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In human genome, there are approximately 1,500
RNA-binding proteins (RBPs). They can regulate
mRNA stability or translational efficiency via ribo-
somes and these processes are known as ‘post-transcrip-
tional regulation’. Accumulating evidences indicate that
post-transcriptional regulation is the determinant of the
accurate levels of cytokines mRNAs. While transcrip-
tional regulation of cytokines mRNAs has been well
studied and found to be important for the rapid induc-
tion of mRNA and regulation of the acute phase of
inflammation, post-transcriptional regulation by RBPs
is essential for resolving inflammation in the later
phase, and their dysfunction may lead to severe auto-
immune diseases such as rheumatoid arthritis or sys-
temic lupus erythematosus. For post-transcriptional
regulation, RBPs recognize and directly bind to cis-
regulatory elements in 30 untranslated region of
mRNAs such as AU-rich or constitutive decay elements
and play various roles. In this review, we summarize the
recent findings regarding the role of RBPs in the regu-
lation of inflammation.
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nuclease; PIN, PilT N-terminus; RA, rheumatoid
arthritis; RBP, RNA-binding protein; RING finger
domain, really interesting new gene finger domain;
RRM, RNA recognition motif; SLE, systemic lupus
erythematosus; STAT3, signal transducer and activa-
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blastic leukemia; TNFa, tumor necrosis factor alpha;
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tristetraproline; UTR, untranslated region; ZFP, zinc
finger protein.

Aberrant expression of inflammatory cytokines causes
severe autoimmune diseases, such as rheumatoid
arthritis (RA) and systemic lupus erythematosus
(SLE). The transcriptional regulation mechanisms of
inflammatory cytokines underlying these inflammatory
diseases have been extensively studied for decades.
Transcriptional regulation via the nuclear factor
kappa B (NF-kB) and signal transducer and activator
of transcription 3 (STAT3) pathways have been
reported to be essential for the regulation of the
immune system (1, 2).

However, recent studies have shown that the post-
transcriptional regulation of inflammatory cytokines is
also essential for their expression. In the acute phase of
inflammation, the total amount of mRNA rapidly
increases; while during the later phase of inflammation,
post-transcriptional regulation determines the stability
and translational efficiency of mRNA, thereby regulat-
ing the mRNA levels of cytokines (Fig. 1) (3�11). The
role of RNA-binding proteins (RBPs) participate in
post-transcriptional regulation is widely known and
they perform multiple functions, including translational
control and stabilization or degradation of mRNA.
RBPs can recognize cis-elements or specific structures
in the 50 or 30 untranslated regions (UTRs) of target
mRNAs and determine mRNA fate by directly binding
to these targets. There are approximately 1,500 RBPs in
humans and some of them play important roles in the
regulation of chronic inflammation (12). In this review,
we summarize the post-transcriptional regulation of
cytokines by RBPs that recognize cis-elements or speci-
fic structures of cytokines mRNAs.

Important cis-Elements and Structures of
mRNA

Most of RBPs recognize cis-elements or specific struc-
tures of cytokine mRNAs and elicit multiple functions,

J. Biochem. 2019;166(5):375–382 doi:10.1093/jb/mvz067

� The Author(s) 2019. Published by Oxford University Press on behalf of the Japanese Biochemical Society. All rights reserved 375

F
e
a
tu

re
d

A
rt

ic
le



such as translational control, and destabilization of
cytokine mRNAs. As shown in Fig. 2, these elements
or specific structures are usually found in 30 UTR of
mRNA. In this section, we have introduced several
vital cis-elements of mRNA (Fig. 2) (13�16).

Adenine and uridine-rich element (ARE) is one of
the most important cis-elements of mRNA usually
composed of AUUUA pentamers and are known to
regulate the stability of inflammatory mRNAs (13).
ARE was initially identified as a conserved AU
sequence in the 30 UTR, which mediated the selective
degradation of colony stimulation factor 2 (CSF2)
mRNA (17). AREs were also found in the 30 UTRs
of many inflammatory cytokines, such as IL-3, IL-6,
IL-8, and tumour necrosis factor a (TNFa) (18�20).
Furthermore, mice lacking AREs in the 30 UTR of
TNFa’s showed severe chronic inflammatory arthritis
and Crohn’s like inflammatory bowel disease, suggest-
ing an important physiological role of AREs (19).
Approximately, 4,000 genes with ARE-mRNA exist
and are classified into three classes (20�22). Class I

(e.g. c-myc and c-fos) is characterized by having non-
overlapping AUUUA pentamers, Class II (e.g. TNF
alpha and IL-3) is characterized as having overlapping
AUUUA pentamers and Class III AREs (e.g. c-jun) do
not contain any AUUUA pentamer (21, 22). Though
the mechanism of the regulation of ARE-containing
mRNAs is still unknown, AREs are recognized and
bound by many ARE-binding proteins (ARE-BPs).
There are more than 20 ARE-BPs and they have multi-
ple functions, such as degradation of mRNA and
translational repression. The role of each ARE-BP is
reviewed in the next section.

GU-rich element (GRE) is also an essential cis-ele-
ment that was identified through computational ana-
lysis and is composed of GUUUG pentamers. GRE
can be seen in mRNAs of inflammatory proteins,
such as c-JUN, JUN-B and TNF-receptor 1B. The
transcripts containing GRE tend to be short lived.
CUGBP1 was the first reported GRE-binding protein
and it strongly destabilizes GRE-containing mRNAs
(14).

The constitutive decay element (CDE) is another
crucial element for determining the stability of cyto-
kine mRNA. CDE was firstly reported as an important
cis-element of TNFa mRNA for preventing excessive
induction of TNFa, and its mechanism of decay is
distinct from that of ARE (15). The later research
revealed CDE in more than 50 vertebrate mRNAs,
many of them encoding essential factors for develop-
ment and inflammation. The stem loop structure in the
CDE is the most crucial structure for its regulation
(16). Regnase-1 (ZC3H12A), Roquin1/2 (RC3H1/2)
and Arid5a recognize and regulate the stem loop in
CDE and strongly regulate the expression of inflam-
matory cytokines, as reviewed in the latter section.

ARE-Binding Proteins in the Immune
System

As reviewed in the previous section, ARE is regulated
by several ARE-binding proteins (ARE-BPs). In this

Fig. 2 Important RBPs and cis-elements for post-transcriptional regulation. Inflammatory cytokines contain several cis-elements, such as ARE.
Many ARE-binding proteins bind to these cis-elements and regulate the levels of inflammatory cytokines (13�16).

Fig. 1 The post-transcriptional regulation of inflammatory cytokines

is important for the regulation of chronic inflammation. In the acute
phase of inflammation, mRNA levels of cytokines rapidly increase
and reach the peak. In the chronic phase of inflammation, post-
transcriptional regulation by RBPs or miRNA determines the pro-
longation or termination of inflammation (3�11).
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section, we introduce several vital ARE-BPs involved
in the regulation of inflammation.

TTP (ZFP36, Tristetraproline) is one of the well-
known ARE-BPs. It destabilizes the mRNAs of
inflammatory cytokines, such as IL-2, IL-6, IL1-b
and TNFa by directly binding to the ARE in their
mRNAs. As shown in Fig. 3, TTP harbours an
RNA-binding domain, CCCH (Cys-Cys-Cys-His)
zinc finger (11). By directly binding to AREs in
mRNA, it shortens the poly (A) tail of mRNAs and
promotes mRNA decay through the recruitment of
exosome, XRN1 and decapping enzymes (23, 24). Its
expression is rapidly and transiently induced by stimu-
lation with mitogens and growth factors, which indi-
cates its roles in the negative feedback loop of
inflammation (11). The expression of TTP is sup-
pressed by phosphorylation caused by the mitogen-
activated protein kinase (MAPK)-MAPKAK2
(MK2) kinase cascade and this suppression leads to
the stabilization of cytokine mRNAs (25, 26). Mice
lacking TTP showed severe autoimmune-like pheno-
types such as arthritis and cachexia, suggesting the
important role of TTP in the negative feedback of
inflammatory stimulation (27). Latest reports have
revealed the importance of TTP with respect to viral
infection and tumour immunity; and is now considered
to possess variable roles as a suppressor of the immune
system owing to its functions (28, 29).

BRF1 (ZFP36L1) and BRF2 (ZFP36L2) are mem-
bers of the ZFP36 family, which share a highly con-
served CCCH finger with TTP, and recognize AREs
and accelerate mRNA decay (30). BRF1 KO mice
were embryonic lethal because of chorioallantoic
fusion, while mice lacking BRF2 survived only for a
few days after birth possibly because of hematopoietic
stem cell failure (31, 32). Both of BRF1 and BRF2
were expressed throughout the thymic development
stage, and Zfp36l1fl/fl Zfp36l2fl/fl CD2-Cre dKO mice
perturbed thymic development and T cell acute lym-
phoblastic leukemia (T-ALL) by aberrant expression
of Notch1 (10). However, though their structures and
regulatory mechanism seem to be similar, BRF1 and
BRF2 play different roles in the immune system. BRF1
was reported to be essential for the maintenance of
marginal-zone B cell compartment (33) and BRF2
was recently reported to prevent the chronic activation
of memory T cells by blocking the recruitment (34).

AUF1 (hnRNP D) is another ARE-BP that down-
regulates ARE-containing mRNAs. There are four dif-
ferent alternatively spliced isoforms of AUF1 (p37,
p40, p42 and p45) and all of them contain two RNA
recognition motifs (35). The main role of AUF1 is the
degradation of ARE-containing mRNAs and it plays
an indispensable role in suppressing the immune
system. Mice lacking AUF1 exhibited symptoms of
severe endotoxin shock upon endotoxin challenge,
due to the failure to degrade mRNAs of several critical
inflammatory cytokines, such as IL1b and TNFa (6).
Though the functions of AUF1 seem to be similar to
that of TTP, AUF1-dependent decay of mRNA is dif-
ferent from the TTP-dependent destabilization of
mRNA. AUF1 forms a protein assembly with the
cap-dependent translation initiation factor, eIF4G

and heat shock proteins such as, heat shock cognate
71 kDa protein (HSC70) and heat shock protein 70
(HSP70) (36, 37). AUF1-related mRNA decay is asso-
ciated with displacement of eukaryotic initiation factor
4G (eIF4G) from AUF1, and subsequent ubiquitina-
tion and degradation of AUF1 by proteasomes (38).
Photoactivatable ribonucleotide enhanced crosslinking
and immunoprecipitation (PAR-CLIP) analysis and
ribosomal profiling showed that AUF1 preferentially
recognizes U-rich sequences, and at times promotes the
translation of numerous mRNAs under several condi-
tions, which suggests the multiple and complex roles of
AUF1 (39).

Contrary to these mRNA degradation factors,
embryonic lethal abnormal vision (ELAV/Hu) family
proteins are the only RBPs that stabilize mRNAs by
recognizing AREs (7, 40, 41). Though most of Hu
protein family members (Hu-B, C and D) are
expressed only in the central nervous system, HuR
(ELAVL1) is the only widely expressed factors in
humans. HuR has three RNA recognition motif
(RRM) domains that are important for RNA binding
(42). Most of HuR proteins are localized in nucleus;
however, HuR accumulates in the cytoplasm by
inflammatory stimulation and delays the onset of
decay of ARE-containing mRNAs (7, 41, 43, 44).
These findings suggested that HuR competes with
mRNA destabilizing ARE-BPs, such as TTP, and pro-
tect target mRNAs from decay. HuR targets mRNAs
of several inflammatory cytokines, such as IL-4, IL-13,
TNF-a and IL-17, and mice lacking HuR were embry-
onically lethal because of defects in placental branch-
ing morphogenesis and embryonic development
(45�52). Further studies using conditional-knockout
mice revealed that HuR deletion in CD4+ T cells
impaired Th17 differentiation; these mice were resis-
tant to experimental autoimmune encephalomyelitis
(EAE) (46). Moreover, elucidation of HuR targets
and functions in all transcriptomes using PAR-CLIP
analysis showed most of the binding sites of HuR to be
located in 30 UTR of mRNAs with preferential bind-
ings to the intronic sites or 30 UTR of mRNA. Binding
motifs are U-rich sequences such as UUUUUUU, UU
UAUUU and UUUGUUU as well as common AU-
rich motifs such as UAUUUAU (53). Furthermore,
another report showed that HuR stabilized transcripts
with both intronic and 30 UTR biding sites rather than
transcripts with only 30 UTR sites or intronic-binding
sites. HuR alters splicing pattern and also protects
mRNA from microRNA (miRNA)-induced mRNA
decay, suggesting that HuR regulates expression out-
comes at multiple stages of RNA processing (54).

GRE-Regulating Proteins in the Immune
System

CUGBP1 is a member of the CELF family of RBPs
and is the only well-studied RBP to be reported as a
GRE-regulating protein (14). CUGBP1 has two RRM
domains at the N terminus and one RRM domain at
its C terminus, which are essential for binding to
mRNA (55). CUGBP1 is well-known for binding to
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the abnormally extended CUG mRNA repeats in type
I myotonic dystrophy (56). However, it was found that
CUGBP1 also had the ability to destabilize GRE-con-
taining transcripts by recruiting the poly(A)-specific
ribonuclease (PARN) deadenylase (14, 57). As GRE
are present in the mRNAs of important inflammatory
factors, such as JUN, JUNB or TNFRSF1B,
CUGBP1 is thought to play a suppressive role in the
immune system.

CDE-Regulating Proteins in the Immune
System

The constitutive decay element is another essential
structure for post-transcriptional regulation of the
immune system. In this section, we focus on three char-
acteristic CDE-regulating proteins, Roquin1/2,
Regnase-1 and Arid5a.

Roquin1/2 (RC3H1 and RC3H2) are important fac-
tors for the destabilization of inflammatory cytokines
mRNAs. Roquin has a CCCH zinc finger domain for
RNA binding, a Really interesting new gene (RING)
finger domain, a ROQ domain for recognizing stem
loop structure and a proline-rich domain (16). The

relationship between Roquin and inflammatory cyto-
kines was studied in sanroque mice, generated by
screening a mutated mouse genome strain (9). The
sanroque mice carried a T to G substitution that
resulted in a M199R codon change (Fig. 3) (9). The
sanroque mutation increased the number of follicular
helper T cells, and showed severe autoimmune pheno-
types. In these mice, the mutations prevented the
downregulation of the mRNA of inducible T-cell
Co-stimulator (ICOS), which was an essential co-sti-
mulatory receptor for follicular T cells, and resulted in
aberrant production of the cytokine, IL-21 (9).
Furthermore, a conserved 47-base pair minimal
region in the 30 UTR of ICOS mRNA was found to
be essential for the regulation of ICOS by Roquin (58).
However, though the mice lacking Roquin-1 exhibited
perinatal lethality and conditional knockout of
Roquin-1 in immune cells of mice that failed to main-
tain immune homeostasis, autoimmunity could be
observed in these mice (59). Furthermore, even when
Roquin-2 was ablated, a phenotype similar to that of
Roquin-1-ablated mice was observed. T cells accumu-
lated when both Roquin1/2 were ablated in CD4+ T
cells, and these mice showed strong activation of

Fig. 3 The structure of RBPs. The structure of RBPs. CCCH domain and RRM domain are important for RNA binding and function (8, 9, 35,
42, 55, 61, 66). ARID, AT-rich interactive domain; CCCH zinc finger, Cys-Cys-Cys-His zinc finger; RRM, RNA recognition motif; RING finger
domain, Really interesting new gene finger domain; ROQ, ROQ RNA-binding domain.
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effector and follicular helper T cells, resulting in severe
autoimmune phenotype. Both Roquin1/2 shared target
genes, such as ICOS or Ox40, which are co-stimulatory
receptors and redundantly regulate the polarization
into follicular helper T cells (60). These targeted
genes consisted of stem-loop structure in CDE, and
Roquin1/2 recognized and bound to it via their ROQ
domain, and subsequently recruited the Ccr4-Caf1-
Not deadenylase complex and causing the degradation
of target genes. More than 50 vertebrate mRNAs har-
bour CDE and many of them are regulated by
Roquin1/2 (16).

Regnase-1 (ZC3H12A, MCPIP1) is another impor-
tant RBP that down-regulates inflammatory cytokines.
As shown in Fig. 3, Regnase-1 has a CCCH zinc finger
domain, a PilT N-terminus (PIN)-domain like RNase
domain. The CCCH zinc finger domain is essential for
its binding to target mRNA and PIN structure is espe-
cially important for Mg2+ binding and enzymatic
activity. Regnase-1 knockout mice survived only for
a few weeks, and they exhibited splenomegaly, pul-
monary inflammation and larger lymph nodes, sug-
gesting the essential roles of Regnase-1 in mRNA
decay. Regnase-1 recognizes the stem loop in CDE of
cytokine mRNAs and causes the mRNA decay with its
RNase activity (8). The target genes of Regnase-1 are
important inflammatory cytokines or immune-related
genes such as c-Rel, Ox40 and Il-2, and T cell receptor
(TCR) stimulation led to cleavage of Regnase-1 at
R111 by Malt1, thereby decreasing the levels of
Regnase-1 and upregulating inflammation (Fig. 3)
(61). The Regnase family consists of ZC3H12B and
ZC3H12D, and both repress the expression of inflam-
matory cytokines. The mechanisms of action of
ZC3H12D seems to be similar to that of Regnase-1,
whereas ZC3H12B downregulates mRNAs via distinct
mechanisms, which are not yet fully understood (62,
63). Further studies would be needed to fully compre-
hend the regulatory mechanisms by ZC3H12 family
genes.

As we have already reviewed, Regnase-1 and
Roquin share their roles in the regulation of the
immune system and the regulatory mechanism itself
seems to be similar. The paracaspase, MALT1, cleaves
both Roquin and Regnase-1 and repressed important
targets for promoting Th17 differentiation (64).
However, Regnase-1 preferentially cleaves translation-
ally active mRNAs and requires the helicase activity of
UPF1 for its action, while Roquin regulates transla-
tionally inactive mRNAs in stress granules or P-
bodies. These observations suggest that Regnase-1 is
involved in the acute phase of inflammation, while
Roquin has a role in the chronic phase of inflammation
(65). Therefore, Regnase-1 and Roquin play distinct
roles in inflammation and their cooperation is an
essential factor for regulating the expression of inflam-
matory cytokines.

The AT-rich interactive domain-containing protein
5a (Arid5a) is a counter factor for Regnase-1 and
Roquin1-2. Arid5a was initially thought to be a tran-
scriptional factor like other Arid family proteins (66).
However, it was found to have important roles in post-
transcriptional regulation as an RBP. It recognizes the

stem loop structures in cytokines mRNAs and stabi-
lizes them (5, 67). Arid5a can be induced by the stimu-
lation of LPS, IL1-b and IL-6 (68). These
inflammatory stimulations induce localization of
Arid5a from the nucleus into the cytoplasm, thereby
making it possible for Arid5a to upregulate cytokine
genes (69). Arid5a KO mice showed resistance to endo-
toxin shock and EAE challenge, suggesting their
important physiological roles in the immune system.
Arid5a stabilizes mRNAs of Stat3, T-bet and Ox40,
resulting in the upregulation of the polarization of
each subset of helper T cells (67, 70, 71).

Conclusion

Post-transcriptional regulation by various RBPs
through cis-elements is essential for the accurate reg-
ulation of inflammation. Though ARE and CDE are
well-known cis-elements in mRNAs, there might still
be other important regulatory elements. Furthermore,
we speculated that similar to Arid5a, other factors that
play the roles of both transcriptional factors and RBPs
might exist. For example, approximately 800 zinc
finger proteins are encoded by the human genomes
and most of them have not been classified into tran-
scriptional factors or RBPs yet; and some of them are
thought to play both roles. For understanding the
mechanism of inflammation, especially chronic inflam-
mation, further elucidation of post-transcriptional reg-
ulation by RBPs is required. Recently, several ways for
analysing the roles and target of RBPs have been pro-
posed. One of the most important innovative techni-
ques is the CLIP, which makes it possible for us to
fully understand the target molecules of RBPs with
high sensitivity (72, 73). These techniques for analysing
the role of RBPs could clarify the whole scenario of
chronic inflammation in the next decade. Furthermore,
since many RBPs share the same cis-elements and play
multiple roles, there should be some regulatory systems
for the expression and subcellular localization of each
RBP. However, the entire mechanism of such regula-
tions is still unknown. Therefore, the technological
innovation for analysing these interactions are
needed to understand the complex roles of RBPs in
inflammation.
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