-17-expressing T cells (Th17 cells) and follicular T
helper cells (Tfh cells) are closely related to many autoimmune
pathological conditions. mRNAs encoding Th cell-related cyto-
kines, co-stimulatory molecules or transcriptional factors are
dynamically regulated by RBPs for a delicate control of T cell-
mediated autoimmune pathology.

mRNA degradation. RBPs target multiple Th17 cell-related mRNAs
such as STAT3, OX40, IL-17 and granulocyte-macrophage colony-
stimulating factor (GM-CSF), and contribute to fine-tuning of Th17-
dependent autoimmunity and inflammation. For example, TTP
directly binds to the IL-17 mRNA 3′ UTR to mediate mRNA decay.179

T cell-specific deficiency of TTP in mice results in spontaneous
chronic skin inflammation and severe colitis with an increased Th17
responses and IL-17 production.180 In addition, Regnase-1 nega-
tively regulates mRNAs of c-Rel, OX40, and IL-2 through cleavage of
their 3′ UTRs in T cells.181,182 T cell receptor ligation relieves
Regnase-1-mediated suppression of these Th17 genes via cleavage
of Regnase-1 at R111 by paracaspase mucosa-associated lymphoid
tissue (MALT). Consequently, mice with T cell-specific Regnase-1
deficiency develop spontaneous autoimmune disorders similarly to
mice with systemic Regnase-1 deficiency. T cells lacking Roquin also
cause inflammatory pathology with increased Th17 cell activation in
the lung. Mechanistically, Roquin cooperates with Regnase-1 to
repress mRNAs encoding Th17 cell-promoting factors IL-6, inducible
T cell costimulator (ICOS), c-Rel, and IRF4, and inhibits Th17 cell
differentiation.183

The Tfh cells express high levels of CXC chemokine receptor
type 5 (CXCR5) and ICOS, secret large amounts of IL-21, and are
essential for B cell antibody response and germinal cell (GC)

response. Increasing evidence has demonstrated fundamental roles
for Tfh cells in autoimmune pathogenesis.184,185 Targeting ICOS/
ICOS-L interactions or IL-21 pathways shows protective effects in
lupus mice.186 In the sanroque mouse, Roquin mutation in the ROQ
domain causes the development of severe autoimmune lupus-like
syndrome mediated by excessive Tfh cell function and GC
responses.187,188 Mechanistically, Roquin-1 and Roquin-2 post-
transcriptionally repress the expression of ICOS and OX40 mRNAs
to prevent inappropriate Tfh cell differentiation.189–191 Disrupting
the interaction between Roquin and Regnase-1 increases Tfh cell
differentiation, GC B cell activation and autoantibody formation,
indicating the physical interaction of Roquin-1 with Regnase-1 as a
brake of autoimmunity.192

mRNA stabilization. HuR, as an mRNA transcription stabilizer,
increases IL-17 and GM-CSF mRNA levels via directly binding to
their 3′ UTR, thus promoting Th17 differentiation and pathogen-
esis during EAE development.193,194 HuR also stabilizes mRNA of
IRF4 and Runx1, and subsequently promotes RORγt expression
and facilitates Th17 cell differentiation and migration into central
nervous system. Targeting HuR by its inhibitor DHTS shows
effectiveness in delaying the onset and severity of EAE, suggesting
HuR as a potential drug target for treating autoimmune
neuroinflammation.195

Arid5a can stabilize OX40, STAT3, and T-bet mRNAs in T cells to
promote Th17- and Th1-dependent pathology in mouse models of
EAE.196–198 However, Arid5a is shown to be induced by IL-6 in RA
patients with the potential function to attenuate Th17 cell
differentiation through physically interacting with RORγt.199

Mechanisms underlying this discrepancy and the detailed role of
Arid5a in competition or cooperation with other RBPs in the
development of Th17-dependent autoimmunity remain to be
identified.

RBPs regulate the generation and function of Treg cells in
autoimmunity and autoinflammation
Defects of the generation and function of Treg cells have been
implicated in various autoimmune disorders.200 Changes in the
number and function of Treg cells differ among distinct AIDs,
indicating that Treg cell-dependent immune tolerance may be
disrupted in a context-dependent manner during the develop-
ment of autoimmunity.

mRNA degradation. A subset of CD4+ forkhead box protein 3
(Foxp3)+Helios+ Treg cells are increased in active SLE and
positively correlated with the disease’s activity.201,202 Compared
with Foxp3+Helios– Treg cells, Foxp3+Helios+ Treg cells have
stronger suppressive potential with limited expression of IL-2 and
IFN-γ. Helios is indispensable for the immune regulatory function
of Treg cells as deficiency of Helios causes the spontaneous
development of autoimmune pathologies with multi-organ
inflammation, systemic inflammation and autoantibody genera-
tion.203,204 It is recently shown that Zinc finger protein 36 like 2
(ZFP36L2) decreases the expression of Helios (encoded by Ikzf2) in
Foxp3+ Tregs via directly binding to the 3′ UTR of its mRNA and
destabilizing the mRNA, leading to the suppression of the iTreg
function.205 Interestingly, ZFP36L2 also recognizes ARE of the IFN-
γ mRNA and blocks its translation in memory T cells, which
prevents undesirable protein production from pre-formed cyto-
kine mRNAs under steady state.206 Therefore, ZFP36L2 plays
variable roles in orchestrating T cell immunity via mRNA
destabilization or translational inhibition.

m6A methylation. m6A mRNA methylation is essential for Treg
suppressive functions. Treg cell-specific Mettl3-deficient mice
exhibit development of autoimmune pathology and loss of Treg
suppressive function.207 The elevated SOCS caused by Mettl3
deficiency targets the IL-2-STAT5 signaling pathway, eventually
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resulting in the loss of Treg cell functions. Consistently, m6A
methyltransferase WT1-associated protein (WTAP) is required for
gut RORγt+ Treg cell function to prevent colitis as well as for T cell
activation and survival. T cell conditional genetic inactivation of
WTAP relieves Orai1 and Ripk1 mRNA transcription correlated with
T cell activity.208 METTL14 deficiency in T cells also causes
spontaneous colitis in mice characterized by increased Th1/Th17
response and impaired Treg cell induction, indicating a role for
METTL14 in maintaining Treg cells for protection against colitis.209

While the impact of m6A on Treg cell differentiation has been
evidentially reported, their roles in effector T cell differentiation
remain elusive. METTL3 is essential for T cell homeostasis and
differentiation as depletion of m6A in CD4+ naïve T cells increases
SOCS mRNA and thereby inhibits IL-7-STAT5 signaling and T cell
homeostatic proliferation and differentiation.210 METTL3 also

promotes Tfh cell differentiation and GC response by favoring
Tfh transcriptional program and stabilizing Tcf7 transcripts via
m6A modification.211 However, METTL3/METTL14 are also shown
to catalyze m6A modification on ICOS transcripts to reduce ICOS
expression and thus attenuate Tfh cell differentiation.212 There-
fore, m6A modification targets various mRNAs in different T cell
subsets, leading to complex regulatory effects in controlling the
differentiation, activation and function of T cells.

ncRNA regulation. Follicular regulatory T cells (Tfr cells) are
differentiated from Treg cells and directly inhibit Tfh and B cell
responses in GC. Similar to Tfh cells, Tfr cells express high levels of
B-cell lymphoma 6 (Bcl-6) and CXCR5. However, Tfr cells also
express Treg cell markers including Foxp3, CD25 and CTLA-4. The
generation of Tfr cells depends on transcriptional factors Bcl-6 and

Fig. 3 Control of RNA metabolism and function by RBPs in adaptive immune response during autoimmunity and autoinflammation. RBPs
regulate the Th cell differentiation, Treg cell function and B cell activation during development of AIDs via multiple mechanisms. Upper: RBP
regulation of Th17 and Tfh cell differentiation. TTP, Regnase-1 and Roquin negatively regulate a set of Th17-related genes such as OX40 via
mRNA decay to inhibit Th17 cell differentiation. Regnase-1 and Roquin repress the expression of ICOS and OX40 mRNAs via post-
transcriptional regulation to inhibit Tfh cell differentiation. Middle: RBP regulation of Treg cell generation and function. ZFP36L2 decreases
Helios expression in Foxp3+ Tregs via directly binding to the 3′ UTR of Helios mRNA and destabilizing it, leading to inhibition of iTreg function.
Mettl3 mediates m6A modification of SOCS mRNA to maintain Treg cell generation and immune tolerance. Roquin upregulates PTEN mRNA
expression through antagonizing miR-17–92 binding to PTEN mRNA, and thus suppresses the conversion of Treg to Tfr cells. Bottom: RBP
regulation of B cell activation and germinal cell (GC) responses. ZPF36L1 post-transcriptionally limits mRNA levels of transcription factors KLF2
and IRF8 to promote GC response. PTBP1 promotes B cell proliferation and activation in GC via controlling alternative splicing of transcripts of
c-Myc target genes such as Pkm and Tyms. lncRNA XIST interacts with TRIM28 to maintain X-inactivation and inhibit X-linked TLR7 gene
expression, contributing to restraining of atypical B cell formation. RBPs responsible for each of these steps are shown in red ovals. APC
antigen-presenting cells, Th17 IL-17-expressing T cells, Tfh follicular T helper cells, Treg regulatory T cells, iTreg inducible regulatory T cells, Tfr
follicular regulatory T cells, TTP tristetraprolin, HuR human antigen R, Arid5a AT-rich interactive domain-containing protein 5a, STAT3 signal
transducer and activator of transcription 3, IL-17 interleukin 17, ICOS inducible T cell costimulator, ARE adenine uridine (AU)-rich elements,
ZFP36L2 zinc finger protein 36, C3H type-like 2, Ikzf2 IKAROS Family Zinc Finger 2, Mettl3 methyltransferase like 3, SOCS suppressor of
cytokine signaling protein, PTEN phosphatase and tensin homolog, ZPF36L1 zinc finger protein 36, C3H type-like 1, IRF8 interferon regulatory
factor 8, KLF2 kruppel like factor 2, MZ marginal zone, PTBP1 polypyrimidine tract binding protein 1, Pkm Pyruvate Kinase M, Tyms
thymidylate synthetase, TRIM28 tripartite motif containing 28.
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NFAT2 and is regulated in an mTORC1 signaling-dependent
manner.213–215 Roquin upregulates PTEN expression through
antagonizing miR-17–92 binding to an overlapping cis-element
in the 3′ UTR of PTEN mRNA. PTEN upregulation by Roquin inhibits
mTOR signaling and suppresses the conversion of Treg to Tfr
cells.216 However, it remains unclear how altering the conversion
of non-follicular Treg cells to Tfr cells eventually affects the final
outcome of autoimmunity, given their respective indispensable
role in limiting effector T cells and Tfh cells.
We recently show that T cell expression of lncRNA-GM promotes

T cell-mediated autoimmunity via polarizing Th17 differentiation
but inhibiting iTreg differentiation, in a manner dependent on its
ability of binding to transcription factor Foxo1 and reducing Foxo1
activity.217 lncRNA-GM is also expressed in macrophages, while
viral infection can downregulate lncRNA-GM to facilitate viral
escape by inhibiting the kinase activity of TBK1.218 Therefore,
ncRNAs can interact with distinct protein partners in a cell type-
specific manner. Further elucidation of the expression and
function of ncRNA–RBP complexes in the development of tissue
inflammation and AIDs will provide potential therapeutic strate-
gies to treat autoimmune inflammation.

RBPs regulate B cell activation and GC response in
autoimmunity and autoinflammation
Abnormal B cell activation and breakdown of B cell tolerance are
critical for the excessive autoantibody production leading to
autoimmunity.219 A unique subset of regulatory B cells mediate
suppression of autoimmunity and inflammation via producing
anti-inflammatory cytokines IL-10 and TGF-β and shaping the
inhibitory immune microenvironment.220 Regulation of B cell
differentiation, activation and antibody production via post-
transcriptional mechanism has attracted increasing attention.

mRNA degradation. RBPs controlling mRNA degradation and
stability are essential for regulating B cell activation and responses
in autoimmunity. ZPF36L1 promotes marginal zone B cell
localization and survival, partly through its ability in limiting the
expression of transcription factors kruppel like factor 2 (KLF2) and
IRF8 post-transcriptionally.221 Regnase-1 maintains B cell home-
ostasis by suppressing the BCR-driven transcriptome changes;
however, its specific mRNA targets remain unclear.222 RBP, such as
ZFP36 family members, Regnase-1 has broad and distinct roles in
fine-tuning the overactivation of innate and adaptive immune
responses. It therefore will be important to further investigate how
RBPs coordinate these cell type-dependent post-transcriptional
regulations of mRNA stability and translation in distinct immune
responses.

Alternative splicing. Mature B cells undergo alternative splicing
for the expression of IgM/IgD from primary RNA transcripts, a
process which determines the B cell antigenic specificity in
discrimination between self and non-self antigens. Zinc-finger
protein 318 (ZFP318) is essential for IgD expression mainly via
modulating alternative mRNA splicing.223 The key homologous
recombination factor, radiation-sensitive 52 (Rad52) mediates IgD
class-switch DNA recombination in concert with ZFP318 down-
regulation, and Rad52 phosphorylation is associated with high
levels of IgD autoantibodies in SLE patients and in lupus mice.224

Alternative splicing is also important for regulation of mRNAs
related to BCR signaling or functions. For example, HuR promotes
B cell differentiation and activation through modulating B cell
metabolism via mRNA splicing. B cell-specific ablation of HuR
results in defective mitochondrial metabolism and accumulation
of reactive oxygen species, leading to impaired B cell survival and
proliferation. Mechanistically, HuR modulates splicing of dihydro-
lipoamide S-succinyltransferase (Dlst) mRNA, thus enhancing Dlst
translation into a subunit of the 2-oxoglutarate dehydrogenase
complex (αKGDH) with enzymatic activity. This study describes

how RBP-mediated post-transcriptional regulation modulates
metabolic switch during B cell activation and differentiation.225,226

Another RBP, polypyrimidine tract binding protein 1 (PTBP1)
promotes B cell proliferation and activation in GC via controlling
alternative splicing of transcripts of c-Myc target genes such as
Pkm and Tyms.227 As PTBP1 is involved in many post-
transcriptional regulations such as alternative splicing, alternative
polyadenylation, mRNA decay and translational regulation,228,229 it
is important to investigate how these distinct regulatory mechan-
isms contribute to PTBP1-mediated control of B cell responses and
how these biological processes eventually affect the outcome of
autoimmune response.

ncRNA regulation. ncRNAs play important roles in B cell-
dependent autoimmunity and may serve as potential targets for
treatment of AIDs. For example, miR-7, miR-21 and miR-22 are
highly expressed in B cells and play an important function in
increasing BCR signaling by suppressing the expression of PTEN,
and thus contribute to B cell hyperactivity and autoantibody
production in SLE. Antagonizing miR-7 can suppress B cell
hyperactivity, Tfh expansion and GC response, and consequently
reduce the lupus manifestations in MRLlpr/lpr lupus mice, indicating
miR-7 as a potential therapeutic target of SLE.230,231 It will be
interesting to clarify whether potential RBPs are involved in the
upregulation of miR-7 to prevent its expression or function at
steady state for the maintenance of B cell tolerance.
In addition, lncRNAs have been shown to regulate B cell

development and activation, and lncRNA dysregulations are
associated with various autoimmune pathologies. Abnormal
X-chromosome inactivation (XCI), reflected by reduced XIST RNA
and H2AK119Ub enrichment at the inactive X chromosome is
present in B cells of both pediatric and adult SLE patients.232

Functionally, XIST enforces X-inactivation in adult human B cells
via binding to tripartite motif containing 28 (TRIM28) that
mediates Pol II pausing at promoters of X-linked genes such as
TLR7 in B cells. XIST loss and TLR7 stimulation promote CD11c+

atypical B cell formation which is implicated in SLE pathogen-
esis.233 Consistently, a gain-of-function variant of TLR7 (Y264H)
has been recently identified to drive aberrant B cell activation
and CD11c+ age-associated B cell accumulation, and cause SLE
in humans, highlighting the importance of TLR7 expression and
function for human autoimmunity.234 Further investigations will
be necessary to elucidate how the XIST-interacting RBPs such
as spen family transcription repressor (SPEN), TRIM28 and
PTBP1 contribute to the disruption of XIST-dependent XCI
maintenance and development of female-biased autoimmunity
such as SLE.

Anti-RBP antibodies. RBPs can also be recognized as autoanti-
gens, and anti-RBP antibodies are frequently detected in patients
of AIDs such as SLE.235 For example, anti-Sm antibodies that
interact with U1, U2, U4 and U5 RNA snRNPs are predictive for SLE
classification; anti-SS-A (Ro52/Ro60) autoantibodies are described
as serological markers for Sjögren’s syndrome but also detected in
other AIDs. Autoantibodies against hnRNP-A2 and hnRNP-A2-
specific T cells are detected in patients with SLE.96 Anti-RBP
antibodies are predominantly produced by long-lived plasma
cells and maintained at a relatively stable level over time.
These antibodies recognize RNA–protein complexes and form
immune complexes (ICs) that induce autoimmune activation.
While the formation and tissue deposition of DNA ICs lead to
tissue inflammation, cytokine production and complement
activation, the RNA ICs are also implicated in IFN production
and plasma cell overactivation.236 It will be important to
systemically clarify the signatures of expression of anti-DNA or
anti-RBP antibodies in various stages or subtypes of AIDs and how
the distinct expression patterns of anti-RBP antibodies could affect
disease progression or therapy responsiveness.
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CONCLUSIONS AND PERSPECTIVES
Despite substantial achievements in revealing the role of RBPs and
RNA metabolism in the autoimmune response and inflammatory
pathogenesis, many important questions in this field still remain
unclear and require future investigations.

1. RBP–RNA interactions are dynamically remodeled in differ-
ent autoimmune and inflammatory contexts. Large-scale
analysis of RNA-binding proteome and RBP interactome will
facilitate the identification of novel canonical and non-
canonical RBPs and their dynamic interactions with RNA or
proteins implicated in the regulation of autoimmunity and
autoinflammation.

2. RBPs can modulate many cellular events including gene
transcription, RNA regulation, protein modification and
function during autoimmunity. The molecular basis for the
RBP-centered molecular machineries consisting of DNAs,
RNAs and proteins, e.g., chromatin-binding RBP complexes
and post-translational modification networks of RBPs, in the
regulation of autoimmunity remains to be revealed.

3. RNA stability and metabolism are critical for both activation
and suppression of inflammation. Further investigations of
the role of RBP–RNA interactions in the inflammation
resolution programs will provide new opportunities for the
development of therapeutic approaches that selectively
facilitate inflammation resolution while maintaining
immune defense and tissue homeostasis.

4. Metabolic abnormities in various innate and adaptive
immune cells are closely associated with autoimmune
pathogenesis. How RBPs and RNA functions affect the key
metabolic events such as nutrient uptake, energy home-
ostasis, and glucose, amino acid and lipid metabolism in
different immune cells to control autoimmunity and
autoinflammation remains to be identified.

5. How RBP–RNA networks influence the differentiation and
function of specialized immune and non-immune cell
subsets at single-cell level remains largely unknown.
Integrative analysis of multi-omics data will deepen our
understanding of spatiotemporal interplay between genetic,
epigenetic and signaling networks and single-cell plasticity
during autoimmunity and autoinflammation.

6. Mechanisms that regulate RBP trafficking between the
nucleus and the cytoplasm during immune responses
remain unclear. The application of high-resolution in situ
molecular imaging techniques will enable real-time visuali-
zation of communications between RBPs and RNAs or DNAs
in different cellular compartments within live tissues and
contribute to a better understanding of dynamic spatio-
temporal responses of RBPs in autoimmune processes.

7. The signatures and functions of RNA modification and
higher-order structures in autoimmunity remain poorly
understood. The characterization of novel chemical mod-
ifications in RNA sequences through mass spectrometry-
based technologies and identification of RBPs that install,
recognize, and remove these modifications will shed new
light on the structural and functional roles of dynamic
RBP–RNA networks in autoimmunity and suggest potential
drug targets.

8. A crucial role of the complement system in metabolic
remodeling and tissue inflammation and their potential as
drug targets for relieving tissue damage of AIDs are
increasingly shown. Understanding how the complement
system and the related coagulation pathways are regulated
by RBP–RNA interactions will provide clues for targeting
related pathways in diseases.

9. The exact role and mechanisms of RBP dysregulations and
RNA functional abnormalities in autoimmunity and autoin-

flammation have been demonstrated mostly in animal
models. Large cohort studies and clinical translational
investigations are required to investigate how RBP–RNA
regulatory networks are functionally linked with immunolo-
gical phenotype and clinical manifestations in human
autoimmunity.

In sum, RBPs play critical roles in the regulation of autoimmu-
nity and autoinflammation at different steps and via different
mechanisms. Proinflammatory RBPs promote innate inflammatory
responses and GC responses via strengthening inflammatory
mRNA expression and translation or constraining inhibitory
immune signaling. On the other hand, a larger number of anti-
inflammatory RBPs suppress innate inflammatory responses and
adaptive immunity by post-transcriptional or translational
mechanisms, and consequently serve as essential safeguards
against the development of harmful AIDs. These proinflammatory
and anti-inflammatory RBPs precisely regulate the formation and
function of organ inflammation niche and determine the initiation,
activation, and resolution of distinct autoimmune inflammatory
responses. The imbalance of proinflammatory and anti-
inflammatory RBPs results in exacerbation and progression of
organ pathophysiology by organizing inflammation niches that
drive sustained inflammatory cell infiltration and tissue injury.
Numerous drug candidates targeting key signaling molecules of

the innate or adaptive immunity for treating AIDs are being
evaluated in preclinical or clinical studies. Some of these drug
candidates have achieved exciting results while others are
disappointing due to unfavorable side effects such as infections.
Cell type-selective and context-dependent functions of RBPs in
maintaining the immune tolerance have made RBPs promising
targets for precise therapeutics that target only the pathogenic
autoimmune pathways without affecting protective immune
defense. For example, enhancing TTP mRNA stability through
genetically deleting a 136-base instability motif in the 3′ UTR of
TTP mRNA has been shown to protect mice against autoimmune
pathogenies and reduce the severity of collagen antibody-induced
arthritis, imiquimod-induced dermatitis or EAE.237 In vivo treat-
ment of PP2A agonists which can dephosphorylates and thereby
activates TTP, ameliorates the autoimmune phenotype of
inflammatory arthritis in mice.238 These findings suggest forced
expression or activation of anti-inflammatory RBPs such as TTP as
a promising therapeutic strategy against AIDs. Further investiga-
tions of how the RBP-mediated regulatory networks consisting of
DNA, RNAs and proteins are associated with disease susceptibility
and development of systemic or organ-specific inflammatory
pathologies will contribute to a better understanding of auto-
immune pathogenesis and lead to therapeutic breakthroughs.

REFERENCES
1. Theofilopoulos, A. N., Kono, D. H. & Baccala, R. The multiple pathways to auto-

immunity. Nat. Immunol. 18, 716–724 (2017).
2. Bluestone, J. A. & Anderson, M. Tolerance in the age of immunotherapy. N. Engl.

J. Med. 383, 1156–1166 (2020).
3. McGeachy, M. J., Cua, D. J. & Gaffen, S. L. The IL-17 family of cytokines in health

and disease. Immunity 50, 892–906 (2019).
4. Walker, L. The link between circulating follicular helper T cells and auto-

immunity. Nat. Rev. Immunol. 22, 567–575 (2022).
5. Sakaguchi, S. et al. Regulatory T cells and human disease. Annu. Rev. Immunol.

38, 541–566 (2020).
6. Zhang, Q. & Vignali, D. A. Co-stimulatory and co-inhibitory pathways in auto-

immunity. Immunity 44, 1034–1051 (2016).
7. Szekanecz, Z. et al. Autoinflammation and autoimmunity across rheumatic and

musculoskeletal diseases. Nat. Rev. Rheumatol. 17, 585–595 (2021).
8. Dörner, T. & Furie, R. Novel paradigms in systemic lupus erythematosus. Lancet

393, 2344–2358 (2019).
9. Firestein, G. S. & McInnes, I. B. Immunopathogenesis of rheumatoid arthritis.

Immunity 46, 183–196 (2017).

J. Liu and X. Cao

110

Cell Research (2023) 33:97 – 115



10. Park, H., Bourla, A. B., Kastner, D. L., Colbert, R. A. & Siegel, R. M. Lighting the fires
within: the cell biology of autoinflammatory diseases. Nat. Rev. Immunol. 12,
570–580 (2012).

11. Caso, F. et al. From autoinflammation to autoimmunity: old and recent findings.
Clin. Rheumatol. 37, 2305–2321 (2018).

12. Turner, M. & Diaz-Munoz, M. D. RNA-binding proteins control gene expression
and cell fate in the immune system. Nat. Immunol. 19, 120–129 (2018).

13. Bao, X. et al. Capturing the interactome of newly transcribed RNA. Nat. Methods
15, 213–220 (2018).

14. Liao, J. Y. et al. EuRBPDB: a comprehensive resource for annotation, functional
and oncological investigation of eukaryotic RNA binding proteins (RBPs). Nucleic
Acids Res. 48, D307–D313 (2020).

15. Curtis, N. J. & Jeffery, C. J. The expanding world of metabolic enzymes moon-
lighting as RNA binding proteins. Biochem. Soc. Trans. 49, 1099–1108 (2021).

16. Castello, A., Hentze, M. W. & Preiss, T. Metabolic enzymes enjoying new part-
nerships as RNA-binding proteins. Trends Endocrinol. Metab. 26, 746–757 (2015).

17. Bentley, D. L. Coupling mRNA processing with transcription in time and space.
Nat. Rev. Genet. 15, 163–175 (2014).

18. Akira, S. & Maeda, K. Control of RNA stability in immunity. Annu. Rev. Immunol.
39, 481–509 (2021).

19. Muller-McNicoll, M. & Neugebauer, K. M. How cells get the message: dynamic
assembly and function of mRNA-protein complexes. Nat. Rev. Genet. 14,
275–287 (2013).

20. Cheng, H. et al. Human mRNA export machinery recruited to the 5′ end of
mRNA. Cell 127, 1389–1400 (2006).

21. Grunwald, D. & Singer, R. H. In vivo imaging of labelled endogenous beta-actin
mRNA during nucleocytoplasmic transport. Nature 467, 604–607 (2010).

22. Buschauer, R. et al. The Ccr4-Not complex monitors the translating ribosome for
codon optimality. Science 368, eaay6912 (2020).

23. Temme, C. et al. Subunits of the Drosophila CCR4-NOT complex and their roles in
mRNA deadenylation. RNA 16, 1356–1370 (2010).

24. Kafasla, P., Skliris, A. & Kontoyiannis, D. L. Post-transcriptional coordination of
immunological responses by RNA-binding proteins. Nat. Immunol. 15, 492–502
(2014).

25. Caput, D. et al. Identification of a common nucleotide sequence in the 3′-
untranslated region of mRNA molecules specifying inflammatory mediators.
Proc. Natl. Acad. Sci. USA 83, 1670–1674 (1986).

26. Shaw, G. & Kamen, R. A conserved AU sequence from the 3′ untranslated region
of GM-CSF mRNA mediates selective mRNA degradation. Cell 46, 659–667
(1986).

27. Lai, W. S. et al. Evidence that tristetraprolin binds to AU-rich elements and
promotes the deadenylation and destabilization of tumor necrosis factor alpha
mRNA. Mol. Cell. Biol. 19, 4311–4323 (1999).

28. Leppek, K. et al. Roquin promotes constitutive mRNA decay via a conserved
class of stem-loop recognition motifs. Cell 153, 869–881 (2013).

29. Mino, T. et al. Regnase-1 and Roquin regulate a common element in inflam-
matory mRNAs by spatiotemporally distinct mechanisms. Cell 161, 1058–1073
(2015).

30. Zhao, X. et al. SAMHD1 associates with inflammation and vasculitis in paediatric-
onset systemic lupus erythematosus. Clin. Exp. Rheumatol. 40, 1801–1807
(2022).

31. Tsokos, G. C. Autoimmunity and organ damage in systemic lupus erythemato-
sus. Nat. Immunol. 21, 605–614 (2020).

32. Broz, P. & Monack, D. M. Newly described pattern recognition receptors team up
against intracellular pathogens. Nat. Rev. Immunol. 13, 551–565 (2013).

33. Ganguly, D., Haak, S., Sisirak, V. & Reizis, B. The role of dendritic cells in auto-
immunity. Nat. Rev. Immunol. 13, 566–577 (2013).

34. Liu, J., Zhang, X. & Cao, X. Dendritic cells in systemic lupus erythematosus: From
pathogenesis to therapeutic applications. J. Autoimmun. https://doi.org/
10.1016/j.jaut.2022.102856 (2022).

35. Lande, R. et al. Neutrophils activate plasmacytoid dendritic cells by releasing
self-DNA-peptide complexes in systemic lupus erythematosus. Sci. Transl. Med.
3, 73ra19 (2011).

36. Rowland, S. L. et al. Early, transient depletion of plasmacytoid dendritic cells
ameliorates autoimmunity in a lupus model. J. Exp. Med. 211, 1977–1991 (2014).

37. Wang, C. et al. Nuclear translocation of RIG-I promotes cellular apoptosis. J.
Autoimmun. 130, 102840 (2022).

38. Bartok, E. & Hartmann, G. Immune sensing mechanisms that discriminate self
from altered self and foreign nucleic acids. Immunity 53, 54–77 (2020).

39. Zust, R. et al. Ribose 2′-O-methylation provides a molecular signature for the
distinction of self and non-self mRNA dependent on the RNA sensor Mda5. Nat.
Immunol. 12, 137–143 (2011).

40. Daffis, S. et al. 2′-O methylation of the viral mRNA cap evades host restriction by
IFIT family members. Nature 468, 452–456 (2010).

41. Pichlmair, A. et al. IFIT1 is an antiviral protein that recognizes 5′-triphosphate
RNA. Nat. Immunol. 12, 624–630 (2011).

42. Li, P. et al. RNA 2′-O-methyltransferase Fibrillarin facilitates virus entry into
macrophages through inhibiting Type I interferon response. Front. Immunol. 13,
793582 (2022).

43. Chen, Y. G. et al. N6-methyladenosine modification controls circular RNA
immunity. Mol. Cell 76, 96–109.e9 (2019).

44. Liu, C. X. et al. Structure and degradation of circular RNAs regulate PKR acti-
vation in innate immunity. Cell 177, 865–880.e21 (2019).

45. Lu, M. et al. N6-methyladenosine modification enables viral RNA to escape
recognition by RNA sensor RIG-I. Nat. Microbiol. 5, 584–598 (2020).

46. Starostina, E. V. et al. Construction and immunogenicity of modified mRNA-
vaccine variants encoding influenza virus antigens. Vaccines 9, 452 (2021).

47. Rathinam, V. A. & Fitzgerald, K. A. Inflammasome complexes: emerging
mechanisms and effector functions. Cell 165, 792–800 (2016).

48. Masters, S. L. et al. Activation of the NLRP3 inflammasome by islet amyloid
polypeptide provides a mechanism for enhanced IL-1β in type 2 diabetes. Nat.
Immunol. 11, 897–904 (2010).

49. Halle, A. et al. The NALP3 inflammasome is involved in the innate immune
response to amyloid-beta. Nat. Immunol. 9, 857–865 (2008).

50. Fidler, T. P. et al. The AIM2 inflammasome exacerbates atherosclerosis in clonal
haematopoiesis. Nature 592, 296–301 (2021).

51. Duewell, P. et al. NLRP3 inflammasomes are required for atherogenesis and
activated by cholesterol crystals. Nature 464, 1357–1361 (2010).

52. Lee, S. et al. AIM2 forms a complex with pyrin and ZBP1 to drive PANoptosis and
host defence. Nature 597, 415–419 (2021).

53. Kuriakose, T. et al. ZBP1/DAI is an innate sensor of influenza virus triggering the
NLRP3 inflammasome and programmed cell death pathways. Sci. Immunol. 1,
aag2045 (2016).

54. Jiao, H. et al. Z-nucleic-acid sensing triggers ZBP1-dependent necroptosis and
inflammation. Nature 580, 391–395 (2020).

55. Wang, R. et al. Gut stem cell necroptosis by genome instability triggers bowel
inflammation. Nature 580, 386–390 (2020).

56. Lu, B. et al. Novel role of PKR in inflammasome activation and HMGB1 release.
Nature 488, 670–674 (2012).

57. Karki, R. et al. ADAR1 restricts ZBP1-mediated immune response and PANoptosis
to promote tumorigenesis. Cell Rep. 37, 109858 (2021).

58. Zhang, P., Cao, L., Zhou, R., Yang, X. & Wu, M. The lncRNA Neat1 promotes
activation of inflammasomes in macrophages. Nat. Commun. 10, 1495 (2019).

59. Brocker, C. N. et al. Long non-coding RNA Gm15441 attenuates hepatic
inflammasome activation in response to PPARA agonism and fasting. Nat.
Commun. 11, 5847 (2020).

60. Radetskyy, R., Daher, A. & Gatignol, A. ADAR1 and PKR, interferon stimulated
genes with clashing effects on HIV-1 replication. Cytokine Growth Factor Rev. 40,
48–58 (2018).

61. Vlachogiannis, N. I. et al. Increased adenosine-to-inosine RNA editing in rheu-
matoid arthritis. J. Autoimmun. 106, 102329 (2020).

62. Vlachogiannis, N. I. et al. Adenosine-to-inosine RNA editing contributes to type I
interferon responses in systemic sclerosis. J. Autoimmun. 125, 102755 (2021).

63. Hartner, J. C., Walkley, C. R., Lu, J. & Orkin, S. H. ADAR1 is essential for the
maintenance of hematopoiesis and suppression of interferon signaling. Nat.
Immunol. 10, 109–115 (2009).

64. Rice, G. I. et al. Mutations in ADAR1 cause Aicardi-Goutieres syndrome asso-
ciated with a type I interferon signature. Nat. Genet. 44, 1243–1248 (2012).

65. Liddicoat, B. J. et al. RNA editing by ADAR1 prevents MDA5 sensing of endo-
genous dsRNA as nonself. Science 349, 1115–1120 (2015).

66. Yu, Z., Chen, T. & Cao, X. RNA editing by ADAR1 marks dsRNA as “self”. Cell Res.
25, 1283–1284 (2015).

67. Chung, H. et al. Human ADAR1 prevents endogenous RNA from triggering
translational shutdown. Cell 172, 811–824 (2018).

68. Ahmad, S. et al. Breaching self-tolerance to Alu duplex RNA underlies MDA5-
mediated inflammation. Cell 172, 797–810.e13 (2018).

69. Maurano, M. et al. Protein kinase R and the integrated stress response drive
immunopathology caused by mutations in the RNA deaminase ADAR1. Immu-
nity 54, 1948–1960 (2021).

70. Tang, Q. et al. Adenosine-to-inosine editing of endogenous Z-form RNA by the
deaminase ADAR1 prevents spontaneous MAVS-dependent type I interferon
responses. Immunity 54, 1961–1975.e5 (2021).

71. Fernando, M. M. et al. Identification of two independent risk factors for lupus
within the MHC in United Kingdom families. PLoS Genet. 3, e192 (2007).

72. Eckard, S. C. et al. The SKIV2L RNA exosome limits activation of the RIG-I-like
receptors. Nat. Immunol. 15, 839–845 (2014).

73. Yang, K. et al. Cytoplasmic RNA quality control failure engages mTORC1-
mediated autoinflammatory disease. J. Clin. Invest. 132, e146176 (2022).

J. Liu and X. Cao

111

Cell Research (2023) 33:97 – 115

https://doi.org/10.1016/j.jaut.2022.102856
https://doi.org/10.1016/j.jaut.2022.102856


74. Wang, T., Jiao, Y. & Zhang, X. Immunometabolic pathways and its therapeutic
implication in autoimmune diseases. Clin. Rev. Allergy Immunol. 60, 55–67 (2021).

75. Tuck, A. C. et al. Mammalian RNA decay pathways are highly specialized and
widely linked to translation. Mol. Cell 77, 1222–1236 (2020).

76. Zhou, A., Hassel, B. A. & Silverman, R. H. Expression cloning of 2-5A-dependent
RNAase: a uniquely regulated mediator of interferon action. Cell 72, 753–765
(1993).

77. Malathi, K., Dong, B., Gale, M. Jr. & Silverman, R. H. Small self-RNA generated by
RNase L amplifies antiviral innate immunity. Nature 448, 816–819 (2007).

78. Chakrabarti, A. et al. RNase L activates the NLRP3 inflammasome during viral
infections. Cell Host Microbe 17, 466–477 (2015).

79. Gusho, E., Baskar, D. & Banerjee, S. New advances in our understanding of the
“unique” RNase L in host pathogen interaction and immune signaling. Cytokine
133, 153847 (2020).

80. Li, Y. et al. Ribonuclease L mediates the cell-lethal phenotype of double-
stranded RNA editing enzyme ADAR1 deficiency in a human cell line. Elife 6,
e25687 (2017).

81. Daou, S. et al. A phenolic small molecule inhibitor of RNase L prevents cell death
from ADAR1 deficiency. Proc. Natl. Acad. Sci. USA 117, 24802–24812 (2020).

82. West, A. P. et al. Mitochondrial DNA stress primes the antiviral innate immune
response. Nature 520, 553–557 (2015).

83. Crow, Y. J. et al. Mutations in the gene encoding the 3′-5′ DNA exonuclease
TREX1 cause Aicardi-Goutières syndrome at the AGS1 locus. Nat. Genet. 38,
917–920 (2006).

84. Lee-Kirsch, M. A. et al. Mutations in the gene encoding the 3′-5′ DNA exonu-
clease TREX1 are associated with systemic lupus erythematosus. Nat. Genet. 39,
1065–1067 (2007).

85. Gao, D. et al. Activation of cyclic GMP-AMP synthase by self-DNA causes auto-
immune diseases. Proc. Natl. Acad. Sci. USA 112, E5699–E5705 (2015).

86. Gray, E. E., Treuting, P. M., Woodward, J. J. & Stetson, D. B. Cutting edge: cGAS is
required for lethal autoimmune disease in the Trex1-deficient mouse model of
Aicardi-Goutieres Syndrome. J. Immunol. 195, 1939–1943 (2015).

87. An, J. et al. Expression of cyclic GMP-AMP synthase in patients with systemic
lupus erythematosus. Arthritis Rheumatol. 69, 800–807 (2017).

88. Willemsen, J. et al. TNF leads to mtDNA release and cGAS/STING-dependent
interferon responses that support inflammatory arthritis. Cell Rep. 37, 109977
(2021).

89. Aguirre, S. et al. Dengue virus NS2B protein targets cGAS for degradation and
prevents mitochondrial DNA sensing during infection. Nat. Microbiol. 2, 17037
(2017).

90. Schoggins, J. W. et al. Pan-viral specificity of IFN-induced genes reveals new
roles for cGAS in innate immunity. Nature 505, 691–695 (2014).

91. Slavik, K. M. et al. cGAS-like receptors sense RNA and control 3′2′-cGAMP sig-
nalling in. Drosophila. Nature 597, 109–113 (2021).

92. Gwon, Y. et al. Ubiquitination of G3BP1 mediates stress granule disassembly in a
context-specific manner. Science 372, eabf6548 (2021).

93. Liu, Z. S. et al. G3BP1 promotes DNA binding and activation of cGAS. Nat.
Immunol. 20, 18–28 (2019).

94. Cai, H. et al. G3BP1 inhibition alleviates intracellular nucleic acid-induced
autoimmune responses. J. Immunol. 206, 2453–2467 (2021).

95. Wang, L., Wen, M. & Cao, X. Nuclear hnRNPA2B1 initiates and amplifies the
innate immune response to DNA viruses. Science 365, eaav0758 (2019).

96. Fritsch-Stork, R. et al. The spliceosomal autoantigen heterogeneous nuclear
ribonucleoprotein A2 (hnRNP-A2) is a major T cell autoantigen in patients with
systemic lupus erythematosus. Arthritis Res. Ther. 8, R118 (2006).

97. Cao, X. Self-regulation and cross-regulation of pattern-recognition receptor
signalling in health and disease. Nat. Rev. Immunol. 16, 35–50 (2016).

98. Ren, P. et al. Alternative splicing: a new cause and potential therapeutic target in
autoimmune disease. Front. Immunol. 12, 713540 (2021).

99. Sadanaga, A. et al. Protection against autoimmune nephritis in MyD88-deficient
MRL/lpr mice. Arthritis Rheum. 56, 1618–1628 (2007).

100. Gomes da Silva, I. I. F. et al. Is there an inflammation role for MYD88 in rheu-
matoid arthritis? Inflammation 44, 1014–1022 (2021).

101. Asquith, M. J., Boulard, O., Powrie, F. & Maloy, K. J. Pathogenic and protective
roles of MyD88 in leukocytes and epithelial cells in mouse models of inflam-
matory bowel disease. Gastroenterology 139, 519–529 (2010). 529.e1-2.

102. Rakoff-Nahoum, S., Paglino, J., Eslami-Varzaneh, F., Edberg, S. & Medzhitov, R.
Recognition of commensal microflora by toll-like receptors is required for
intestinal homeostasis. Cell 118, 229–241 (2004).

103. Rusu, I. et al. Microbial signals, MyD88, and lymphotoxin drive TNF-independent
intestinal epithelial tissue damage. J. Clin. Invest. 132, e154993 (2022).

104. Burns, K. et al. Inhibition of interleukin 1 receptor/Toll-like receptor signaling
through the alternatively spliced, short form of MyD88 is due to its failure to
recruit IRAK-4. J. Exp. Med. 197, 263–268 (2003).

105. De Arras, L. & Alper, S. Limiting of the innate immune response by SF3A-
dependent control of MyD88 alternative mRNA splicing. PLoS Genet. 9,
e1003855 (2013).

106. Elguindy, M. M. & Mendell, J. T. NORAD-induced Pumilio phase separation is
required for genome stability. Nature 595, 303–308 (2021).

107. Kedde, M. et al. RNA-binding protein Dnd1 inhibits microRNA access to target
mRNA. Cell 131, 1273–1286 (2007).

108. Treiber, T. et al. Compendium of RNA-binding proteins that regulate microRNA
biogenesis. Mol. Cell 66, 270–284.e13 (2017).

109. Mehta, A. & Baltimore, D. MicroRNAs as regulatory elements in immune system
logic. Nat. Rev. Immunol. 16, 279–294 (2016).

110. Cunningham, C. C. et al. Serum miRNA signature in rheumatoid arthritis and “at-
risk individuals”. Front. Immunol. 12, 633201 (2021).

111. Long, H., Yin, H., Wang, L., Gershwin, M. E. & Lu, Q. The critical role of epigenetics
in systemic lupus erythematosus and autoimmunity. J. Autoimmun. 74, 118–138
(2016).

112. Zhu, S. et al. The microRNA miR-23b suppresses IL-17-associated autoimmune
inflammation by targeting TAB2, TAB3 and IKK-alpha. Nat. Med. 18, 1077–1086
(2012).

113. Yu, Q. et al. miR-23a/b suppress cGAS-mediated innate and autoimmunity. Cell.
Mol. Immunol. 18, 1235–1248 (2021).

114. Qu, B. et al. Type I interferon inhibition of microRNA-146a maturation through
up-regulation of monocyte chemotactic protein-induced protein 1 in systemic
lupus erythematosus. Arthritis Rheumatol. 67, 3209–3218 (2015).

115. Tang, Y. et al. MicroRNA-146A contributes to abnormal activation of the type I
interferon pathway in human lupus by targeting the key signaling proteins.
Arthritis Rheum. 60, 1065–1075 (2009).

116. Saferding, V. et al. MicroRNA-146a governs fibroblast activation and joint
pathology in arthritis. J. Autoimmun. 82, 74–84 (2017).

117. Xu, J. et al. IRF3-binding lncRNA-ISIR strengthens interferon production in viral
infection and autoinflammation. Cell Rep. 37, 109926 (2021).

118. Liu, W. et al. LncRNA Malat1 inhibition of TDP43 cleavage suppresses IRF3-
initiated antiviral innate immunity. Proc. Natl. Acad. Sci. USA 117, 23695–23706
(2020).

119. Wang, P., Xu, J., Wang, Y. & Cao, X. An interferon-independent lncRNA promotes
viral replication by modulating cellular metabolism. Science 358, 1051–1055
(2017).

120. Shen, Q. et al. Tet2 promotes pathogen infection-induced myelopoiesis through
mRNA oxidation. Nature 554, 123–127 (2018).

121. Zhang, Q. et al. Tet2 is required to resolve inflammation by recruiting Hdac2 to
specifically repress IL-6. Nature 525, 389–393 (2015).

122. Cong, B., Zhang, Q. & Cao, X. The function and regulation of TET2 in innate
immunity and inflammation. Protein Cell 12, 165–173 (2021).

123. Perez, R. K. et al. Single-cell RNA-seq reveals cell type-specific molecular and
genetic associations to lupus. Science 376, eabf1970 (2022).

124. Nehar-Belaid, D. et al. Mapping systemic lupus erythematosus heterogeneity at
the single-cell level. Nat. Immunol. 21, 1094–1106 (2020).

125. Zhang, F. et al. Defining inflammatory cell states in rheumatoid arthritis joint
synovial tissues by integrating single-cell transcriptomics and mass cytometry.
Nat. Immunol. 20, 928–942 (2019).

126. Croft, A. P. et al. Distinct fibroblast subsets drive inflammation and damage in
arthritis. Nature 570, 246–251 (2019).

127. Wagner, D. E. & Klein, A. M. Lineage tracing meets single-cell omics: opportu-
nities and challenges. Nat. Rev. Genet. 21, 410–427 (2020).

128. Rinn, J. L. & Chang, H. Y. Genome regulation by long noncoding RNAs. Annu. Rev.
Biochem. 81, 145–166 (2012).

129. Zhang, Q. & Cao, X. Epigenetic regulation of the innate immune response to
infection. Nat. Rev. Immunol. 19, 417–432 (2019).

130. Xiao, R. et al. Pervasive chromatin-RNA binding protein interactions enable RNA-
based regulation of transcription. Cell 178, 107–121.e18 (2019).

131. Ma, F. et al. RNA-binding protein hnRNP UL1 binds κB sites to attenuate NF-κB-
mediated inflammation. J. Autoimmun. 129, 102828 (2022).

132. Kim, L. H. et al. Identification of novel SNPs in the interleukin 6 receptor gene
(IL6R). Hum. Mutat. 21, 450–451 (2003).

133. Marinou, I., Walters, K., Winfield, J., Bax, D. E. & Wilson, A. G. A gain of function
polymorphism in the interleukin 6 receptor influences RA susceptibility. Ann.
Rheum. Dis. 69, 1191–1194 (2010).

134. Yatsenko, O. P. et al. Alternative splicing of mRNA of mouse interleukin-4 and
interleukin-6. Cytokine 28, 190–196 (2004).

135. West, K. O. et al. The splicing factor hnRNP M is a critical regulator of innate
immune gene expression in macrophages. Cell Rep. 29, 1594–1609.e5 (2019).

136. Carballo, E., Lai, W. S. & Blackshear, P. J. Feedback inhibition of macrophage
tumor necrosis factor-alpha production by tristetraprolin. Science 281,
1001–1005 (1998).

J. Liu and X. Cao

112

Cell Research (2023) 33:97 – 115



137. Lykke-Andersen, J. & Wagner, E. Recruitment and activation of mRNA decay
enzymes by two ARE-mediated decay activation domains in the proteins TTP
and BRF-1. Genes Dev. 19, 351–361 (2005).

138. Molle, C. et al. Tristetraprolin regulation of interleukin 23 mRNA stability pre-
vents a spontaneous inflammatory disease. J. Exp. Med. 210, 1675–1684 (2013).

139. Taylor, G. A. et al. A pathogenetic role for TNF alpha in the syndrome of
cachexia, arthritis, and autoimmunity resulting from tristetraprolin (TTP) defi-
ciency. Immunity 4, 445–454 (1996).

140. Qiu, L. Q., Stumpo, D. J. & Blackshear, P. J. Myeloid-specific tristetraprolin defi-
ciency in mice results in extreme lipopolysaccharide sensitivity in an otherwise
minimal phenotype. J. Immunol. 188, 5150–5159 (2012).

141. Zhang, H. et al. mRNA-binding protein ZFP36 is expressed in atherosclerotic
lesions and reduces inflammation in aortic endothelial cells. Arterioscler. Thromb.
Vasc. Biol. 33, 1212–1220 (2013).

142. Matsushita, K. et al. Zc3h12a is an RNase essential for controlling immune
responses by regulating mRNA decay. Nature 458, 1185–1190 (2009).

143. Iwasaki, H. et al. The IkappaB kinase complex regulates the stability of cytokine-
encoding mRNA induced by TLR-IL-1R by controlling degradation of regnase-1.
Nat. Immunol. 12, 1167–1175 (2011).

144. Masuda, K. et al. Arid5a controls IL-6 mRNA stability, which contributes to ele-
vation of IL-6 level in vivo. Proc. Natl. Acad. Sci. USA 110, 9409–9414 (2013).

145. Suñer, C. et al. Macrophage inflammation resolution requires CPEB4-directed
offsetting of mRNA degradation. Elife 11, e75873 (2022).

146. Fan, X. C. & Steitz, J. A. Overexpression of HuR, a nuclear-cytoplasmic shuttling
protein, increases the in vivo stability of ARE-containing mRNAs. EMBO J. 17,
3448–3460 (1998).

147. Rhee, W. J. et al. HuR regulates the expression of stress-sensitive genes and
mediates inflammatory response in human umbilical vein endothelial cells. Proc.
Natl. Acad. Sci. USA 107, 6858–6863 (2010).

148. Katsanou, V. et al. HuR as a negative posttranscriptional modulator in inflam-
mation. Mol. Cell 19, 777–789 (2005).

149. Yiakouvaki, A. et al. Myeloid cell expression of the RNA-binding protein HuR
protects mice from pathologic inflammation and colorectal carcinogenesis. J.
Clin. Invest. 122, 48–61 (2012).

150. Phillips, K., Kedersha, N., Shen, L., Blackshear, P. J. & Anderson, P. Arthritis sup-
pressor genes TIA-1 and TTP dampen the expression of tumor necrosis factor
alpha, cyclooxygenase 2, and inflammatory arthritis. Proc. Natl. Acad. Sci. USA
101, 2011–2016 (2004).

151. Piecyk, M. et al. TIA-1 is a translational silencer that selectively regulates the
expression of TNF-alpha. EMBO J. 19, 4154–4163 (2000).

152. Naz, S. et al. Transcriptome meta-analysis identifies immune signature com-
prising of RNA binding proteins in ulcerative colitis patients. Cell Immunol. 334,
42–48 (2018).

153. Satpathy, A. T. & Chang, H. Y. Long noncoding RNA in hematopoiesis and
immunity. Immunity 42, 792–804 (2015).

154. Zhang, X., Weissman, S. M. & Newburger, P. E. Long intergenic non-coding RNA
HOTAIRM1 regulates cell cycle progression during myeloid maturation in NB4
human promyelocytic leukemia cells. RNA Biol. 11, 777–787 (2014).

155. Thakuri, B. et al. LncRNA HOTAIRM1 promotes MDSC expansion and suppressive
functions through the HOXA1-miR124 axis during HCV infection. Sci. Rep. 10,
22033 (2020).

156. Zhang, J. et al. Long noncoding RNA HOTAIRM1 promotes myeloid-derived
suppressor cell expansion and suppressive functions through up-regulating
HOXA1 expression during latent HIV infection. AIDS 34, 2211–2221 (2020).

157. Wang, P. et al. The STAT3-binding long noncoding RNA lnc-DC controls human
dendritic cell differentiation. Science 344, 310–313 (2014).

158. Shaker, O. G. et al. LncRNAs, MALAT1 and lnc-DC as potential biomarkers for
multiple sclerosis diagnosis. Biosci. Rep. 39, BSR20181335 (2019).

159. Chen, Y. et al. Identification of long noncoding RNAs lnc-DC in plasma as a new
biomarker for primary Sjögren’s syndrome. J. Immunol. Res. 2020, 9236234 (2020).

160. Boada-Romero, E., Martinez, J., Heckmann, B. L. & Green, D. R. The clearance of
dead cells by efferocytosis. Nat. Rev. Mol. Cell Biol. 21, 398–414 (2020).

161. Yurdagul, A. et al. Macrophage metabolism of apoptotic cell-derived arginine
promotes continual efferocytosis and resolution of injury. Cell Metab. 31,
518–533 (2020).

162. Simion, V. et al. A macrophage-specific lncRNA regulates apoptosis and ather-
osclerosis by tethering HuR in the nucleus. Nat. Commun. 11, 6135 (2020).

163. Williams, G. D., Gokhale, N. S. & Horner, S. M. Regulation of viral infection by the
RNA modification N6-methyladenosine. Annu. Rev. Virol. 6, 235–253 (2019).

164. Song, R. H., Liu, X. R., Gao, C. Q., Du, P. & Zhang, J. A. METTL3 gene poly-
morphisms contribute to susceptibility to autoimmune thyroid disease. Endo-
crine 72, 495–504 (2021).

165. Luo, Q. et al. Decreased peripheral blood ALKBH5 correlates with markers of
autoimmune response in systemic lupus erythematosus. Dis. Markers 2020,
8193895 (2020).

166. Luo, Q. et al. The study of METTL14, ALKBH5, and YTHDF2 in peripheral blood
mononuclear cells from systemic lupus erythematosus. Mol. Genet. Genomic
Med. 8, e1298 (2020).

167. Chen, L. H. et al. The potential roles of RNA N6-methyladenosine in athero-
sclerosis. Eur. Rev. Med. Pharmacol. Sci. 26, 1075–1083 (2022).

168. Jiang, X. et al. The role of m6A modification in the biological functions and
diseases. Signal Transduct. Target. Ther. 6, 74 (2021).

169. Wang, H. et al. Mettl3-mediated mRNA m(6)A methylation promotes dendritic
cell activation. Nat. Commun. 10, 1898 (2019).

170. Liu, J. et al. CCR7 chemokine receptor-inducible lnc-Dpf3 restrains dendritic cell
migration by inhibiting HIF-1alpha-mediated glycolysis. Immunity 50,
600–615.e15 (2019).

171. Qin, Y. et al. m6A mRNA methylation-directed myeloid cell activation controls
progression of NAFLD and obesity. Cell Rep. 37, 109968 (2021).

172. Yin, H. et al. RNA m6A methylation orchestrates cancer growth and metastasis
via macrophage reprogramming. Nat. Commun. 12, 1394 (2021).

173. Tong, J. et al. Pooled CRISPR screening identifies m6A as a positive regulator of
macrophage activation. Sci. Adv. 7, eabd4742 (2021).

174. Zhang, Y. et al. RNA-binding protein YTHDF3 suppresses interferon-dependent
antiviral responses by promoting FOXO3 translation. Proc. Natl. Acad. Sci. USA
116, 976–981 (2019).

175. Kucuksezer, U. C. et al. The role of natural killer cells in autoimmune diseases.
Front. Immunol. 12, 622306 (2021).

176. Song, H. et al. METTL3-mediated m6A RNA methylation promotes the anti-
tumour immunity of natural killer cells. Nat. Commun. 12, 5522 (2021).

177. Ma, S. et al. The RNA m6A reader YTHDF2 controls NK cell antitumor and
antiviral immunity. J. Exp. Med. 218, e20210279 (2021).

178. Rawlings, D. J., Metzler, G., Wray-Dutra, M. & Jackson, S. W. Altered B cell sig-
nalling in autoimmunity. Nat. Rev. Immunol. 17, 421–436 (2017).

179. Lee, H. H. et al. Tristetraprolin down-regulates IL-17 through mRNA destabili-
zation. FEBS Lett. 586, 41–46 (2012).

180. Peng, H. et al. Tristetraprolin regulates TH17 cell function and ameliorates DSS-
induced colitis in mice. Front. Immunol. 11, 1952 (2020).

181. Uehata, T. et al. Malt1-induced cleavage of regnase-1 in CD4(+) helper T cells
regulates immune activation. Cell 153, 1036–1049 (2013).

182. Cui, X. et al. Regnase-1 and Roquin nonredundantly regulate Th1 differentiation
causing cardiac inflammation and fibrosis. J. Immunol. 199, 4066–4077 (2017).

183. Jeltsch, K. M. et al. Cleavage of roquin and regnase-1 by the paracaspase MALT1
releases their cooperatively repressed targets to promote T(H)17 differentiation.
Nat. Immunol. 15, 1079–1089 (2014).

184. Vinuesa, C. G., Tangye, S. G., Moser, B. & Mackay, C. R. Follicular B helper T cells in
antibody responses and autoimmunity. Nat. Rev. Immunol. 5, 853–865 (2005).

185. Linterman, M. A. et al. Follicular helper T cells are required for systemic auto-
immunity. J. Exp. Med. 206, 561–576 (2009).

186. Iwai, H. et al. Involvement of inducible costimulator-B7 homologous protein
costimulatory pathway in murine lupus nephritis. J. Immunol. 171, 2848–2854
(2003).

187. Vinuesa, C. G. et al. A RING-type ubiquitin ligase family member required to
repress follicular helper T cells and autoimmunity. Nature 435, 452–458 (2005).

188. Yu, D. et al. Roquin represses autoimmunity by limiting inducible T-cell co-
stimulator messenger RNA. Nature 450, 299–303 (2007).

189. Glasmacher, E. et al. Roquin binds inducible costimulator mRNA and effectors of
mRNA decay to induce microRNA-independent post-transcriptional repression.
Nat. Immunol. 11, 725–733 (2010).

190. Pratama, A. et al. Roquin-2 shares functions with its paralog Roquin-1 in the
repression of mRNAs controlling T follicular helper cells and systemic inflam-
mation. Immunity 38, 669–680 (2013).

191. Vogel, K. U. et al. Roquin paralogs 1 and 2 redundantly repress the Icos and
Ox40 costimulator mRNAs and control follicular helper T cell differentiation.
Immunity 38, 655–668 (2013).

192. Behrens, G. et al. Disrupting Roquin-1 interaction with Regnase-1 induces
autoimmunity and enhances antitumor responses. Nat. Immunol. 22, 1563–1576
(2021).

193. Chen, J. et al. Interaction of RNA-binding protein HuR and miR-466i regulates
GM-CSF expression. Sci. Rep. 7, 17233 (2017).

194. Chen, J. et al. Posttranscriptional gene regulation of IL-17 by the RNA-binding
protein HuR is required for initiation of experimental autoimmune encephalo-
myelitis. J. Immunol. 191, 5441–5450 (2013).

195. Chen, J. et al. RNA-binding protein HuR promotes Th17 cell differentiation and
can be targeted to reduce autoimmune neuroinflammation. J. Immunol. 204,
2076–2087 (2020).

196. Hanieh, H. et al. Arid5a stabilizes OX40 mRNA in murine CD4(+) T cells by
recognizing a stem-loop structure in its 3′ UTR. Eur. J. Immunol. 48, 593–604 (2018).

197. Masuda, K. et al. Arid5a regulates naive CD4+T cell fate through selective sta-
bilization of Stat3 mRNA. J. Exp. Med. 213, 605–619 (2016).

J. Liu and X. Cao

113

Cell Research (2023) 33:97 – 115



198. Zaman, M. M. et al. Arid5a exacerbates IFN-gamma-mediated septic shock
by stabilizing T-bet mRNA. Proc. Natl. Acad. Sci. USA 113, 11543–11548
(2016).

199. Saito, Y. et al. AT-rich-interactive domain-containing protein 5A functions as a
negative regulator of retinoic acid receptor-related orphan nuclear receptor
gammat-induced Th17 cell differentiation. Arthritis Rheumatol. 66, 1185–1194
(2014).

200. Miyara, M., Ito, Y. & Sakaguchi, S. TREG-cell therapies for autoimmune rheumatic
diseases. Nat. Rev. Rheumatol. 10, 543–551 (2014).

201. Alexander, T. et al. Foxp3+ Helios+ regulatory T cells are expanded in active
systemic lupus erythematosus. Ann. Rheum. Dis. 72, 1549–1558 (2013).

202. Golding, A., Hasni, S., Illei, G. & Shevach, E. M. The percentage of FoxP3+Helios+
Treg cells correlates positively with disease activity in systemic lupus erythe-
matosus. Arthritis Rheum. 65, 2898–2906 (2013).

203. Kim, H. J. et al. Stable inhibitory activity of regulatory T cells requires the
transcription factor Helios. Science 350, 334–339 (2015).

204. Nakagawa, H. et al. Instability of Helios-deficient Tregs is associated with con-
version to a T-effector phenotype and enhanced antitumor immunity. Proc. Natl.
Acad. Sci. USA 113, 6248–6253 (2016).

205. Makita, S. et al. RNA-binding protein ZFP36L2 downregulates Helios expression
and suppresses the function of regulatory T cells. Front. Immunol. 11, 1291
(2020).

206. Salerno, F. et al. Translational repression of pre-formed cytokine-encoding
mRNA prevents chronic activation of memory T cells. Nat. Immunol. 19, 828–837
(2018).

207. Tong, J. et al. m6A mRNA methylation sustains Treg suppressive functions. Cell
Res. 28, 253–256 (2018).

208. Ito-Kureha, T. et al. The function of Wtap in N6-adenosine methylation of mRNAs
controls T cell receptor signaling and survival of T cells. Nat. Immunol. 23,
1208–1221 (2022).

209. Lu, T. X. et al. A new model of spontaneous colitis in mice induced by deletion of
an RNA m6A methyltransferase component METTL14 in T cells. Cell Mol. Gas-
troenterol. Hepatol. 10, 747–761 (2020).

210. Li, H. B. et al. m(6)A mRNA methylation controls T cell homeostasis by targeting
the IL-7/STAT5/SOCS pathways. Nature 548, 338–342 (2017).

211. Yao, Y. et al. METTL3-dependent m6A modification programs T follicular helper
cell differentiation. Nat. Commun. 12, 1333 (2021).

212. Zhu, Y. et al. The E3 ligase VHL promotes follicular helper T cell differentiation
via glycolytic-epigenetic control. J. Exp. Med. 216, 1664–1681 (2019).

213. Chung, Y. et al. Follicular regulatory T cells expressing Foxp3 and Bcl-6 suppress
germinal center reactions. Nat. Med. 17, 983–988 (2011).

214. Vaeth, M. et al. Follicular regulatory T cells control humoral autoimmunity via
NFAT2-regulated CXCR5 expression. J. Exp. Med. 211, 545–561 (2014).

215. Xu, L. et al. The kinase mTORC1 promotes the generation and suppressive
function of follicular regulatory T cells. Immunity 47, 538–551.e5 (2017).

216. Essig, K. et al. Roquin suppresses the PI3K-mTOR signaling pathway to inhibit T
helper cell differentiation and conversion of Treg to Tfr cells. Immunity 47,
1067–1082 (2017).

217. Chen, Y. et al. lncRNA-GM targets Foxo1 to promote T cell-mediated auto-
immunity. Sci. Adv. 8, eabn9181 (2022).

218. Wang, Y. et al. Decreased expression of the host long-noncoding RNA-GM
facilitates viral escape by inhibiting the kinase activity TBK1 via
S-glutathionylation. Immunity 53, 1168–1181 (2020).

219. Young, C. & Brink, R. The unique biology of germinal center B cells. Immunity 54,
1652–1664 (2021).

220. Wang, L., Fu, Y. & Chu, Y. Regulatory B cells. Adv. Exp. Med. Biol. 1254, 87–103
(2020).

221. Newman, R. et al. Maintenance of the marginal-zone B cell compartment spe-
cifically requires the RNA-binding protein ZFP36L1. Nat. Immunol. 18, 683–693
(2017).

222. Bhat, N. et al. Regnase-1 is essential for B cell homeostasis to prevent immu-
nopathology. J. Exp. Med. 218, e20200971 (2021).

223. Enders, A. et al. Zinc-finger protein ZFP318 is essential for expression of IgD, the
alternatively spliced Igh product made by mature B lymphocytes. Proc. Natl.
Acad. Sci. USA 111, 4513–4518 (2014).

224. Xu, Y., Zhou, H., Post, G., Zan, H. & Casali, P. Rad52 mediates class-switch DNA
recombination to IgD. Nat. Commun. 13, 980 (2022).

225. Diaz-Muñoz, M. D. et al. The RNA-binding protein HuR is essential for the B cell
antibody response. Nat. Immunol. 16, 415–425 (2015).

226. DeMicco, A. et al. B cell-intrinsic expression of the HuR RNA-binding protein is
required for the T cell-dependent immune response in vivo. J. Immunol. 195,
3449–3462 (2015).

227. Monzon-Casanova, E. et al. The RNA-binding protein PTBP1 is necessary for B
cell selection in germinal centers. Nat. Immunol. 19, 267–278 (2018).

228. Keppetipola, N., Sharma, S., Li, Q. & Black, D. L. Neuronal regulation of pre-mRNA
splicing by polypyrimidine tract binding proteins, PTBP1 and PTBP2. Crit. Rev.
Biochem. Mol. Biol. 47, 360–378 (2012).

229. Knoch, K. P. et al. Polypyrimidine tract-binding protein promotes insulin
secretory granule biogenesis. Nat. Cell Biol. 6, 207–214 (2004).

230. Wu, X. N. et al. Defective PTEN regulation contributes to B cell hyperrespon-
siveness in systemic lupus erythematosus. Sci. Transl. Med. 6, 246ra299 (2014).

231. Wang, M. et al. Antagonizing miR-7 suppresses B cell hyperresponsiveness and
inhibits lupus development. J. Autoimmun. 109, 102440 (2020).

232. Pyfrom, S. et al. The dynamic epigenetic regulation of the inactive X chromo-
some in healthy human B cells is dysregulated in lupus patients. Proc. Natl. Acad.
Sci. USA 118, e2024624118 (2021).

233. Yu, B. et al. B cell-specific XIST complex enforces X-inactivation and restrains
atypical B cells. Cell 184, 1790–1803 (2021).

234. Brown, G. J. et al. TLR7 gain-of-function genetic variation causes human lupus.
Nature 605, 349–356 (2022).

235. Pisetsky, D. S. & Lipsky, P. E. New insights into the role of antinuclear antibodies
in systemic lupus erythematosus. Nat. Rev. Rheumatol. 16, 565–579 (2020).

236. Catalina, M. D. et al. Patient ancestry significantly contributes to molecular
heterogeneity of systemic lupus erythematosus. JCI Insight 5, e140380 (2020).

237. Patial, S. et al. Enhanced stability of tristetraprolin mRNA protects mice against
immune-mediated inflammatory pathologies. Proc. Natl. Acad. Sci. USA 113,
1865–1870 (2016).

238. Ross, E. A. et al. Treatment of inflammatory arthritis via targeting of triste-
traprolin, a master regulator of pro-inflammatory gene expression. Ann. Rheum.
Dis. 76, 612–619 (2017).

239. Fabre, A. et al. SKIV2L mutations cause syndromic diarrhea, or trichohepa-
toenteric syndrome. Am. J. Hum. Genet. 90, 689–692 (2012).

240. Tsoi, L. C. et al. Identification of 15 new psoriasis susceptibility loci highlights the
role of innate immunity. Nat. Genet. 44, 1341–1348 (2012).

241. Uggenti, C. et al. cGAS-mediated induction of type I interferon due to inborn
errors of histone pre-mRNA processing. Nat. Genet. 52, 1364–1372 (2020).

242. Rice, G. I. et al. Gain-of-function mutations in IFIH1 cause a spectrum of human
disease phenotypes associated with upregulated type I interferon signaling. Nat.
Genet. 46, 503–509 (2014).

243. Pedersen, K. et al. Genetic predisposition in the 2′-5′A pathway in the devel-
opment of type 1 diabetes: potential contribution to dysregulation of innate
antiviral immunity. Diabetologia 64, 1805–1815 (2021).

244. Westra, H. J. et al. Fine-mapping and functional studies highlight potential
causal variants for rheumatoid arthritis and type 1 diabetes. Nat. Genet. 50,
1366–1374 (2018).

245. Nejentsev, S., Walker, N., Riches, D., Egholm, M. & Todd, J. A. Rare variants of
IFIH1, a gene implicated in antiviral responses, protect against type 1 diabetes.
Science 324, 387–389 (2009).

246. Howson, J. et al. Fifteen new risk loci for coronary artery disease highlight
arterial-wall-specific mechanisms. Nat. Genet. 49, 1113–1119 (2017).

247. Raghavan, N. S. et al. Association between common variants in RBFOX1, an RNA-
binding protein, and brain amyloidosis in early and preclinical Alzheimer dis-
ease. JAMA Neurol. 77, 1288–1298 (2020).

248. Görücü Yilmaz, Ş., Erdal, M. E., Avci Özge, A. & Sungur, M. A. SNP variation in
microRNA biogenesis pathway genes as a new innovation strategy for Alzhei-
mer disease diagnostics: A study of 10 candidate genes in an understudied
population from the eastern Mediterranean. Alzheimer Dis. Assoc. Disord. 30,
203–209 (2016).

249. International Multiple Sclerosis Genetics Consortium (IMSGC). et al. Analysis of
immune-related loci identifies 48 new susceptibility variants for multiple
sclerosis. Nat. Genet. 45, 1353–1360 (2013).

250. Katsuyama, T., Li, H., Comte, D., Tsokos, G. C. & Moulton, V. R. Splicing factor
SRSF1 controls T cell hyperactivity and systemic autoimmunity. J. Clin. Invest.
129, 5411–5423 (2019).

251. Katsuyama, T., Martin-Delgado, I. J., Krishfield, S. M., Kyttaris, V. C. & Moulton, V.
R. Splicing factor SRSF1 controls T cell homeostasis and its decreased levels are
linked to lymphopenia in systemic lupus erythematosus. Rheumatology 59,
2146–2155 (2020).

252. Moulton, V. R., Grammatikos, A. P., Fitzgerald, L. M. & Tsokos, G. C. Splicing factor
SF2/ASF rescues IL-2 production in T cells from systemic lupus erythematosus
patients by activating IL-2 transcription. Proc. Natl. Acad. Sci. USA 110,
1845–1850 (2013).

ACKNOWLEDGEMENTS
This work was supported by Grants from the National Natural Science Foundation of
China (32070903, 31870909, 81788101) and CAMS Innovation Fund for Medical
Sciences (2021-I2M-1-017).

J. Liu and X. Cao

114

Cell Research (2023) 33:97 – 115



AUTHOR CONTRIBUTIONS
Both authors researched data for the article, made substantial contribution to discussion
of content, and wrote, reviewed and edited the manuscript before submission.

COMPETING INTERESTS
The authors declare no competing interests.

ADDITIONAL INFORMATION
Correspondence and requests for materials should be addressed to Juan Liu or
Xuetao Cao.

Reprints and permission information is available at http://www.nature.com/
reprints

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

J. Liu and X. Cao

115

Cell Research (2023) 33:97 – 115

http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	RBP–RNA interactions in the control of autoimmunity and�autoinflammation
	Introduction
	RBP–RNA interactions during autoimmunity and autoinflammation
	RBPs regulate innate immune response in autoimmunity and autoinflammation
	RBPs regulate innate immune sensing in autoimmunity and autoinflammation
	RNA sensing
	RNA editing
	RNA degradation
	DNA recognition

	RBPs regulate innate inflammatory signaling in autoimmunity and autoinflammation
	Alternative splicing
	ncRNA regulation
	Epigenetic regulation

	RBPs regulate the production of proinflammatory cytokines in autoimmunity and autoinflammation
	Transcriptional control
	pre-mRNA splicing
	mRNA degradation or stabilization
	Translational control

	RBPs regulate the innate immune cell development and function in autoimmunity and autoinflammation
	lncRNA
	m6A methylation


	RBPs regulate adaptive immune response in autoimmunity and autoinflammation
	RBPs regulate the differentiation and function of helper T (Th) cells in autoimmunity and autoinflammation
	mRNA degradation
	mRNA stabilization

	RBPs regulate the generation and function of Treg cells in autoimmunity and autoinflammation
	mRNA degradation
	m6A methylation
	ncRNA regulation

	RBPs regulate B cell activation and GC response in autoimmunity and autoinflammation
	mRNA degradation
	Alternative splicing
	ncRNA regulation
	Anti-RBP antibodies


	Conclusions and perspectives
	Acknowledgements
	ACKNOWLEDGMENTS
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




