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ABSTRACT

Multiple sclerosis (MS) is an autoimmune disease that involves demyelination of axons in the central ner-
vous system (CNS) and affects patients worldwide. It has been demonstrated that ligand-activated aryl
hydrocarbon receptor (Ahr) ameliorates experimental autoimmune encephalomyelitis (EAE), a murine
model of MS, by increasing CD4*'FoxP3" T cells. Recent evidence indicates that AT-rich interactive
domain-containing protein 5a (Arid5a) is required for EAE pathogenesis by stabilizing 116 and 0X40
mRNAs. However, the differential modulation of Ahr and Arid5a in autoimmunity as a therapeutic strat-
egy is unexplored. Herein, an in silico, in vitro and in vivo approach identified Flavipin (3,4,5-trihydroxy-6-
methylphthalaldehyde) as an Ahr agonist that induces the expression of Ahr downstream genes in mouse
CD4" T cells and CD11b" macrophages. Interestingly, Flavipin inhibited the stabilizing function of Arid5a
and its counteracting effects on Regnase-1 on the 3’ untranslated region (3'UTR) of target mRNAs.
Furthermore, it inhibited the stabilizing function of Arid5a on [I23a 3'UTR, a newly identified target
mRNA. In EAE, Flavipin ameliorated disease severity, with reduced CD4*IL-17" T cells, IL-6 and TNF-o
and increased CD4'FoxP3" T cells. Moreover, EAE amelioration was concomitant with reduced
CD4*0X40" and CD4"CD45" T cells in the CNS. RNA interference showed that the modulatory effects of
Flavipin on pro- and anti-inflammatory mediators in CD4" T cells and macrophages were Ahr- and/or
Arid5a-dependent. In conclusion, our findings reveal differential modulation of Ahr and Arid5a as a
new therapeutic strategy for MS.
© 2020 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Multiple sclerosis (MS) is a neurodegenerative autoimmune dis-
ease characterized by demyelination in the central nervous system
(CNS). It affects over 2.5 million people worldwide and is a major
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cause of different levels of disabilities among young adults (Van
Schependom et al.,, 2019). A number of studies at the transcrip-
tional regulatory level have provided valuable information about
the mechanisms underlying MS pathogenesis, and this information
has opened new opportunities for therapeutic strategies in MS
(Srinivasan et al., 2017; Yan et al., 2018). Recently, RNA-binding
proteins (RBPs) have emerged as new players in the development
of MS owing to their ability to modify the transcriptome during
inflammatory and autoimmune responses (Hanieh et al., 2018;
Salapa et al., 2020). However, few studies have linked proteins
from these two regulatory levels as a potential therapeutic strategy
for MS.

Aryl hydrocarbon receptor (Ahr) is a ligand-activated transcrip-
tion factor implicated in several aspects of autoimmune inflamma-
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tion (Masuda et al., 2011; Nakahama et al., 2011; Chinen et al.,
2015). It forms a complex with Ahr nuclear translocator (Arnt) in
response to structurally diverse ligands to induce a battery of
downstream genes that mediate its immunomodulatory properties
(Nakahama et al., 2013; Nguyen et al., 2013; Hanieh, 2014). Several
exogenous Ahr ligands have been examined for their anti-
inflammatory potential in animal models of autoimmune diseases.
For example, norisoboldine (Tong et al., 2016) and mesalamine
(Oh-oka et al., 2017) alleviate autoimmune conditions by promot-
ing the differentiation of regulatory T (Treg) cells and reducing pro-
inflammatory mediators via the Ahr pathway in animal models of
arthritis (Tong et al., 2016), and colitis (Oh-oka et al., 2017).

In experimental autoimmune encephalomyelitis (EAE), a well-
established murine model of MS, activation of Ahr by laquinimod
mitigates disease severity by enhancing differentiation of Treg cells
and suppressing pro-inflammatory cytokines (Kaye et al., 2016).
Tryptophan metabolites in combination with type I interferons
limit CNS inflammation in EAE mice through activation of Ahr sig-
naling in astrocytes (Rothhammer et al., 2016). Furthermore, acti-
vation of Ahr by 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) and
gallic acid ameliorates EAE through microRNA (miR)-132-
mediated cholinergic anti-inflammation and suppression of IL-6
and IL-17 (Hanieh and Alzahrani, 2013; Alzahrani et al., 2019),
while gallic acid regulates the pathogenic potential of microglia
and astrocytes (Alzahrani et al., 2019). Therefore, activation of
Ahr may be a valuable therapeutic strategy to control autoimmune
inflammation.

Recently, posttranscriptional regulation of inflammation and
autoimmunity by RBPs has attracted research interest due to the
ability of these factors to control the half-lives of related mRNAs.
It has been demonstrated that dysfunction of heterogeneous
nuclear ribonucleoprotein A1 (hnRNP A1) (Douglas et al., 2016),
tristetraprolin (TTP) (Patial et al., 2016), and AU-rich element
RNA-binding protein 1 (AUF1) (Sadri and Schneider, 2009) induces
inflammation and systemic autoimmunity. Regnase-1 (Zc3h12a)-
deficient mice exhibit several pathologies of autoimmune diseases
(Yoshinaga and Takeuchi, 2019). It destabilizes Il6 and Nfkbiz (IkB()
mRNAs through their 3’ untranslated region (3'UTR) and inhibits
IL-17 signaling; therefore, Zc3h12a*/~ mice exhibit exacerbated
pulmonary inflammation and EAE (Garg et al., 2015).

Conversely, AT-rich interactive domain-containing protein 5a
(Arid5a) is required for inflammatory immune responses and
autoimmunity (Masuda et al., 2016; Zaman et al., 2016; Nyati
et al., 2019; Metwally et al., 2020). It promotes EAE severity by sta-
bilizing 116 and 0X40 mRNAs (Masuda et al., 2013; Hanieh et al,,
2018). Arid5a triggers IL-17 signaling and enhances the mRNA sta-
bility of 116, chemokine (C-X-C motif) ligand 1 (Cxcl1) and Cxcl5 by
binding to their 3'UTR and counteracting the RNase activity of
Regnase-1 (Amatya et al., 2018). Furthermore, Arid5a competes
with Regnase-1 and/or Roquin-1 and mitigates their RNA destabi-
lizing functions on conserved stem-loop structures in the 3’'UTR of
signal transducer and activator of transcription 3 (Stat3) and
CD134 (0X40) mRNAs (Masuda et al., 2016; Hanieh et al., 2018).
Therefore, blocking Arid5a may be a potential therapeutic strategy
for inflammatory and autoimmune diseases (Masuda and
Kishimoto, 2018).

In the current study, we combined computational prediction,
in vitro and in vivo studies to manipulate the functions of Ahr
and Arid5a differentially as a new therapeutic strategy for MS
and identified example molecule, namely Flavipin (3,4,5-trihy
droxy-6-methylphthalaldehyde), as a new Ahr agonist with inhibi-
tory effects on Arid5a functions in mice. Furthermore, we demon-
strated the anti-inflammatory properties of Flavipin in EAE,
provided a mechanistic explanation, and identified II23a as a new
mRNA target for Arid5a.
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2. Materials and methods
2.1. In silico computational prediction

The PAS-B 3D structure was predicted and validated as previ-
ously described (Hanieh et al., 2016). Briefly, the PAS-B 3D model
was developed using PS2 software (http://www.ps2.life.nctu.edu.
tw/), and validated for stereochemical quality using SAVES version
v5.0 software (https://services.mbi.ucla.edu/SAVES/). The Arid5a
3D structure was predicted as described elsewhere (Masuda
et al.,, 2016). Briefly, the model was constructed using Spanner
(Lis et al., 2011) and HHPred (Soding et al., 2005) with the MRF-
2 domain (PDB ID: 1ig6). The chemical structure of Flavipin
(CID_3083587) was retrieved from the PubChem database (www.
ncbi.nlm.nih.gov/pccompound). Potential interactions of Flavipin
with Ahr and Arid5a were studied by docking simulation using
Autodock v1.5.4 and Autodock v4.2 software (http://www.
scripps.edu/mb/olson/doc/autodock).

2.2. Experimental animals

Female C57BL/6 mice (6-8 weeks) were purchased originally
from Charles River Laboratories (CA, USA), and Rag-1-/~ mice were
from Jackson Laboratory (ME, USA). The mice were maintained in
specific pathogen-free (SPF) environments and had ad libitum
access to feed and water. The experiments were performed accord-
ing to the approved protocols by the Standing Research Ethics
Committee, King Faisal University, Saudi Arabia. A body weight
loss of >25% and paresis or forelimb paralysis for 24 h were consid-
ered humane endpoints.

2.3. Cell isolation and stimulation

To isolate naive (CD4*CD62L") T cells, a MACS isolation kit (Mil-
tenyi Biotec, Bergisch Gladbach, Germany) was used. The condi-
tions for the differentiation of Th17 and Treg cells were adopted
from previous report with modifications (Nakahama et al., 2011).
Briefly, naive CD4" T cells were cultured in the presence of Mouse
T-Activator CD3/CD28 Dynabeads (Invitrogen, CA, USA). To gener-
ate Th17 cells, the cell culture was supplemented with IL-6 (25 ng/
mL; R&D Systems, MN, USA), TGF-B1 (3 ng/mL; R&D Systems), and
anti-IFN-y and anti-IL-4 antibodies (10 pg/mL; BioLegend, CA,
USA). To generate Treg cells, the cell culture was supplemented
with TGF-B1 (4 ng/mL; R&D Systems) and IL-2 (25 U/mL; R&D Sys-
tems). The thioglycolate (TGC)-recruited peritoneal macrophages
were cultured in the presence of LPS (Sigma-Aldrich, MO, USA) at
a concentration of 0.5 pg/mL. Purified Flavipin (3,4,5-trihydroxy-
6-methylphthalaldehyde; 95-98%) was purchased from Chemie-
liva Pharmaceutical (Chongqing, China) and dissolved in DMSO.

2.4. Quantitative PCR

c¢DNA was synthesized from total RNA using TagMan Reverse
Transcription kits (Applied Biosystems, CA, USA). cDNA amplifica-
tion was performed using a real-time PCR system (ViiA7;
Applied Biosystems) with standard cycling conditions of 50 °C for
2 min and 95 °C for 10 min, followed by 40 cycles of 95 °C for
15 s and 60 °C for 1 min. The TagMan Gene Expression Assays
(Applied Biosystems) used were Cyp1A1, Mm00487218_m1; Stat3,
MmO01219775_m1; Tnfrsf4 (0X40), MmO00442039_m1; AChE,
MmO00477274_g1; 1123a, Mm00518984_m1; Rorc, Mm01261022_
m1; Foxp3, MmO00475162_m1; IlI6, Mm00446190_m1; Gapdh,
Mm99999915_g1; has-miR-132, 1D:00457; has-miR-212, 1D:00515;
RNUG6B, ID:1093.
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2.5. Protein quantification

For western blotting, the cell lysates were separated by SDS-
PAGE. The proteins were detected using validated rabbit polyclonal
anti-Cyp1A1 antibodies (Santa Cruz Biotechnology, CA, USA), anti-
Ahr antibodies (Santa Cruz Biotechnology), anti-Arid5a antibodies
(Abcam, MA, USA), and mouse monoclonal anti-B-actin antibodies
(Cell Signaling, MA, USA). The intensities of the protein bands were
quantified using Image] v.1.48 software (http://imagej.nih.gov/
ij/download.html). ELISA kits were used to quantify IL-17 and
TGF-B (Quantikine; R&D Systems) and IL-6, TNF-o. and IL-23a
(Invitrogen), following the manufacturer’s guidelines.

2.6. Plasmids

The pGL3 plasmids encoding the 3'UTR of 0OX40 or [I123a were
constructed by cloning the inserts at the Xbal restriction site using
the In-Fusion HD Cloning Kit (Clontech, CA, USA). The primers used
to synthesize the inserts were 0X40 (1076-1119) F: 5'-AGATCGC
CGTGTAATTCTAGATCCTGATGCCTGCCAGTACCC-3’, R: 5'-GCCGGCC
GCCCCGACTCTAGAAAGCCCAGAGCCAGCCCAGCACC-3'; I123a (com-
plete), F: 5'-AGATCGCCGTGTAATTCTAGAAGACCCAGAGAGCCACA
TAA-3, R: 5'-GCCGGCCGCCCCGACTCTAGATGAGCCCTTAGTGCCAA
CAG-3'. Mouse protein expression plasmids (Arid5a, Regnase-1;
pcDNA3.1) cloned at the EcoR1 and Xbal restriction sites and
pGL3 plasmids encoding the 3'UTR of Il6 and Stat3 cloned at the
Xbal restriction site were generously provided by Professor Tada-
mitsu Kishimoto, Osaka University, Japan.

2.7. Transfection and luciferase activity

HEK293T cells (ATCC, ME, USA) were transfected with the plas-
mids using Lipofectamine LTX (Invitrogen) for 48 h. The luciferase
activities (Firefly) normalized to Renilla were quantified using the
Dual-Luciferase Reporter System (Promega, WI, USA) following
the manufacturer’s guidelines. CD4"CD62L" T cells and peritoneal
macrophages were electroporated with Ahr siRNA (siAhr;
100 nM; Ambion, MA, USA), siArid5a (100 nM; Sigma-Aldrich), or
nonspecific (siNS; 100 nM; Ambion) by a 4D-Nucleofector System
using specific transfection kits (Lonza, Cologne, Germany).

2.8. EAE models and treatment

EAE was induced following a modified method described previ-
ously (Nakahama et al., 2013). Briefly, MOG3s5_s55 (125 pig/mL; Pep-
tides International, KY, USA) emulsified in complete Freund’s
adjuvant (CFA; Sigma-Aldrich) containing H37RA (Mycobacterium
tuberculosis; Difco Laboratories, NJ, USA) was injected at the base
of the tail. On days 0 and 2, the mice received intraperitoneal injec-
tions of pertussis toxin (300 ng; Sigma-Aldrich). The scoring system
was adopted as described elsewhere (Hanieh and Alzahrani, 2013)
and assessed by expert who is blinded of experimental details; O,
normal; 1, limp tail; 2, hind limb paresis; 3, forelimb weakness; 4,
paralysis; and 5, moribund. For adoptive transfer, CD4" T cells iso-
lated from EAE mice 10 days post immunization were cultured for
72 h with MOGss_s5 (25 pg/mL) and IL-23 (25 ng/mL). The encephal-
itogenic cells (1 x 107 cell/mouse) were injected intravenously into
Rag-1-/~ mice. For Flavipin treatment, the mice received intraperi-
toneal injections with vehicle (corn oil) or Flavipin (1.5 mg/mouse/
day) for 11 consecutive days starting one day prior to MOGs3s_ss
immunization and ending before onset of clinical symptoms.

2.9. RIP and mRNA stability assays

Peritoneal macrophages were stimulated with LPS for 3 h. The
RNA immunoprecipitation (RIP) assay kit (MBL International, MA,
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USA) and anti-Arid5a antibodies (Abcam) were used to detect
[I23a mRNA in the lysates. For mRNA stability, LPS-stimulated
macrophages (3 h) were treated with actinomycin D (ActinD;
5 pg/mL) for 0-3 h. The RNA isolated from RIP and stability assays
was analyzed using quantitative real-time PCR.

2.10. Flow cytometry

The CD4" T cells were stimulated with ionomycin (800 ng/mL;
Sigma-Aldrich) and phorbol 12-myristate 13-acetate (50 ng/mL;
Sigma-Aldrich) for 5 h, and Protein Transport Inhibitor (Invitrogen)
was added for the last 2 h. Phycoerythrin (PE)-conjugated anti-IL-
17 antibodies (eBioscience, CA, USA) and an intracellular staining
kit (Life Technologies) were used. Fluorescein isothiocyanate
(FITC)-conjugated anti-Foxp3 antibodies and a Foxp3 staining kit
(Invitrogen) were used following the manufacturer’s guidelines.
PerCP-Cy5.5-conjugated anti-CD4 antibodies (eBioscience), and
PE-conjugated anti-OX40 (BioLegend) antibodies were used for
surface staining. The analysis was carried out using a FlowSight
system (Amnis, TX, USA).

2.11. Statistics

Three independent experiments were carried out in triplicate,
unless otherwise indicated. Data are shown as the mean * SD of
representative experiments. The differences between means were
analyzed by one-way ANOVA. The statistical significance of the
EAE clinical score and RNA stability results was analyzed by two-
way ANOVA. The statistical significance of EAE incidence was ana-
lyzed by X? test. *p < 0.05 was considered significant.

3. Results
3.1. In silico potential for interaction of Flavipin with Ahr and Arid5a

We previously found that activation of Ahr by exogenous
ligands and deletion of Arid5a ameliorates EAE in mice (Hanieh
and Alzahrani, 2013; Hanieh et al., 2018; Alzahrani et al., 2019).
Therefore, we hypothesized that differential modulation of Ahr
and Arid5a using an exogenous molecule would be a new thera-
peutic strategy for MS; therefore, we first carried out a molecular
docking screening using a customized hydrocarbon library.

Among the tested molecules, Flavipin showed potential interac-
tions with both Ahr and Arid5a. Analysis of the computational sim-
ulation revealed that Flavipin forms five hydrogen bonds with the
Arg7 and Cys19 residues of the ligand-binding domain of mouse
Ahr, namely, PAS-B, with a binding energy of —3.48 kcal/mol
(Fig. 1A). In addition, a van der Waals force was predicted to occur
with residue Lys58. Docking simulation of Flavipin was carried out
against the ARID domain (Glu50 to Leu146) of mouse Arid5a
(Masuda et al., 2016). The analysis showed that Flavipin forms
three hydrogen bonds with residues Arg127, Glu131 and Arg132
with a binding energy of —3.05 kcal/mol (Fig. 1B). Furthermore,
van der Waals forces were predicted with the residues Glu131
and Leu135. Collectively, these observations suggest Flavipin as a
candidate molecule with dual interactions with Ahr and Arid5a.

3.2. Ahr downstream genes are induced by Flavipin

Having identified Flavipin as a potential ligand for Ahr, we first
tested whether Flavipin induces the expression of Ahr downstream
genes in cells implicated in EAE pathogenesis. Therefore, the gene
expression of cytochrome P450 1A1 (Cyp1A1) was quantified in
CD4" T cells cultured in Th17 cell-inducing conditions and in macro-
phages cultured in the presence of lipopolysaccharide (LPS). As
depicted in Fig. 2A and B, Flavipin (20-80 uM) upregulated the
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A

Fig. 1. In silico binding potential of Flavipin to mouse Ahr and Arid5a. (A)
Putative binding mode of Flavipin to the Ahr PAS-B domain; five hydrogen bonds
were formed at Arg7 and Cys19. (B) Putative binding mode of Flavipin with the
ARID domain (residues 50-146) of the Arid5a protein; three hydrogen bonds were
formed at Argl27, Glu131 and Argl132. The yellow dotted lines indicate the
hydrogen bonds. The right panels in A and B represents contour maps of the binding
sites.

mRNA and protein expression of Cyp1A1 in both CD4" T cells cul-
tured in Th17 cell conditions and LPS-stimulated macrophages in a
concentration-dependent manner. The efficiency of cell stimulation
in vitro is shown in Fig. S1. Treating cells with 120 uM Flavipin
reduced cell viability (Fig. S2); therefore, a safe concentration of
40 uM was used for further investigation. Silencing Ahr abolished
the Flavipin promoting effects on the expression of the Cyp1A1 gene
(Fig. 2C and D), indicating an Ahr-dependent mode of action.

We previously identified the miR-212/132 cluster as a new
downstream gene of Ahr (Nakahama et al, 2013; Hanieh and
Alzahrani, 2013; Hanieh, 2015). Therefore, the effects of Flavipin
on the expression of miR-132 and miR-212 were assessed. As
expected, Flavipin upregulated the expression of the miRNA cluster
in differentiating Th17 cells and LPS-stimulated macrophages, but
depletion of Ahr abrogated these enhancing effects (Fig. 2E). The
efficiency of silencing Ahr using siAhr was confirmed (Fig. 2F). Col-
lectively, these results suggest Flavipin as a new Ahr ligand in mice
with agonistic properties.

3.3. Stabilizing functions and counteracting activity of Arid5a on
Regnase-1 on the 3'UTR are abolished by Flavipin

Arid5a is required for autoimmunity via stabilizing the mRNAs
of 116, Stat3 and 0X40 through their 3'UTRs (Masuda et al., 2013;
Masuda et al.,, 2016; Hanieh et al., 2018). Therefore, we examined
the stabilizing functions of Arid5a on the 3'UTRs of target mRNAs
in the presence of Flavipin using HEK293T cells. Overexpression
of Arid5a increased the luciferase activity of the pGL3 plasmid dri-
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ven by the 3'UTR of II6, Stat3 or 0X40 (Fig. 3A). These enhancing
effects of Arid5a on the luciferase activities were abolished with
Flavipin at 40 pM (Fig. 3A). Afterward, we assessed the effects of
Flavipin on the counteracting activity of Arid5a on the ribonuclease
Regnase-1 on the 3'UTR of target mRNAs. Overexpression of Arid5a
counteracted Regnase-1 suppressive effects on the luciferase activ-
ity of the pGL3 plasmid encoding the 3'UTR of II6, Stat3 or 0X40
(Fig. 3B). These counteracting effects of Arid5a were abrogated in
the presence of Flavipin (Fig. 3B). Collectively, these findings indi-
cate that Flavipin is an inhibitor of Arid5a function.

3.4. Ahr and Arid5a mediate the alleviative effects of Flavipin on EAE

To determine the biological significance of the differential
actions of Flavipin on Ahr and Arid5a, we first examined its effects
on EAE severity. Higher dose of Flavipin (6 mg/day/mouse)
increased spleen and liver weights (Fig. S2). An optimized Flavipin
treatment (1.5 mg/day/mouse) alleviated clinical and maximum
scores of EAE compared to vehicle-treated (Control) mice
(Fig. 4A) but not EAE incidence (Fig. 4B). These alleviating effects
were concomitant with lower serum levels of IL-6 and TNF-o on
day 23 post MOGss_ss immunization (Fig. 4C). Furthermore, CD4"
T cells isolated from the inguinal lymph nodes of Flavipin-treated
EAE mice on day 10 post immunization produced less IL-17 and
more TGF-B in response to MOGss_s5 restimulation (Fig. 4D). Con-
sistent with these observations, the frequency of CD4*IL-17" T cells
was decreased and that of CD4*FoxP3" T cells was increased in
Flavipin-treated EAE mice (Fig. 4E).

Attenuation of EAE in Arid5a~/~ mice is associated with a
reduced frequency of CD4'0X40" T cells and less infiltration of
CD4*CD45" T cells within the CNS (Hanieh et al., 2018). Compara-
bly, the frequency of CD4*0X40" T cells and infiltration of CD4"-
CD45" T cells within the CNS were reduced with Flavipin
treatment (Fig. 4E and F). It has been previously shown that agonis-
tic anti-OX40 antibodies (0X86) induce weak IL-17 production by
encephalitogenic Arid5a~/~ CD4* T cells compared to wild-type
cells (Hanieh et al., 2018). Herein, we found that encephalitogenic
CD4" T cells from Flavipin-treated EAE mice produced less IL-17 in
response to MOGss.s5 restimulation and ligation of OX40 with
0X86 antibodies (Fig. 4G).

The effect of Flavipin on transcriptional activation of Ahr in vivo
was examined by quantifying the mRNAs of downstream genes. As
presented in Fig. 4H and [, the mRNA expression levels of Cyp1A1,
miR-132 and miR-212 were upregulated in CD4" T cells isolated
from spleens of Flavipin-treated mice with EAE on day 10 post
MOG3s.55 immunization. In CD11b* macrophages, the expression
of Cyp1A1 and miR-132 mRNAs was upregulated, whereas that of
miR-212 did not reach a significance level (Fig. 4H and I). We pre-
viously showed that ligand-activated Ahr potentiates cholinergic
anti-inflammation in animal models of autoimmune diseases by
inducing the expression of acetylcholinesterase (AChE)-targeting
miR-132 (Hanieh and Alzahrani, 2013; Alzahrani et al., 2017). As
depicted in Fig. 4], the mRNA expression of AChE was downregu-
lated in splenocytes from Flavipin-treated EAE mice, indicating
that Flavipin induced the miR-132/AChE module. Taken together,
these findings indicate that Flavipin ameliorates EAE severity by
activating Ahr and inducing its anti-inflammatory effects and by
inhibiting Arid5a and blocking its pro-inflammatory functions.

3.5. Ahr-dependent and Arid5a-dependent mechanisms mediate the
modulatory effects of Flavipin on cytokines

For further mechanistic illustration, we assessed the effects of
Flavipin on the effector functions of CD4" T cells cultured in
Th17- or Treg cell-inducing milieus and macrophages stimulated
with LPS. Consistent with the in vivo results, Flavipin (40 uM)
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Fig. 2. The Ahr downstream genes are induced by Flavipin in an Ahr-dependent manner. Naive T cells (CD4"CD62L") were cultured under Th17-inducing conditions, and
macrophages were stimulated with LPS. The expression of Cyp1A1 and miR-212/132 cluster mRNAs was measured by real-time PCR and normalized to Gapdh or RNU6B
mRNAs, respectively. Cyp1A1 protein was detected by immunoblot; actin was used as a loading control. (A) Relative mRNA expression of Cyp1A1 in differentiating Th17 cells
and macrophages (12 h) in the presence of Flavipin (Flav; 20-80 M) compared to DMSO-treated cells. (B) Immunoblot and protein expression of Cyp1A1 in differentiating
Th17 cells and macrophages (48 h) in the presence of Flavipin (20-80 uM) compared to DMSO treatment. (C) Relative expression of Cyp1A1 mRNA in differentiating Th17 cells
and macrophages (12 h) electroporated with nonspecific siRNA (siNS; 100 nM) or Ahr siRNA (siAhr; 100 nM) in the presence of Flavipin (40 uM) compared to DMSO
treatment. (D) Immunoblot and relative protein expression of Cyp1A1 in differentiating Th17 cells and macrophages (48 h) electroporated with siAhr or siNS in the presence
of Flavipin (40 M) compared to DMSO treatment. (E) Relative expression of miR-132 and miR-212 in differentiating Th17 cells and macrophages (30 h) electroporated with
siAhr or siNS in the presence of Flavipin (40 pM) compared to DMSO treatment. (F) The efficiency of siAhr was confirmed by immunoblot. Data are shown as the mean + SD
from representative experiment out of three independent experiments (n = 3 each) studied in triplicates and produced similar results. *p < 0.05 (one-way ANOVA); horizontal

bars denote statistical comparisons.

reduced the production of IL-17, IL-6, TNF-oo and IL-23 and
increased TGF-B production (Fig. 5A and B). Depletion of Ahr by
siAhr in differentiating Th17 and Treg cells mitigated the suppres-
sive effects of Flavipin on IL-17 production and cancelled its
enhancing effects on TGF-B production compared with the non-
specific siRNA (siNS) counterpart (Fig. 5C). In LPS-stimulated
macrophages, silencing Ahr by siAhr mitigated the suppressive
effects of Flavipin on IL-6 and cancelled its effects on TNF-a but
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did not alter its effect on IL-23 compared with its siNS counterpart
(Fig. 5D).

Subsequently, we depleted Arid5a by siArid5a. Silencing
Arid5a in differentiating Th17 and Treg cells augmented the
inhibitory effects of Flavipin on IL-17, but no effects were
reported on TGF-B compared with the siNS counterpart
(Fig. 5E). In LPS-stimulated macrophages, siArid5a augmented
the inhibitory effects of Flavipin on IL-6 and IL-23 but did not
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Fig. 3. Arid5a stabilizing functions and competition with Regnase-1 on the 3'UTR of target mRNAs are abolished by Flavipin. (A) Relative luciferase activity of pGL3
plasmids (100 ng) encoding the 3'UTR of 116, Stat3 or 0X40 (1076-1119) transfected into HEK293T cells (48 h) together with Arid5a expression plasmid (300 ng) compared
with each activity when transfected with empty plasmid (Control; 300 ng); Flavipin (40 uM). (B) Relative luciferase activity of pGL3 plasmids (100 ng) encoding the 3'UTR of
116, Stat3 and 0X40 (1076-1119) transfected into HEK293T cells (48 h) together with Arid5a (300 ng) and/or Regnase-1 (300 ng) expression plasmids compared with each
activity when transfected with empty plasmid (Control; 300-600 ng); Flavipin (40 uM). Data are shown as the mean * SD from representative experiment out of three
independent experiments studied in triplicates and produced similar results. *p < 0.05 (one-way ANOVA); horizontal bars denote statistical comparisons.

exert significant effects on TNF-oo compared to its siNS counter-
part (Fig. 5F).

Arid5a stabilizes the mRNAs of Stat3 and 0X40 during the differ-
entiation of Th17 cells in vitro (Masuda et al., 2016; Hanieh et al.,
2018). Therefore, we examined whether Flavipin affects the mRNA
expression of these factors under similar conditions. As depicted in
Fig. 5G, Flavipin downregulated the expression of Stat3 and 0X40
mRNAs. Depletion of Arid5a abolished the suppressive effects of Fla-
vipin on Stat3 and 0X40 mRNAs compared with DMSO counterpart,
whereas depletion of Ahr did not exert significant effects (Fig. 5G).
The efficiency of siArid5a was confirmed (Fig. 5H) Taken together,
the results suggest that Flavipin exerts its modulatory effects
through Ahr-dependent and Arid5a-dependent mechanisms.

Finally, to examine whether the attenuating effects of Flavipin
on EAE were mediated by T cells, EAE was induced by adoptive
transfer of encephalitogenic CD4" T cells into Rag-1-~/~ mice.
The clinical and maximum scores revealed that the CD4" T cells
isolated from Flavipin-treated EAE mice induced mild symptoms
(Fig. 5I). These observations indicate that Flavipin ameliorates
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EAE through T and T

mechanisms.

cell-dependent cell-independent

3.6. 1123a mRNA is a new target for Arid5a

We found that depletion of Arid5a by RNA interference results
in comparable modulatory patterns of IL-6 and IL-23 in LPS-
stimulated macrophages. Considering that Il6 mRNA is an identi-
fied target for Arid5a (Masuda et al., 2013), we predicted that
1123a mRNA would be a target for Arid5a. Thus, we first studied
whether Arid5a affects the luciferase activity of a pGL3 plasmid
encoding the [123a 3'UTR using HEK293T cells. Overexpression of
Arid5a increased the luciferase activity of the pGL3 plasmid driven
by the I123a 3'UTR, and Flavipin treatment (40 uM) abolished the
Arid5a-enhancing effects (Fig. 6A). Because physical binding of
Arid5a to target mRNAs is required for its stabilizing function,
we examined the association of Arid5a with 1[23a mRNA by RIP
assay. As shown in the real-time PCR amplification plot (Fig. 6B),
1123a mRNA was detected in the RNA eluate pulled down using
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Fig. 4. Ahr- and Arid5a-dependent actions mediate the alleviating effects of Flavipin on EAE. MOGss_s5 emulsified in CFA and pertussis toxin were used to induce EAE.
The cytokines were quantified by ELISA, and the expression of mRNA encoding protein and miRNAs was assessed by real-time PCR and normalized to Gapdh or RNU6B mRNAs,
respectively. (A) EAE clinical and maximum score and (B) incidence (%) in vehicle (Control)- or Flavipin (Flav)-treated mice. (C) Levels of IL-6 and TNF-o in the serum (day 23
post immunization). (D) Levels of IL-17 and TGF-p produced by encephalitogenic CD4" T cells isolated from the inguinal lymph nodes (10 days post immunization) and
restimulated with MOGss_s5 (72 h). (E) Flow cytometry analysis of the frequency (%) of CD4"IL-17" and CD4'FoxP3" T cells in the inguinal lymph nodes (day 23 post
immunization) and the frequency of CD4*0X40" T cells in the CNS (10 days post immunization), gated on CD4" T cells. (F) Absolute number of CD4*CD45" T cells in the CNS
(day 10 post immunization). (G) Culture supernatant level of IL-17 produced by encephalitogenic CD4" T cells restimulated as described in D in the absence (Control) or
presence of agonistic anti-OX40 antibodies (OX86). (H) Relative expression of Cyp1A1 mRNA in CD4" T cells and CD11b* macrophages isolated from the spleens of EAE mice
(day 10 post immunization) compared to the control EAE mice. (I) Relative expression of miR-132 and miR-212 in CD4" T cells and CD11b" macrophages isolated from the
spleens of EAE mice (10 post immunization) compared to the control EAE mice. (J) Relative expression of AChE mRNA in splenocytes from EAE mice (day 10 post
immunization) compared to control EAE mice. Data in A and C-] are shown as the mean + SD from representative experiment out of three independent experiments (n =5
each) produced similar results; C-] were studied in triplicates. *p < 0.05, A left panel (two-way ANOVA); B (X? test); A right panel and C-] (one-way ANOVA); horizontal and
vertical bars denote statistical comparisons.

Arid5a antibodies. Finally, the mRNA stability results confirmed 4. Discussion
that silencing Arid5a reduced the half-life of [123a mRNA in LPS-

stimulated macrophages after ActinD treatment. Collectively, these Accumulating evidence demonstrates that activation of Ahr by
results suggest that Arid5a stabilizes the [[23a mRNA through an exogenous ligands alleviates EAE severity by boosting the differen-
interaction with its 3'UTR. tiation of Treg cells and suppressing pro-inflammatory mediators
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Fig. 5. The modulatory effects of Flavipin on cytokines are mediated by Ahr- and Arid5a-dependent effects. Naive T cells (CD4"CD62L") were cultured under Th17- or
Treg-inducing conditions, and peritoneal macrophages were stimulated with LPS in presence or absence of Flavipin (40 pM). The cells were electroporated with nonspecific
siRNA (siNS; 100 nM) or Ahr siRNA (siAhr; 100 nM), siArid5a or. Cytokines were measured using ELISA, and mRNAs were measured by real-time PCR and normalized to Gapdh
mRNA. (A) Levels of IL-17 and TGF-B produced by CD4" T cells cultured under Th17- or Treg-inducing conditions (72 h), respectively. (B) Levels of IL-6, TNF-o and IL-23
produced by LPS-stimulated macrophages (16 h). (C and E) Levels of IL-17 and TGF-B produced by CD4" T cells electroporated with siAhr, siArid5a or siNS and cultured under
Th17- or Treg-inducing conditions. (D and F) Levels of IL-6, TNF-o and IL-23 produced by macrophages electroporated with siAhr, siArid5a or siNS and stimulated with LPS.
(G) Relative mRNA expression of Stat3 and 0X40 in CD4" T cells cultured under Th17-inducing conditions (12 h) compared with DMSO-treated cells. (H) The efficiency of
siArid5a was confirmed by immunoblot. (I) Clinical and maximum scores of EAE induced in Rag-1~/~ mice by adoptive transfer of encephalitogenic CD4" T cells isolated from
EAE mice (10 days post immunization) and restimulated with MOGss_s5 (72 h). Data in A-G are shown as the mean * SD of representative experiment out of three
independent experiments (n = 3 each) studied in triplicates and produced similar results. Data in I (left panel) are shown as the mean * SD from representative experiment out
of two independent experiments (n = 5 each) produced similar results; I (right panel) represents individual animals. *p < 0.05, A-G and I right panel (one-way ANOVA); I left

panel (two-way ANOVA); horizontal and vertical bars denote statistical comparisons.
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Fig. 6. I123a is a new mRNA target for Arid5a. (A) Relative luciferase activity of a
pGL3 plasmid encoding the 3'UTR of 1123a (100 ng) transfected into HEK293T cells
(48 h) together with the Arid5a expression plasmid (300 ng) compared with its
activity when transfected with the empty plasmid (Control; 300 ng); Flavipin
(40 uM). (B) Representative real-time PCR amplification plot of [I23a in the RNA
eluate obtained from LPS-stimulated macrophages (3 h) using anti-Arid5a and
control IgG antibodies (RIP assay). (C) Relative expression of [123a mRNA in LPS-
stimulated macrophages for 3 h and then treated for 0-3 h with actinomycin D
(ActinD) compared to mRNA expression at 0 h. (A and C) Data are shown as the
mean * SD from representative experiment out of three independent experiments
studied in triplicates and produced similar results; C (n = 3 each). *p < 0.05, A (one-
way ANOVA); C (two-way ANOVA); horizontal bars denote statistical comparisons.

(Hanieh and Alzahrani, 2013; Kaye et al., 2016; Alzahrani et al.,
2019). Recent evidence indicates that Arid5a is required for EAE
pathogenesis by stabilizing mRNAs encoding related proteins
(Masuda et al., 2013; Hanieh et al., 2018). However, there are no
reports on studies involving manipulation of the functions of Ahr
and Arid5a under autoimmune conditions. Herein, we introduced
a new potential strategy for MS treatment and identified an exam-
ple molecule that acts differentially on Ahr and Arid5a, namely,
Flavipin. Furthermore, we provided evidence on the differential
actions of Flavipin on Ahr and Arid5a in EAE attenuation and iden-
tified I123a as a new mRNA target for Arid5a.

The Ahr PAS-B domain plays crucial roles in the activation of
Ahr through interactions with structurally diverse ligands
(Fukunaga et al., 1995; Soshilov and Denison, 2008; Corrada
et al., 2016). Ligation of Ahr transforms it into a transcriptionally
active form that induces transcription of downstream genes such
as CyplAl (Fukasawa et al, 2015) and miR-212/132 cluster
(Hanieh and Alzahrani, 2013). The current in silico docking simula-
tion predicted a relatively strong interaction between Flavipin and
the mouse Ahr PAS-B domain that comprises five hydrogen bonds
and van der Waals forces. This prediction was validated by in vitro
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studies showing that Flavipin induces the gene expression of
Cyp1A1, miR-132 and miR-212 in CD4" T cells cultured under
Th17 cell-conditions and LPS-stimulated macrophages in an Ahr-
dependent manner. The prediction was further supported by com-
parable results from in vivo studies. Furthermore, Flavipin has been
reported as an Ahr agonist in human cancer cells (Hanieh et al.,
2016).

Computational predictions revealed a potential interaction
between Flavipin and Arid5a that comprises three hydrogen bonds
and van der Waals forces. It has been demonstrated that Arid5a
stabilizes the mRNAs of 116, Stat3 and 0X40 through physical inter-
action with their 3’'UTR and counteracts the RNase function of
Regnase-1 (Masuda et al., 2013; Masuda et al., 2016; Hanieh
et al., 2018). Consistently, our results showed that Flavipin abol-
ished the stabilizing effects of Arid5a on the 3'UTR of target mRNAs
and reinstated the destabilizing function of Regnase-1. Based on
these observations, we conclude that Flavipin inhibits the stabiliz-
ing functions of Arid5a and eliminates its competition with
Regnase-1 on the 3'UTR of target mRNAs.

Several studies have demonstrated the antioxidant, antimicro-
bial and anticancer properties of Flavipin (Xiao et al., 2013; Ye
et al, 2013; Hanieh et al., 2016). However, to our knowledge, its
effects on inflammation and autoimmunity have never been inves-
tigated. In the current study, we found that Flavipin exerts anti-
inflammatory effects in EAE. These properties of Flavipin were
manifested by enhanced generation of CD4"FoxP3" T cells, reduced
CD4'IL-17* T cells, suppressed IL-6 and TNF-o. expression and
induction of the miR-132/AChE module. Consistent with these
findings, activation of Ahr by exogenous ligands promotes the
generation of Treg (CD4*FoxP3") cells and reduces that of Th17
(CD4'IL-17) cells in autoimmune models, including EAE
(Kaye et al., 2016; Tong et al., 2016; Oh-oka et al., 2017). Moreover,
TCDD-activated Ahr suppresses IL-6 and TNF-o, and initiates
the anti-inflammatory system by inducing the expression of
AChE-targeting miR-132 (Hanieh and Alzahrani, 2013).

It has been demonstrated that Arid5a deficiency alleviates EAE,
with suppressed levels of IL-6 and TNF-a and a reduced frequency
of CD4*IL-17" T cells, whereas the frequency of CD4*FoxP3* T cells
was not affected (Masuda et al., 2013). Furthermore, the attenu-
ated EAE in Arid5a-deficient mice manifests as reduced frequencies
of CD4*IL-17" and CD4"0X40" T cells and fewer CD4"CD45" T cells
infiltrating within the CNS (Hanieh et al., 2018). In line with these
results, Flavipin suppressed IL-6 and TNF-a, reduced the frequen-
cies of CD4"IL-17* and CD4"0X40" T cells, and decreased the num-
ber of infiltrated CD4*CD45" T cells within the CNS. Importantly,
Flavipin enhanced the frequency of CD4"FoxP3* T cells, a distin-
guishing feature of EAE attenuation with Ahr activation, indicating
that the enhancing effect of Flavipin on CD4'FoxP3* T cells was
most likely attributed to the activation of Ahr. Taken together,
these results indicate that Flavipin attenuates EAE severity through
Ahr-dependent and Arid5a-dependent modes of action.

Supporting this conclusion, knockdown of Ahr and Arid5a in
CD4" T cells cultured under Th17- or Treg-inducing conditions
and LPS-stimulated macrophages revealed that the suppressive
effects of Flavipin on IL-17 and IL-6 were Ahr- and Arid5a-
dependent, whereas its enhancing effect on TGF-B and suppressive
effect on TNF-o. were Ahr-dependent. Furthermore, knockdown of
Ahr and Arid5a in CD4" T cells cultured under Th17-inducing con-
ditions revealed that the suppressive effects of Flavipin on Stat3
and 0X40 mRNAs were Arid5a-dependent but not Ahr-
dependent. The observations and conclusions are consistent with
previous reports. For instance, ligand-activated Ahr enhances
TGF-B production and suppresses the production of proinflamma-
tory cytokines such as IL-17 and TNF-o (Hanieh and Alzahrani,
2013; Tong et al., 2016; Oh-oka et al., 2017). Moreover, Arid5a tar-
gets 116 mRNA, increasing its stability, but not Tnfa mRNA, and
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Arid5a deficiency does not affect TGF-B-producing Treg cells
(Masuda et al., 2016). Collectively, the results indicate that Flavipin
exerts its anti-inflammatory effects through differential actions on
both Ahr and Arid5a.

It has been demonstrated that the production of IL-23, a cyto-
kine required to sustain Th17 cells, is affected by Ahr (Memari
et al., 2015; Zhu et al., 2018). However, no studies have shown a
relationship between IL-23 and Arid5a. Our results showed that
depletion of Arid5a using RNA interference reduces the production
of [L-23a. This prompted us to hypothesize that [I23a mRNA may be
a target for Arid5a. This hypothesis was validated using the lucifer-
ase activity of a pGL3 plasmid driven by the I123a 3'UTR, RIP and
mRNA stability assays. Together, these findings introduce II123a as
a new mRNA target for Arid5a and provide evidence related to
the pro-inflammatory roles of Arid5a.

In summary, we found that Flavipin attenuates EAE via Ahr-
dependent and Arid5a-dependent mechanisms. It activates Ahr to
promote the differentiation of Treg cells and suppress proi-
nflammatory mediators and inhibits the stabilizing functions of
Arid5a on target mRNAs encoding related mediators. We also iden-
tified 1123a as a new target mRNA for Arid5a. The current study
reveals a new therapeutic strategy for autoimmune conditions,
such as MS, in which the functions of Ahr and Arid5a are differen-
tially manipulated.
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