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Abnormal gene expression patterns underlie many diseases that represent major public

health concerns and robust therapeutic challenges. Posttranscriptional gene regulation

by RNA-binding proteins (RBPs) is well-recognized, and the biological functions of RBPs

have been implicated in many diseases, such as autoimmune diseases, inflammatory

diseases, and cancer. However, a complete understanding of the regulation mediated

by several RBPs is lacking. During the past few years, a novel role of AT-rich interactive

domain-containing protein 5a (Arid5a) as an RBP is being investigated in the field of

immunology owing to binding of Arid5a protein to the 3′ untranslated region (UTR) of Il-6

mRNA. Indeed, Arid5a is a dynamic molecule because upon inflammation, it translocates

to the cytoplasm and stabilizes a variety of inflammatory mRNA transcripts, including

Il-6, Stat3, Ox40, T-bet, and IL-17-induced targets, and contributes to the inflammatory

response and a variety of diseases. TLR4-activated NF-κB and MAPK pathways are

involved in regulating Arid5a expression from synthesis to degradation, and even a slight

alteration in these pathways can lead to intense production of inflammatory molecules,

such as IL-6, which may further contribute to the development of inflammatory diseases

such as sepsis and experimental autoimmune encephalomyelitis. This review highlights

the regulation of the Arid5a expression and function. Additionally, recent findings on

Arid5a are discussed to further our understanding of this molecule, which may be a

promising therapeutic target for inflammatory diseases.

Keywords: mRNA stability, posttranscriptional regulation, Arid5a, TLR4, inflammation, immune regulation

INTRODUCTION

Toll-like receptors (TLRs) comprise a subgroup of pattern-recognition receptors (PRRs) that
detect conserved molecular structures of pathogens that are recognized as danger signals by
certain immune cells (1). TLR4 is a well-studied PRR. For example, the classic inflammatory
stimulation by lipopolysaccharide (LPS) is mediated via TLR4, which can simultaneously
activate two distinct innate immune response signaling pathways: one pathway activated by
the adaptors toll/interleukin-1-receptor (TIR)-domain containing adaptor protein (TIRAP) and
myeloid differentiation primary response 88 (MyD88) and another activated by the adaptors
TIR-domain containing adaptor protein inducing interferon-β (TRIF) and TRIF-related adaptor
molecule (TRAM) (2). These signaling pathways in turn activate several transcription factors (TFs),
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including nuclear factor kappa light-chain-enhancer of activated
B cells (NF-κB), signal transducer and activator of transcription
(STATs), and activator protein-1 (AP-1), that are involved in
the induction of proinflammatory cytokines, such as tumor
necrosis factor (TNF)-α, interlukin (IL)-6, and IL-1β (3).
However, an unsolicited or exaggerated immune response can
result in the overproduction and dysregulated release of these
cytokines, possibly evoking “cytokine release syndrome” (4).
This syndrome is associated with the progression of many
infectious and non-infectious diseases, including viral infections
such as influenza as well as systemic inflammatory response
syndrome, septic shock, tissue injury, multiple sclerosis, and
pancreatitis (5). One of the possible explanations for cytokine
overproduction and fatal systemic inflammation is deregulation
of the posttranscriptional control of cytokine gene expression
or, in particular, an imbalance in cytokine mRNA stability
regulated by RNA-binding proteins (RBPs) (6). As RBPs play key
roles in posttranscriptional events, they are therefore important
regulators of the immune response, controlling gene expression
by several mechanisms, such as splicing, localization, translation,
polyadenylation, and target mRNA decay (7). RBPs regulate
the mRNA transcripts of cytokines through both the 5′ and 3′

untranslated regions (UTRs). The 5′UTR dictates the initiation
of mRNA translation, and AU-rich elements (AREs) and stem-
loop structures in the 3′UTR determine mRNA stability (8, 9).
AT-rich interactive domain-containing protein 5a (Arid5a) was
identified as an RBP during an analysis of the mechanism of
chlorpromazine (CPZ)-induced inhibition of IL-6 (10). Arid5a
is a member of the Arid family of proteins, which contain
a helix-turn-helix Arid domain and have the ability to bind
to nucleic acids (11, 12). Arid5a resides in the nucleus under
normal conditions; however, in response to inflammation (13),
Arid5a is translocated to the cytoplasm where it is involved
in stabilization of the mRNAs of inflammatory cytokines
such as IL-6. High levels of inflammatory cytokines augment
inflammatory responses and contribute to various autoimmune
diseases. Indeed, by stabilizing mRNAs of several inflammatory
molecules, Arid5a has been shown to regulate the development
of inflammatory and autoimmune diseases (10).

Therefore, control of Arid5a is essential. In this review,
we discuss TLR4-mediated regulatory pathways of Arid5a and
associations of Arid5a with inflammation and human diseases to
further our understanding of this protein, which has the potential
to serve as a pioneering target for IL-6-mediated autoimmune
and inflammatory diseases.

REGULATION OF ARID5A EXPRESSION

LPS is a well-known ligand of TLR4 (14–18), and their interaction
elicits a downstream signaling cascade that ultimately terminates
in the activation of several TFs, including NF-κB and interferon
(IFN) regulatory factors (IRFs). These TFs further induce
expression of various other inflammatory genes, such as Il-12,
Tnf-α, and Irf3, and initiate appropriate innate and adaptive
immune responses (19). Although Arid5a expression is induced
in the early phase of TLR4 signaling, expression of this gene

is rapidly inhibited in the late phase (20). Below, the signaling
pathways that control Arid5a expression following LPS induction
are discussed.

Gene Regulation
TLR4 signaling activates inhibitor of kappa B (IκB) kinase
(IKK) and p38 mitogen-activated protein kinase (MAPK) and
results in the robust production of inflammatory cytokines,
and NF-κB is a downstream molecule in IKK signaling. NF-
κB family TFs form homo- and heterodimers and include
the Rel family members RelB, c-Rel, p65, p50, and p52 (21).
Three subunits, c-Rel, p65, and RelB, actively participate in
transcriptional regulation, whereas the other two subunits, p50
and p52, predominantly act as non-transactivating DNA-binding
subunits (21). As acetylated or phosphorylated p65 exhibits
increased transcriptional activity, the function of NF-κB p65 is
under the control of posttranslational modification (22).

Overexpression of NF-κB (p65/c-Rel) results in an increase
in Arid5a promoter activity in luciferase assays (20), suggesting
the importance of NF-κB for Arid5a expression. Furthermore,
a mutant of p65 that cannot be acetylated results in reduced
Arid5a promoter activity, though an unphosphorylatable mutant
does not (20). This finding indicates the involvement of p65
acetylation in the transcriptional activation of the Arid5a
promoter. Collectively, activation of the Arid5a gene by NF-κB
(p65 and c-Rel), which is mediated by tight binding to the Arid5a
promoter region and IKK-mediated NF-κB signaling, plays a key
role in the regulation of Arid5a gene expression (Figure 1).

It has also been shown that Arid5a mRNA expression
in macrophages and mouse embryonic fibroblasts (MEFs) is
enhanced upon IL-6 exposure (10). Furthermore, Arid5amRNA
expression is inhibited in Il-6-knockdown MEFs activated
by LPS (20), though Arid5a mRNA expression cannot be
induced in Stat3-knockdown MEFs, even upon LPS stimulation.
These findings suggest that Stat3 plays an essential role in
Arid5a expression. Further investigation has revealed that
phosphorylated Stat3 binds to the promoter region of Arid5a,
increasing its expression (20). Taken together, these findings
indicate that the IL-6 positive feedback loop promotes Arid5a
expression through activation of Stat3 mediated by TLR signaling
(Figure 1).

mRNA Regulation
As discussed above, TLR4 signaling activates the Arid5a gene.
A previous study examined posttranscriptional mechanisms
of Arid5a mRNA regulation influenced by TLR4 signaling.
An RBP assay coupled with mass spectrometry indicated that
ARE/poly(U)-binding/degradation factor 1 (AUF-1), an RBP,
is a prominent candidate that binds to the Arid5a 3′UTR
of the Arid5a mRNA transcript in LPS-activated peritoneal
macrophages. Arid5a mRNA expression has been found to
be inhibited in LPS-treated AUF-1-knockdown MEFs. AUF-
1 is known to bind to AREs present in the 3′UTR and
to have the ability to destabilize ARE-containing mRNAs
(23). Furthermore, overexpression of AUF-1 decreases the
luciferase activity of the Arid5a 3′UTR, which contains AREs,
suggesting that AUF-1 binds to AREs in the Arid5a mRNA.
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FIGURE 1 | Regulatory pathways for Arid5a under TLR4 signaling. The schematic diagram shows the gene expression of Arid5a (black arrow) induced by the

TLR4/IKK/NF-κB and IL-6/STAT3 signaling pathways. LPS-bound TLR4 leads to the release of NF-κB from the IKK complex and activates Arid5a and other

inflammatory genes, such as Il-6. Arid5a then stabilizes Il-6 mRNA (blue arrow), increasing the production of IL-6. Another pathway shows the posttranscriptional

regulation of Arid5a mRNA (blue arrow), in which TLR4 signaling stimulates MKP-1, which in turn directs AUF-1 to translocate to the cytoplasm. Cytoplasmic AUF-1

binds to AU-rich elements present in the 3′UTR of the Arid5a mRNA transcript, which results in destabilization of the Arid5a mRNA (blue arrow). The LPS/TLR4

pathway activates p38, leading to phosphorylation of the Arid5a protein at serine residues 253, 433, and 458. This phosphorylation is associated with the

ubiquitination of Arid5a at lysines 80 and 89 by WWP1 E3 ligase and subsequent degradation of the protein.

In an mRNA stability assay, Arid5a mRNA had a prolonged
half-life in actinomycin D-treated AUF-1-knockdown MEFs.
In addition, slower electrophoretic mobility of the AUF-1-
Arid5a mRNA complex was found compared to Arid5a mRNA
alone. It is likely that AUF-1 is able to bind physically to
the AREs in the Arid5a mRNA 3′UTR and destabilize it
(Figure 1).

Evidence shows that MKP-1, a MAPK phosphatase,
promotes the nuclear export of AUF-1 to the cytoplasm in
response to LPS stimulation; AUF-1 in turn binds to various
cytokine mRNAs, such as those encoding TNF-α, IL-10,
and IL-6, to regulate mRNA stability (24). Furthermore,
MKP-1-knockdown MEFs displayed delayed degradation
of Arid5a mRNA, enhancing Arid5a expression. Thus,
MKP-1-knockdown suppresses cytoplasmic translocation
of the AUF-1 protein and increases the stability of the
Arid5a mRNA. Moreover, LPS stimulation causes MKP-
1 to enhance AUF-1 migration from the nucleus to the
cytoplasm, where it binds to AREs in the 3′UTR of Arid5a
mRNA to destabilize it (Figure 1). Nonetheless, the detailed
mechanisms remain unknown, particularly with regard to
how AUF-1 destabilizes Arid5a mRNA, which, for example,
may occur via a deadenylation-dependent decay pathway for
mRNA degradation.

Protein Regulation
Phosphorylation and ubiquitination regulate Arid5a
posttranslationally, controlling levels of the protein. The
Arid5a protein has been found to gradually decrease and
nearly vanish in the late phase of LPS stimulation (10, 20).
In addition, mass spectrometry analysis revealed that the
Arid5a protein is phosphorylated at serine-253,−433, and−458
after TLR4 activation (20), and the Arid5a protein remains
unphosphorylated upon mutation of these serine residues, even
under LPS stimulation.

Phosphorylation is sometimes accompanied by
ubiquitination, which generally results in protein degradation.
For example, inflammatory stimulus-activated Regnase-1 is
phosphorylated by the IKKα-IKKβ complex and subsequently
undergoes ubiquitination and proteasome-mediated degradation
(25). In addition to IKKα/β, p38 MAPK regulates the functions
of RBPs, such as phosphorylation-induced degradation of
substrates and inflammatory cytokine expression (26, 27).
For example, p38 MAPK phosphorylates tristetraprolin and
facilitates the degradation of TNF-α mRNA (28); p38 MAPK
signaling also stabilizes the mRNA of the cell cycle regulatory
protein p21Cip1 by phosphorylating the RBP human antigen
R (HuR) (29). Additionally, p300, a co-TF associated with
chromatin remodeling, is phosphorylated by p38 MAPK at
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Ser-1834, which ultimately promotes p300 degradation (30, 31).
Interestingly, coexpression of p38 with ubiquitin and Arid5a
results in ubiquitination of the Arid5a protein at lysine-80
and−89, unveiling a key role for p38 in the ubiquitination of
Arid5a (20). Furthermore, a phosphorylated mutant of Arid5a
is not ubiquitinated in the presence of p38, which further
suggests that phosphorylation of Arid5a renders susceptible to
ubiquitination (Figure 1).

E3 ubiquitin ligases are normally associated with the final step
of ubiquitination. A previous study reported a lack of Arid5a
ubiquitination in WW domain containing E3 ubiquitin protein
ligase 1 (WWP1)-knockdown MEFs, indicating that WWP1
is an E3 ligase targeting Arid5a (20). Mechanistically, Arid5a,
WWP1, and p38 interact to form a complex, inducing the
ubiquitination of Arid5a in response to TLR4 signaling, which
in turn decreases Il-6 mRNA stability. However, mutation of
specific phosphorylation sites in Arid5a inhibits its degradation,
as p38 and WWP1 fail to interact with these mutated Arid5a
derivatives, which ultimately results in overproduction of
IL-6 (20) (Figure 1). Because the level of IL-6 is enhanced
by Arid5a-mediated Il-6 mRNA stabilization (Figure 1) (10),
WWP1-deficient cells exhibit significant augmentation in IL-6
expression in response to LPS exposure (20). Thus, WWP1-
mediated ubiquitination of Arid5a affects Il-6 stability through
the LPS pathway.

REGULATION OF ARID5A FUNCTION

The function of Arid5a varies depending on its location.
Along with other nuclear proteins in resting cells, Arid5a
is localized mainly in the nucleus where it regulates the
functions of TFs (13). As mentioned above, Arid5a translocates
to the cytoplasm under inflammatory conditions (13, 20),
where it functions as an mRNA stabilizer (13). Arid5a is
abundantly expressed in cardiovascular tissues and acts as an
estrogen receptor (ER)-interacting repressor of gene expression
in the nucleus (32) by binding to the N- and C-termini of
ER-alpha. Arid5a is also expressed in cartilage and induces
chondrocyte differentiation as a transcriptional partner of SRY-
box transcription factor 9 (Sox9), which regulates chondrocyte
differentiation through activation of collagen type 2 alpha
1 (Col2a1), a chondrocyte-specific gene (33). Specifically,
Arid5a enhances transcription of the Col2a1 gene by binding
directly to its promoter, which stimulates acetylation of histone
3 proteins located in the region to regulate chondrocyte
differentiation in collaboration with Sox9. Furthermore, Arid5a
inhibits transcription of the major immediate early (M-IE)
gene of human cytomegalovirus (HCMV) by binding to
multiple sites in the modulator region, which is located
upstream (33).

As stated above, Arid5a regulates mRNA stability through
binding to AREs and stem-loop structures in the 3′UTRs
of target mRNAs, similar to other RBPs. Due to its ability
to bind to these regions, the novel function of Arid5a
in mRNA stability was first identified when it was found
to bind to the Il-6 3′UTR in the cytoplasm, promoting

the production of IL-6 in vivo and inducing experimental
autoimmune encephalomyelitis (EAE) (10). The binding of
Arid5a to the Il-6 3′UTR also protected Il-6 mRNA transcripts
from degradation by the RNA-destabilizing protein Regnase-
1 (also known as Zc3h12a) (34), as Regnase-1 and Arid5a
interact with the same stem-loop region in the 3′UTR of the
Il-6 mRNA transcript (10) (Figure 2). Moreover, Regnase-1,
an endonuclease, was shown to destabilize numerous mRNAs
including Il-6 by binding to a conserved stem-loop structure
in the 3′UTR (25). The IKK complex controls Il-6 mRNA
stabilization via Regnase-1 phosphorylation in response to TLR
or IL-1 stimulation (25). Regnase-1 acts as an RNase to Il-
6 3′UTR (1–142 and 58–173), and interestingly, binding of
Arid5a to the same site (122–197) prevents its degradation
from Regnase-1 (10). Therefore, Arid5a interferes with the
destabilization effect of Regnase-1 and contributes to the
overproduction of IL-6 in vivo (10). Moreover, the predominance
of Arid5a over Reganse-1 prolongs Il-6 mRNA half-life;
therefore, Arid5a contributes to the development of autoimmune
inflammatory diseases (10). Additionally, Regnase-1 requires
up-frameshift protein-1 (UPF-1, an RNA helicase and ATPase)
to mediate mRNA decay. UPF-1 is an exportin that mediates
the transport of many proteins, including tumor suppressors,
growth regulators/proinflammatory proteins, and anti-apoptotic
proteins (35). UPF-1 associates with the Arid domain in the N-
terminal region (amino acids 1–150) of Arid5a to promote export
of the protein to the cytoplasm via the protein chromosomal
region maintenance 1 (CRM1) (13) (Figure 3A). Therefore,
Arid5a can increase the half-life of Il-6 mRNA and eventually
sustain IL-6 overproduction. Overall, Arid5a plays important
roles in promoting inflammation and autoimmune diseases
(Figure 2).

Mechanistically, the N-terminal region of Arid5a, which
includes the Arid domain, associates with UPF1, which is
essential for nonsense-mediated mRNA decay (NMD) and
Regnase-1-mediated mRNA decay (36). UPF-1 migrates from
the nucleus to the cytoplasm via CRM-1, playing essential
roles in both compartments (37, 38). NF-κB/IκBα complexes
translocate between the cytoplasm and nucleus via classical
nuclear localization sequences (cNLS)-dependent nuclear import
and CRM1-dependent nuclear export. In addition, the CRM1
inhibitor leptomycin B (LMB) causes NF-κB/IκBα complexes to
be trapped inside the nucleus (39), leading to NF-κB inactivation.
Conceivably, NF-κB inactivation may result in inhibition of
Arid5a nuclear export. Because NF-κB is activated in response
to LPS stimulation, as confirmed by monitoring Il-6 mRNA
production in the nucleus, LMB is added after LPS stimulation.
LMB inhibits the nuclear export of Arid5a, which interacts
with Il-6 mRNA and UPF1 after LPS stimulation (13). Thus, it
has been suggested that Arid5a translocation from the nucleus
to the cytoplasm depends on the UPF1/Il-6 mRNA/CRM1-
mediated pathway under stimulatory conditions (Figure 3A).
Collectively, the results of these studies suggest that the functions
of Arid5a differ depending on its localization: cytoplasmic Arid5a
promotes mRNA stabilization by suppressing the function of
UPF1, whereas nuclear Arid5a is associated with the functions
of TFs.
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FIGURE 2 | Contribution of Arid5a in IL-6 production and disease. The innate immune response is generated by pathogen-associated molecular patterns, which are

recognized by pathogen recognition receptors and lead to expression of proinflammatory mediators. For example, toll-like receptor 4 recognizes lipopolysaccharide

and activates the IKK/NF-κB signaling pathway. The IKK complex phosphorylates Regnase-1 and also promotes transcription of Il-6 and Arid5a. Regnase-1 binds to

the Il-6 mRNA and degrades it. In the nucleus, Arid5a binds to genes encoding transcription factors, such as Ppar-γ2, to inhibit their expression. Furthermore, Arid5a

is shuttled to the cytoplasm under inflammatory conditions where it interferes with the destabilizing effect of Regnase-1. Arid5a is involved in Il-6 mRNA stabilization,

and the resulting increase in IL-6 production is associated with inflammation and autoimmune diseases.

Similar to Il-6, Arid5a binds to the stem structure of the
Stat3 3′UTR (1738-1765) via R128 to stabilize the transcript.
Stat3 plays a key role in regulating the fate of naive CD4+ T
cells (23), and in Arid5a-deficient mice, the rate at which naive
CD4+ T cells differentiate into helper T (Th)17 cells is reduced
due to the lower level of IL-17-producing T cells and hence the
relatively low expression of IL-17A. Accordingly, the level of
Stat3 in Arid5a−/− T cells critically contributes to impairment of
Th17 cell differentiation. Furthermore, in vitro overexpression of
Stat3 in Arid5a−/− T cells reportedly significantly rescues Th17
cell populations. Interaction of Arid5a with the Stat3 mRNA
transcript also prevents Regnase-1 from binding to the stem-
loop region of the 3′UTR (40). Additionally, Arid5a functions
in the stabilization of Ox40 mRNA (41), as it binds to the
stem-loop of this transcript, impairing the destabilizing effects
of Regnase-1 on Ox40 mRNA. Another study reported that
depleting Stat3 under Th17 conditions reduced the mRNA levels
of Ox40 (41). Hence, Stat3 has a direct regulatory function in

Ox40 mRNA expression. Under the influence of Arid5a, the
activity of Stat3 and differentiation of Th17 cells are unrepressed
(41); thus, balance between the functions of Arid5a and Regnase-
1 is essential for proper regulation of Ox40 and Stat3 in CD4+ T
cells under Th17 cell conditions.

While investigating the role of Arid5a in LPS-induced
systemic inflammation, our group previously identified T-box
expressed in T cells (T-bet) as another target of Arid5a (42). The
study revealed a lack of normal expression of IFN-γ in Arid5a-
deficient T cells under Th1 cell conditions, with a decrease in the
expression of T-betmRNA. T-bet is a TF that plays a major role in
regulating IFN-γ production in T cells (43, 44). Mechanistically,
Arid5a stabilizes T-bet mRNA by binding to the conserved stem-
loop structure of its 3′UTR (42), enhancing the production of
IFN-γ. IL-6 and IFN-γ are among the major proinflammatory
cytokines with augmented expression due to “cytokine release
syndrome,” which develops during the pathogenesis of systemic
inflammation induced by LPS (4). Thus, Arid5a can bind to the
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FIGURE 3 | Arid5a translocation and association with adipogenesis and obesity. (A) In the resting stage, Arid5a usually resides in the nucleus. Arid5a is imported via

an importin-α/β1 pathway. UPF1 shuttles between the nucleus and the cytoplasm. During inflammation, toll-like receptor 4 signaling is activated by lipopolysaccharide,

and Il-6 expression is induced by NF-κB. Arid5a interacts with the Il-6 mRNA, and Arid5a is subsequently exported to the cytoplasm via the CRM1 pathway with

UPF1. (B) Arid5a and Ppar-γ2 in adipogenic homeostasis. Cebp activates Ppar-γ2, and both are involved in adipogenesis. Immune cells, such as macrophages and

T cells, infiltrate adipose tissues and provide a framework to regulate energy homeostasis. In adipose tissue, these cells secrete cytokines, such as IL-6 and IL-17,

which induce Arid5a. Arid5a further represses Ppar-γ2 transcription in fibroblasts, thereby inhibiting adipocyte development and inhibiting adipogenesis and obesity.

mRNAs of several TFs and cytokines that have AREs and stem-
loop structures in their 3′UTR, exacerbating inflammation and
diseases by stabilizing these mRNAs.

ROLE OF ARID5A IN DISEASES

In activated macrophages and T cells, Arid5a elicits cytokine
overproduction by controlling the mRNA stability of
proinflammatory mediators such as IL-6, Stat3, T-bet, and
Ox40; Arid5a is also expected to be involved in cytokine-
mediated diseases. The association of Arid5a with several
life-threatening diseases is discussed in the following section.

LPS-Induced Systemic Inflammation
Zaman et al. (42) showed that Arid5a-deficient T cells were
defective in expressing IFN-γ under Th1 cell conditions, with
inhibition of T-bet mRNA expression. Mice deficient in Arid5a
expression are reported to be resistant to LPS-induced endotoxic
shock, with inhibited expression of proinflammatory cytokines
such as TNF-α, IFN-γ, and IL-6 (42). Furthermore, compared to
endogenous expression of Arid5a in mice, depletion of Arid5a
in mice was reported to aid in the recovery of the lungs, spleen,
and liver during endotoxic shock (42). Arid5a-deficient mice are
also resistant to Propionibacterium acnes-primed LPS injection,
which is considered to be a T cell-mediated IFN-γ-dependent
mouse model of endotoxic shock (45).

Bleomycin-Induced Lung Injury
A recent study reported that Arid5a-deficient mice were resistant
to bleomycin-induced lung injury through inhibition of reactive

oxygen species (ROS) and exhibited minimal inflammation or
edema in lung tissues (46). Moreover, abnormal production
of ROS reduced oxidized 1-palmitoyl-2-arachidonoyl-sn-
glycero-3-phosphocholine (OxPAPC) production, which, in
turn, decreased IL-6 levels, presumably due to the loss of
posttranscriptional regulation by Arid5a (46). Thus, regulation
by Arid5a may improve current treatment regimens for
inflammatory diseases; however, the complete molecular
mechanism underlying how Arid5a regulates ROS production
remains elusive.

EAE
Arid5a-deficient mice show reduced IL-6 levels due to the
loss of Il-6 mRNA stabilization and display a relatively high
resistance to developing EAE (10). Interestingly, in a previous
study, CD4+ T cells that produced IL-17 were found to be less
abundant in Arid5a-deficient mice than in wild-type mice. Stat3
expression decreases in an IL-6-dependent manner in activated
Arid5a-deficient CD4+ T cells (40). Ox40 expression has also
been associated with inflammatory CD4+ T cells in EAE (47,
48), promoting IL-17 expression (49, 50). Furthermore, under
Th17 conditions, low levels of Ox40 do not lead to enhanced
levels of IL-17 in T cells obtained from Arid5a-knockout mice.
Adoptive transfer of Arid5a-deficient encephalitogenic CD4+ T
cells ameliorates EAE due to the influence of the Arid5a/Ox40
axis on IL-17 production in CD4+ T cells and EAE development
(41). Notably, Arid5a stabilizes Stat3 and Ox40 mRNAs by
recognizing the stem-loop structure that Regnase-1 binds to;
therefore, Arid5a interferes with the mRNA decay function of
Regnase-1 in T cells. In CD4+ T cells, the mRNA expression
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and activation of Stat3 and Ox40 are remarkably regulated by
a balance between Arid5a and Regnase-1 during IL-6 signaling,
which might be involved in controlling Th17 cell differentiation.

Adipogenesis and Obesity
A recent study suggested that cytokines (including IL-6 secreted
by immune cells and mature adipocytes) play roles in limiting
adipogenesis and obesity (51) and that IL-6 inhibits the
differentiation of adipocytes. However, IL-6 does not inhibit
this differentiation under Arid5a-deficient conditions, which
indicates that IL-6 utilizes Arid5a to inhibit adipogenesis (51).
Arid5a is induced by the cytokines IL-6 and IL-17, and because
IL-6 is a strong inducer of Arid5a, it is likely that IL-6-
deficient mice have insufficient activation of Arid5a, which
results in unrestricted adipogenesis and obesity. Therefore,
by activating Arid5a, IL-6 is involved in the inhibition of
adipogenesis and obesity. Furthermore, following the induction
of Arid5a by cytokines, Arid5a can even limit the differentiation
of new fibroblasts into adipocytes by inhibiting expression
of peroxisome proliferator-activated receptor gamma (Ppar-γ),
which mediates lipid uptake and adipogenesis in adipocytes
(51); thus, Arid5a maintains the homeostasis of adipose tissue
(Figure 3B). As increased Ppar-γ activity is also associated
with weight gain in both humans and mice, Ppar-γ promotes
obesity. Despite this effect, Ppar-γ has shown anti-inflammatory
properties in sepsis, EAE, and bleomycin-induced lung injury
(52–54). Interestingly, our previous findings revealed Arid5a-
deficient mice to be more resistant to these diseases than wild-
type mice (10, 42, 46), highlighting a connection between Ppar-
γ and Arid5a. Our group has shown that Arid5a represses
Ppar-γ2 transcriptional activity by binding to the AATATT
motif in the Ppar-γ2 promoter (Figure 2); this motif is
adjacent to the CCAAT sequence that is the binding site
of CCAAT-enhancer-binding proteins (CEBP), which is also
involved in adipogenesis. Binding of CEBP activates Ppar-γ2
during adipogenesis; in contrast, Arid5a binding to Ppar-γ2
inhibits CEBP binding to the Ppar-γ2 promoter, thus preventing
activation of Ppar-γ2 transcription and ultimately restricting the
process of adipogenesis. Overall, the coordinated activity of Ppar-
γ2 and Arid5a maintains metabolic homeostasis in adipose tissue
(Figure 3B).

ARID5A, A PLAUSIBLE THERAPEUTIC
TARGET

To efficiently eliminate invading pathogens, activated immune
cells produce proinflammatory cytokines, such as TNF-α and
IL-1β; however, when immune responses become deregulated,
aberrant expression of cytokines, such as IL-6, is induced
during inflammation and other conditions, including sepsis and
influenza (55, 56). It well-known that overproduction of IL-6
can be life threatening. To confirm findings related to the
overproduction of IL-6, it has been reported that IL-6 blockade
may be efficacious in preventing the worsening and progression
of IL-6-mediated diseases (57). However, in a study in which IL-6
was completely eliminated in murine models, no improvement

in the mortality rate of sepsis was reported (58); this was
due to the fact that IL-6 serves as an important cytokine in
transmitting defense signals from pathogens and tissue damage
to stimulate immune responses for host defense (59). Thus,
complete elimination of IL-6 in IL-6-induced inflammatory
diseases can be fatal, and an alternative strategy to control but not
completely eliminate the production of IL-6 is required. Arid5a,
which stabilizes Il-6 mRNA and accounts for the persistent
and excessive overexpression of this mRNA, may constitute a
potential target for limiting IL-6 levels. Regardless, no drugs or
antibodies that target endogenous proteins have been developed
to date. Recently, cytosolic antibodies linked to an Fc receptor,
such as the E3-ubiquitin ligase tripartite motif containing protein
(TRIM)21, have been shown to degrade the corresponding
endogenous target proteins through the ubiquitin-proteasome
system. This finding has revealed the possibility of using a
pathway similar to the TRIM21-elicited ubiquitin-proteasome
system to target and degrade endogenous proteins such as Arid5a
with anti-Arid5a antibodies. These antibodies can plausibly be
conjugated with peptides that have the ability to penetrate
cells without interacting with the cell membrane (60, 61) and
therefore have the potential to be considered for therapeutic
regimes to balance the action of IL-6 and control the intensity
of inflammation.

Additionally, various other methods of targeting Arid5a or
IL-6 may be developed. Overexpression of IL-6 promotes Arid5a
expression through Stat3 activation (10), and Arid5a stabilizes
Il-6 and Stat3 mRNAs after stimulation by IL-6, forming a
feedback loop. This loop contributes to the pathogenesis of
several inflammatory autoimmune diseases (10, 40) and can also
be disrupted by inhibiting one or more of its participants. In
addition, Arid5a-mediated stabilization of Stat3mRNA has been
found to be involved in the differentiation of Th17 cells (40),
which are associated with the development of EAE in mice (10).
Therefore, because Stat3 activation results in overexpression of
Arid5a and IL-6, expression of both Il-6 and Arid5a can be
suppressed by using Stat3 inhibitors such as C188-9, a novel
small molecule that was recently identified with the help of
computational drug design (62). The effect of C188-9 has been
studied in tumor growth and inflammation, and significant
reductions in both have been observed (62). It is likely that similar
types of inhibitors may be efficacious against inflammatory
diseases where IL-6 is overproduced, such as sepsis and EAE.

In addition to regulation via the feedback loop, expression of
Arid5a and thus IL-6 production may be enhanced by stimuli
such as IL-1β, IFN-γ, LPS, and OxPAPC (10, 20, 40, 46).
Accordingly, strategies to inhibit expression of these stimuli can
aid in indirectly suppressing Arid5a expression and be posed
as alternate treatment options for IL-6-dependent inflammatory
and autoimmune diseases.

CPZ has been reported to selectively inhibit LPS-induced
IL-6 production (63, 64) by specifically decreasing the half-
life of Il-6 mRNA in macrophages (63). As it interacts with
clathrin-coated pits, which form in the plasma membrane,
CPZ functions as an inhibitor of G-protein coupled receptors
(GPCRs) and clathrin-mediated endocytosis (65). This blockade
of clathrin-mediated endocytosis results in impairment of the
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TRIF-dependent pathway, which ultimately causes inhibition
of IL-6 (64). The TLR4-stimulated TRIF pathway also induces
expression of Arid5a in IFN-γ-sensitized human macrophages
(66). It is likely that overproduction of IL-6 during the
inflammatory response may also result from the TRIF-dependent
pathway. Thus, agents blocking the TRIF-dependent pathway,
such as CPZ, are potential candidates to suppress the effects of
acute inflammation.

It has also been reported that dynamic translocation of Arid5a
is necessary for inhibition of Regnase-1-mediated Il-6 mRNA
decay (13). Because Arid5a is an RBP that recognizes Il-6 through
a stem-loop structure and leads to Il-6 stabilization, abnormal
expression of the Il-6 gene, assisted by Arid5a, may be regulated
by stimulation-dependent RBPs. This might inhibit the RNA-
stabilizing function of Arid5a and provide new insight into the
treatment of diseases that result from a heightened IL-6 response.

CONCLUSIONS AND FUTURE
PERSPECTIVES

TLR4-mediated IKK/NF-κB and IL-6/STAT3 signaling pathways
regulate Arid5a gene transcription. Upon TLR4 activation,
MKP-1 becomes activated and translocates an RBP, AUF-1, from
the nucleus to the cytoplasm, where it binds to the AREs present
in the 3′UTR of the Arid5a mRNA. MKP-1 thereby facilitates
Arid5a mRNA decay. In the late phase of TLR4 activation, p38
MAPK is reactivated, participating in degradation of the Arid5a
protein through phosphorylation-associated ubiquitination in a
K48-linked manner. This degradation results in reduced IL-6
levels due to destabilization of the IL-6 mRNA in the absence
of Arid5a. Therefore, to regulate IL-6 production and IL-6-
dependent diseases, Arid5a expression must be appropriately
controlled from synthesis to degradation.

As Arid5a is a dynamic protein that translocates from
the nucleus to the cytoplasm under different physiological
conditions, it plays location-based roles in cells. Under resting
conditions, nuclear Arid5a acts as a cofactor of TFs and
contributes to cell proliferation and differentiation, whereas
cytoplasmic Arid5a controls the half-lives of mRNAs, including
Il-6 and Stat3, in ligand-sensitized cells. These cytokines further
activate signaling cascades, producing different cytokines that
trigger “cytokine release syndrome” during the pathogenesis
of inflammatory diseases, such as sepsis. Thus, inhibiting
the function of the RBP Arid5a might also be helpful in
treating insuperable diseases, such as EAE and sepsis, that
involve overproduction of Il-6, T-bet, Ox40, and Stat3 mRNAs,
which are all stabilized by Arid5a. In addition, the report of
adipogenesis inhibition via counterregulation of Arid5a and
Ppar-γ2 opens a new avenue for developing a therapeutic strategy
for metabolic disorders such as obesity. However, extensive
research is still required before Arid5a can be accepted for routine
clinical treatment.

AUTHOR CONTRIBUTIONS

KN conceived, designed, and wrote the manuscript. RA helped
in the manuscript preparation and literature search. KN, PS, and
TK edited and critically evaluated the manuscript.

FUNDING

This work is supported by the advanced postdoc’s research grant
by the Immunology Frontier Research Center, Osaka University,
Japan. The author KN was the recipient of Ramalingaswami
re-entry fellowship and acknowledges the Department of
Biotechnology, New Delhi, India.

REFERENCES

1. Brieger A, Rink L, Haase H. Differential regulation of TLR-dependent MyD88

and TRIF signaling pathways by free zinc ions. J Immunol. (2013) 191:1808–

17. doi: 10.4049/jimmunol.1301261

2. Kagan, JC, Su T, Horng T, Chow A, Akira S, Medzhitov R. TRAM couples

endocytosis of Toll-like receptor 4 to the induction of interferon-β. Nat

Immunol. (2008) 9:361–8. doi: 10.1038/ni1569

3. Kawai T, Akira S. Toll-like receptors and their crosstalk with other

innate receptors in infection and immunity. Immunity. (2011) 34:637–50.

doi: 10.1016/j.immuni.2011.05.006

4. Tisoncik JR, Korth MJ, Simmons CP, Farrar J, Martin TR, Katze MG. Into

the eye of the cytokine storm. Microbiol Mol Biol Rev. (2012) 76:16–32.

doi: 10.1128/MMBR.05015-11

5. Clark IA. The advent of the cytokine storm. Immunol Cell Biol. (2007)

85:271–3. doi: 10.1038/sj.icb.7100062

6. Matsushita K, Takeuchi O, Standley DM, Kumagai Y, Kawagoe T,

Miyake T, et al. Zc3h12a is an RNase essential for controlling immune

responses by regulating mRNA decay. Nature. (2009) 458:1185–90.

doi: 10.1038/nature07924

7. Turner M and Díaz-Muñoz MD. RNA-binding proteins control gene

expression and cell fate in the immune system.Nat Immunol. (2018) 19:120–9.

doi: 10.1038/s41590-017-0028-4

8. Anderson P. Posttranscriptional control of cytokine production. Nat

Immunol. (2008) 9:353–9. doi: 10.1038/ni1584

9. Stoecklin G, Gross B, Ming XF, Moroni C. A novel mechanism of tumor

suppression by destabilizing AU-rich growth factor mRNA. Oncogene. (2003)

22:3554–61. doi: 10.1038/sj.onc.1206418

10. Masuda K, Ripley B, Nishimura R, Mino T, Takeuchi O, Shioi G, et al.

Arid5a controls IL-6 mRNA stability, which contributes to elevation

of IL-6 level in vivo. Proc Natl Acad Sci USA. (2013) 110:9409–14.

doi: 10.1073/pnas.1307419110

11. Yuan YC, Whitson RH, Liu Q, Itakura K, Chen Y. A novel DNA-binding

motif shares structural homology to DNA replication and repair nucleases and

polymerases. Nat Struct Biol. (1998) 5:959–64. doi: 10.1038/2934

12. Iwahara J and Clubb RT. Solution structure of the DNA binding domain from

Dead ringer, a sequence-specific AT-rich interaction domain (ARID). EMBO

J. (1999) 18:6084–94. doi: 10.1093/emboj/18.21.6084

13. Higa M, Oka M, Fujihara Y, Masuda K, Yoneda Y, Kishimoto T. Regulation

of inflammatory responses by dynamic subcellular localization of RNA-

binding protein Arid5a. Proc Natl Acad Sci USA. (2018) 115:E1214–20.

doi: 10.1073/pnas.1719921115

14. Poltorak A, He X, Smirnova I, Liu MY, Van Huffel C, Du X, et al.

Defective LPS signaling in C3H/HeJ and C57BL/10ScCr mice: mutations

in Tlr4 gene. Science. (1998) 282:2085–8. doi: 10.1126/science.282.

5396.2085

15. Poltorak A, Smirnova I, He X, LiuMY, Van Huffel C, McNally O, et al. Genetic

and physical mapping of the Lps locus: identification of the toll-4 receptor as

a candidate gene in the critical region. Blood Cells Mol Dis. (1998) 24:340–55.

doi: 10.1006/bcmd.1998.0201

Frontiers in Immunology | www.frontiersin.org 8 December 2019 | Volume 10 | Article 2790

https://doi.org/10.4049/jimmunol.1301261
https://doi.org/10.1038/ni1569
https://doi.org/10.1016/j.immuni.2011.05.006
https://doi.org/10.1128/MMBR.05015-11
https://doi.org/10.1038/sj.icb.7100062
https://doi.org/10.1038/nature07924
https://doi.org/10.1038/s41590-017-0028-4
https://doi.org/10.1038/ni1584
https://doi.org/10.1038/sj.onc.1206418
https://doi.org/10.1073/pnas.1307419110
https://doi.org/10.1038/2934
https://doi.org/10.1093/emboj/18.21.6084
https://doi.org/10.1073/pnas.1719921115
https://doi.org/10.1126/science.282.5396.2085
https://doi.org/10.1006/bcmd.1998.0201
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Nyati et al. Arid5a Regulation and Its Function

16. Qureshi ST, Lariviere L, Leveque G, Clermont S, Moore KJ, Gros P, et al.

Endotoxin-tolerant mice have mutations in Toll-like receptor 4 (Tlr4). J. Exp

Med. (1999) 189:615–25. doi: 10.1084/jem.189.4.615

17. Hoshino K, Takeuchi O, Kawai T, Sanjo H, Ogawa T, Takeda Y, et al.

Cutting edge: Toll-like receptor 4 (TLR4)-deficient mice are hyporesponsive

to lipopolysaccharide: evidence for TLR4 as the Lps gene product. J Immunol.

(1999) 162:3749–52.

18. Medzhitov R, Preston-Hurlburt P, Janeway CA Jr. A human homologue of

the Drosophila Toll protein signals activation of adaptive immunity. Nature.

(1997) 388:394–7. doi: 10.1038/41131

19. Brikos C, O’Neill LA. Signalling of toll-like receptors. Handb Exp Pharmacol.

(2008) 183:21–50. doi: 10.1007/978-3-540-72167-3_2

20. Nyati KK, Masuda K, Zaman MM, Dubey PK, Millrine D, Chalise

JP, et al. TLR4-induced NF-κB and MAPK signaling regulate the IL-6

mRNA stabilizing protein Arid5a. Nucleic Acids Res. (2017) 45:2687–703.

doi: 10.1093/nar/gkx064

21. Ghosh S, May MJ, Kopp EB. NF-kappa B and Rel proteins: evolutionarily

conserved mediators of immune responses. Annu Rev Immunol. (1998)

16:225–60. doi: 10.1146/annurev.immunol.16.1.225

22. Chen LF, Williams SA, Mu Y, Nakano H, Duerr JM, Buckbinder L, et al. NF-

κB RelA phosphorylation regulates RelA acetylation. Mol Cell Biol. (2005)

25:7966–75. doi: 10.1128/MCB.25.18.7966-7975.2005

23. Paschoud, S, Dogar AM, Kuntz C, Grisoni-Neupert B, Richman L, Kühn LC.

Destabilization of interleukin-6 mRNA requires a putative RNA stem-loop

structure, an AU-rich element, and the RNA-binding protein AUF1.Mol Cell

Biol. (2006) 26:8228–41. doi: 10.1128/MCB.01155-06

24. Yu H, Sun Y, Haycraft C, Palanisamy V, Kirkwood KL. MKP-1

regulates cytokine mRNA stability through selectively modulation

subcellular translocation of AUF1. Cytokine. (2011) 56:245–55.

doi: 10.1016/j.cyto.2011.06.006

25. Iwasaki H, Takeuchi O, Teraguchi S, Matsushita K, Uehata T, Kuniyoshi K,

et al. The IkB kinase complex regulates the stability of cytokine-encoding

mRNA induced by TLR-IL-1R by controlling degradation of regnase-1. Nat

Immunol. (2011) 12:1167–75. doi: 10.1038/ni.2137

26. Schoenberg DR, Maquat LE. Regulation of cytoplasmic mRNA decay.Nat Rev

Genet. (2012) 13:246–59. doi: 10.1038/nrg3160

27. Liu Y, Shepherd EG, Nelin LD. MAPK phosphatases-regulating the immune

response. Nat Rev Immunol. (2007) 7:202–12. doi: 10.1038/nri2035

28. Mahtani KR, Brook M, Dean JLE, Sully G, Saklatvala J, Clark AR.

Mitogen-activated protein kinase p38 controls the expression and

posttranslational modification of tristetraprolin, a regulator of tumor

necrosis factor alpha mRNA stability. Mol Cell Biol. (2001) 21:6461–9.

doi: 10.1128/MCB.21.9.6461-6469.2001

29. Lafarga V, Cuadrado A, de Silanes I, Bengoechea R, Fernandez-Capetillo

O, Nebreda AR. p38 mitogen-activated protein kinase- and HuR-dependent

stabilization of p21Cip1 mRNA mediates the G1/S checkpoint. Mol Cell Biol.

(2009) 29:4341–51. doi: 10.1128/MCB.00210-09

30. Poizat C, Puri PL, Bai Y, Kedes L. Phosphorylation-dependent

degradation of p300 by doxorubicin-activated p38 mitogen-activated

protein kinase in cardiac cells. Mol Cell Biol. (2005) 25:2673–87.

doi: 10.1128/MCB.25.7.2673-2687.2005

31. Wang QE, Han C, Zhao R, Wani G, Zhu Q, Gong L, et al. p38

MAPK- and Akt-mediated p300 phosphorylation regulates its degradation

to facilitate nucleotide excision repair. Nucleic Acids Res. (2013) 41:1722–33.

doi: 10.1093/nar/gks1312

32. Georgescu SP, Li JH, Lu Q, Karas RH, Brown M, Mendelsohn ME. Modulator

recognition factor 1, an AT-rich interaction domain family member, is a novel

corepressor for estrogen receptor α. Mol Endocrinol. (2005) 19:2491–501.

doi: 10.1210/me.2004-0311

33. Amano K, Hata K, Muramatsu S, Wakabayashi M, Takigawa Y, Ono K, et al.

Arid5a cooperates with Sox9 to stimulate chondrocyte-specific transcription.

Mol Biol Cell. (2011) 22:1300–11. doi: 10.1091/mbc.e10-07-0566

34. Huang T. Repression by a differentiation-specific factor of the human

cytomegalovirus enhancer. Nucleic Acids Res. (1995) 24:1695–701.

doi: 10.1093/nar/24.9.1695

35. Ishizawa J, Kojima K, Hail N Jr, Tabe Y, Andreeff M. Expression,

function, and targeting of the nuclear exporter chromosome region

maintenance 1 (CRM1) protein. Pharmacol Ther. (2015) 153:25–35.

doi: 10.1016/j.pharmthera.2015.06.001

36. Mino T, Murakawa Y, Fukao A, Vandenbon A, Wessels HH, Ori D,

et al. Regnase-1 and roquin regulate a common element in inflammatory

mRNAs by spatiotemporally distinct mechanisms. Cell. (2015) 161:1058–73.

doi: 10.1016/j.cell.2015.04.029

37. Mendell JT, ap Rhys CM, Dietz HC. Separable roles for rent1/hUpf1 in altered

splicing and decay of nonsense transcripts. Science. (2002) 298:419–422.

doi: 10.1126/science.1074428

38. Ajamian L, Abel K, Rao S, Vyboh K, García-de-Gracia F, Soto-

Rifo R, et al. HIV-1 recruits UPF1 but excludes UPF2 to promote

nucleocytoplasmic export of the genomic RNA. Biomolecules. (2015)

5:2808–39. doi: 10.3390/biom5042808

39. Huang TT, Kudo N, Yoshida M, Miyamoto S. A nuclear export signal in

the Nterminal regulatory domain of IkBa controls cytoplasmic localization of

inactive NF-kB/ IkBa complexes. Proc Natl Acad Sci USA. (2000) 97:1014–9.

doi: 10.1073/pnas.97.3.1014

40. Masuda K, Ripley B, Nyati KK, Dubey PK, Zaman MM, Hanieh H, et al.

Arid5a regulates naive CD4+ T cell fate through selective stabilization of Stat3

mRNA. J Exp Med. (2016) 213:605–19. doi: 10.1084/jem.20151289

41. Hanieh H, Masuda K, Metwally H, Chalise JP, Mohamed M, Nyati KK,

et al. Arid5a stabilizes OX40 mRNA in murine CD4+ T cells by recognizing

a stem-loop structure in its 3’UTR. Eur J Immunol. (2018) 48:593–604.

doi: 10.1002/eji.201747109

42. Zaman MM, Masuda K, Nyati KK, Dubey PK, Ripley B, Wang K, et al. Arid5a

exacerbates IFN-γ-mediated septic shock by stabilizing T-bet mRNA. Proc

Natl Acad Sci USA. (2016) 113:11543–11548. doi: 10.1073/pnas.1613307113

43. Szabo SJ, Kim ST, Costa GL, Zhang X, Fathman CG, Glimcher LH. A novel

transcription factor, T-bet, directs Th1 lineage commitment. Cell. (2000)

100:655–669. doi: 10.1016/S0092-8674(00)80702-3

44. Szabo SJ, Sullivan BM, Stemmann C, Satoskar AR, Sleckman BP, Glimcher

LH. Distinct effects of T-bet in TH1 lineage commitment and IFN-

gamma production in CD4 and CD8T cells. Science. (2002) 295:338–42.

doi: 10.1126/science.1065543

45. Kawa K, Tsutsui H, Uchiyama R, Kato J, Matsui K, Iwakura Y, et al. IFN-

gamma is a master regulator of endotoxin shock syndrome in mice primed

with heat-killed Propionibacterium acnes. Int Immunol. (2010) 22:157–66.

doi: 10.1093/intimm/dxp122

46. Dubey PK, Masuda K, Nyati KK, -Uz ZamanMM, Chalise JP, Millrine D, et al.

Arid5a-deficient mice are highly resistant to bleomycin-induced lung injury.

Int Immunol. (2017) 29:79–85. doi: 10.1093/intimm/dxx004

47. Weinberg AD, Bourdette DN, Sullivan TJ, Lemon, M, Wallin JJ, Maziarz

R, et al. Selective depletion of myelin-reactive T cells with the anti-OX-

40 antibody ameliorates autoimmune encephalomyelitis. Nat Med. (1996)

2:183–189. doi: 10.1038/nm0296-183

48. Weinberg AD. OX40: targeted immunotherapy–implications for tempering

autoimmunity and enhancing vaccines. Trends Immunol. (2002) 23:102–9.

doi: 10.1016/S1471-4906(01)02127-5

49. Zhang Z, Zhong W, Hinrichs D, Wu X, Weinberg A, Hall M, et al.

Activation of OX40 augments Th17 cytokine expression and antigen-specific

uveitis. Am J Pathol. (2010) 177:2912–2920. doi: 10.2353/ajpath.2010.1

00353

50. Nakae S, Saijo S, Horai R, Sudo K, Mori S, Iwakura Y. IL-17 production from

activated T cells is required for the spontaneous development of destructive

arthritis in mice deficient in IL-1 receptor antagonist. Proc Natl Acad Sci USA.

(2003) 100:5986–90. doi: 10.1073/pnas.1035999100

51. Chalise JP, Hashimoto S, Parajuli G, Kang S, Singh SK, Gemechu Y,

et al. Feedback regulation of Arid5a and Ppar-γ2 maintains adipose

tissue homeostasis. Proc Natl Acad Sci USA. (2019) 116:15128–33.

doi: 10.1073/pnas.1906712116

52. Aoki Y, Maeno T, Aoyagi K, Ueno M, Aoki F, Aoki N, et al. Pioglitazone,

a peroxisome proliferator-activated receptor gamma ligand, suppresses

bleomycin-induced acutelunginjury and fibrosis. Respiration. (2009) 77:311–

319. doi: 10.1159/000168676

53. Zingarelli B, Cook JA. Peroxisome proliferator-activated receptor-gamma is a

new therapeutic target in sepsis and inflammation. Shock. (2005) 23:393–399.

doi: 10.1097/01.shk.0000160521.91363.88

Frontiers in Immunology | www.frontiersin.org 9 December 2019 | Volume 10 | Article 2790

https://doi.org/10.1084/jem.189.4.615
https://doi.org/10.1038/41131
https://doi.org/10.1007/978-3-540-72167-3_2
https://doi.org/10.1093/nar/gkx064
https://doi.org/10.1146/annurev.immunol.16.1.225
https://doi.org/10.1128/MCB.25.18.7966-7975.2005
https://doi.org/10.1128/MCB.01155-06
https://doi.org/10.1016/j.cyto.2011.06.006
https://doi.org/10.1038/ni.2137
https://doi.org/10.1038/nrg3160
https://doi.org/10.1038/nri2035
https://doi.org/10.1128/MCB.21.9.6461-6469.2001
https://doi.org/10.1128/MCB.00210-09
https://doi.org/10.1128/MCB.25.7.2673-2687.2005
https://doi.org/10.1093/nar/gks1312
https://doi.org/10.1210/me.2004-0311
https://doi.org/10.1091/mbc.e10-07-0566
https://doi.org/10.1093/nar/24.9.1695
https://doi.org/10.1016/j.pharmthera.2015.06.001
https://doi.org/10.1016/j.cell.2015.04.029
https://doi.org/10.1126/science.1074428
https://doi.org/10.3390/biom5042808
https://doi.org/10.1073/pnas.97.3.1014
https://doi.org/10.1084/jem.20151289
https://doi.org/10.1002/eji.201747109
https://doi.org/10.1073/pnas.1613307113
https://doi.org/10.1016/S0092-8674(00)80702-3
https://doi.org/10.1126/science.1065543
https://doi.org/10.1093/intimm/dxp122
https://doi.org/10.1093/intimm/dxx004
https://doi.org/10.1038/nm0296-183
https://doi.org/10.1016/S1471-4906(01)02127-5
https://doi.org/10.2353/ajpath.2010.100353
https://doi.org/10.1073/pnas.1035999100
https://doi.org/10.1073/pnas.1906712116
https://doi.org/10.1159/000168676
https://doi.org/10.1097/01.shk.0000160521.91363.88
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Nyati et al. Arid5a Regulation and Its Function

54. Drew PD, Xu J, Racke MK. PPAR-gamma: therapeutic potential for multiple

sclerosis. PPAR Res. (2008) 2008:627463. doi: 10.1155/2008/627463

55. Teijaro JR, Walsh KB, Cahalan S, Fremgen DM, Roberts E, Scott

F, et al. Endothelial cells are central orchestrators of cytokine

amplification during influenza virus infection. Cell. (2011) 146:980–91.

doi: 10.1016/j.cell.2011.08.015

56. Shirey KA, Lai W, Scott AJ, Lipsky M, Mistry P, Pletneva LM, et al. The TLR4

antagonist eritoran protects mice from lethal influenza infection. Nature.

(2013) 497:498–502. doi: 10.1038/nature12118

57. Riedemann NC, Neff TA, Guo RF, Bernacki KD, Laudes IJ, Sarma JV, et al.

Protective Effects of IL-6 blockade in sepsis are linked to reduced C5a receptor

expression. J Immunol. (2003) 170:503–7. doi: 10.4049/jimmunol.170.1.503

58. Remick DG, Bolgos G, Copeland S, Siddiqui J. Role of interleukin-6 in

mortality from and physiologic response to sepsis. Infect Immun. (2005)

73:2751–2757. doi: 10.1128/IAI.73.5.2751-2757.2005

59. Narazaki M, Kishimoto T. The two-faced cytokine IL-6 in host defense and

diseases. Int J Mol Sci. (2018) 19:E3528. doi: 10.3390/ijms19113528

60. Rhodes DA, Isenberg DA. TRIM21 and the function of antibodies inside cells.

Trends Immunol. (2017) 38:916–26. doi: 10.1016/j.it.2017.07.005

61. Guidotti G, Brambilla L, Rossi D. Cell-penetrating peptides: from

basic research to clinics. Trends Pharmacol Sci. (2017) 38:406–24.

doi: 10.1016/j.tips.2017.01.003

62. Jung KH, Yoo W, Stevenson HL, Deshpande D, Shen H, Gagea M, et al.

Multifunctional effects of a small molecule STAT3 inhibitor on NASH

and hepatocellular carcinoma in mice. Clin Cancer Res. (2017) 23:5537–46.

doi: 10.1158/1078-0432.CCR-16-2253

63. Masuda K, Kimura A, Hanieh H, Nguyen NT, Nakahama T, Chinen I, et al.

Aryl hydrocarbon receptor negatively regulates LPS-induced IL-6 production

through suppression of histamine production in macrophages. Int Immunol.

(2011) 23:637–45. doi: 10.1093/intimm/dxr072

64. Watanabe S, Kumazawa Y, Inoue J. Liposomal lipopolysaccharide initiates

TRIF-dependent signaling pathway independent of CD14. PLoS ONE. (2013)

8:e60078. doi: 10.1371/journal.pone.0060078

65. Rejman J, Bragonzi A, Conese M. Role of clathrin- and caveolae-

mediated endocytosis in gene transfer mediated by lipo- and

polyplexes. Mol Ther. (2005) 12:468–74. doi: 10.1016/j.ymthe.2005.

03.038

66. Metwally H, Tanaka T, Kishimoto T. Arid5a expression is induced through

MYD88-independent pathway in response to TLR4 stimulation in IFNγ-

sensitized human macrophages. J Immunol. (2017) 198:129.16.

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2019 Nyati, Agarwal, Sharma and Kishimoto. This is an open-access

article distributed under the terms of the Creative Commons Attribution License (CC

BY). The use, distribution or reproduction in other forums is permitted, provided

the original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Immunology | www.frontiersin.org 10 December 2019 | Volume 10 | Article 2790

https://doi.org/10.1155/2008/627463
https://doi.org/10.1016/j.cell.2011.08.015
https://doi.org/10.1038/nature12118
https://doi.org/10.4049/jimmunol.170.1.503
https://doi.org/10.1128/IAI.73.5.2751-2757.2005
https://doi.org/10.3390/ijms19113528
https://doi.org/10.1016/j.it.2017.07.005
https://doi.org/10.1016/j.tips.2017.01.003
https://doi.org/10.1158/1078-0432.CCR-16-2253
https://doi.org/10.1093/intimm/dxr072
https://doi.org/10.1371/journal.pone.0060078
https://doi.org/10.1016/j.ymthe.2005.03.038
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

	Arid5a Regulation and the Roles of Arid5a in the Inflammatory Response and Disease
	Introduction
	Regulation of Arid5a Expression
	Gene Regulation
	mRNA Regulation
	Protein Regulation

	Regulation of Arid5a Function
	Role of Arid5a in Diseases
	LPS-Induced Systemic Inflammation
	Bleomycin-Induced Lung Injury
	EAE
	Adipogenesis and Obesity

	Arid5a, a Plausible Therapeutic Target
	Conclusions and Future Perspectives
	Author Contributions
	Funding
	References


