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Abstract

Dysregulated Th17 cell differentiation is associated with autoimmune diseases such as multiple
sclerosis, which has no curative treatment. Understanding the molecular mechanisms of regulating
Th17 cell differentiation will help find a novel therapeutic target for treating Th17 cells-mediated
diseases. Here, we investigated the cell-intrinsic processes by which RNA-binding protein HUR
orchestrates Th17 cell fate decisions by post-transcriptionally regulating transcription factor /rf4
and Runx1 and receptor //12rb1 expression, in turn promoting Th17 cell and Th1-like Th17 cell
differentiation in C57BL/6J mice. Knockout of HUR altered the transcriptome of Th17 cells
characterized by reducing the levels of RORyt, IRF4, RUNX1, and T-bet, thereby reducing the
number of pathogenic IL-17*IFN-y*CD4* T cells in the spleen during experimental autoimmune
encephalomyelitis (EAE). In keeping with the fact that HUR increased the abundance of adhesion
molecules VLA-4 on Th17 cells, knockout of HuR impaired splenic Th17 cell migration to the
central nervous system and abolished the disease. Accordingly, targeting HUR by its inhibitor
DHTS inhibited splenic Th17 cell differentiation and reduced EAE severity. In sum, we uncovered
the molecular mechanism of HuR regulating Th17 cell functions, underscoring the therapeutic
value of HUR for treatment of autoimmune neuroinflammation.

INTRODUCTION

Multiple sclerosis (MS) is an autoimmune inflammatory disease of the central nervous
system (CNS) (1). Experimental autoimmune encephalomyelitis (EAE) is the animal model
most widely used to investigate MS pathology and potential treatment. Accumulating
evidence has demonstrated that both Th17 cells and Thl cells are able to induce
pathogenesis of EAE, albeit through different mechanisms (2-5). Currently, there is no
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curative treatment for MS. Further understanding the molecular mechanism underlying Th17
cell differentiation will help find a novel therapeutic target for MS.

Transcriptional gene regulation of Th17 and Th1 cell differentiation and function are well
studied. During the cytokine-mediated Th17 cell differentiation, the two orphan nuclear
receptors, RORyt (RORC) and RORa (RORA) and transcription factor STAT3, jointly
regulate Th17 cell differentiation (6-8). In addition, several other transcriptional factors also
participate in Th17 cell differentiation, including IRF4 (9). RUNX1 influences Th17 cell
differentiation by inducing RORyt expression and by jointly driving IL-17 (IL-17A)
transcription (10). A more recent report revealed that the key transcription factor TBX21 (T-
bet) in Th1l cells is required for the ontogeny of pathogenic interferon-ry-producing Th17
cells in autoimmune encephalomyelitis (11).

In the immune system, T cell responses following activation are driven by the rapid
induction of cytokines and chemokines involving both transcriptional and post-
transcriptional regulation (12). However, it remains unknown how Th17 cell differentiation
is post-transcriptionally regulated by RNA-binding proteins in autoimmune diseases.
Considering the importance that post-transcriptional regulation modulates gene expression
for quick responses to environmental stimuli, and that the abundance of mMRNA is
determined by two rates: transcription rate and decoy rate, there has been a strong interest in
the post-transcriptional gene regulation of immune cell responses (12-17). HuR (ELAVL1)
expressing ubiquitously in all tissues, is a critical post-transcriptional regulator of gene
expression in cancer and immune cells (14,18-25). HuR binds to target MRNAs that contain
U- and AU-rich sequences in the 3’ untranslated regions (3’UTRS) to prolong their lives,
such as //17, Csf2, and Ccr6in Thl7 cells(18,26-28). Here, we have investigated that HUR
influenced Th17 cell fate by controlling its transcripts of transcription factors and receptors.
Mechanistically, HuR stabilized /rf4and RunxI mRNAs and prolonged their half-lives,
therefore enhanced their expression, which in turn promoted the expression of RORyt and
facilitated Th17 cell differentiation (11). Furthermore, HUR directly and indirectly regulated
IL-12RpB1 and T-bet expression, respectively, as well as VLA-4 expression. Accordingly,
genetic ablation of HuR impaired pathogenic Th17 and Thi-like Th17 cell differentiation
and migration to CNS, abrogated the severity of EAE. Finally, targeting HuR by its inhibitor
DHTS was effective for delaying the onset and reducing EAE severity. These results support
the notion that HUR might be a potential target for treatment of MS.

MATERIALS AND METHODS

Animals

HuRlox/flox mice were kindly provided by Dr. Ulus Atasoy (University of Missouri-
Columbia). Eight to twelve week-old control (HuRIoX/floX) mice and HuR conditional
knockout mice (OX4o-Cre HuRfloX/flox) were used. 0X4q-Cre and Rag1 ™~ mice were
purchased from Jackson Laboratory. All mice are on the C57BL/6J background and were
breed at the animal facility of Thomas Jefferson University. Animal experiments were
approved by the Institutional Animal Care and Use Committee and performed following
federal and institutional guidelines. Both male and female mice were used in the
experiments.
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Actively induced EAE

Eight to twelve week-old WT were immunized with MOGg3s_s5 (150 pg) and CFA, followed
by Pertussis toxin (PTX) injection (300 ng/mouse) by /.p. at day 0 and 2 post-immunization.
EAE score was monitored as previously described (29). For Dihydrotanshinone-1 (DHTS)
treatment, starting at 5 or 15 days after MOG immunization, mice received injection of
DHTS (Sigma, D0947) (10mg/kg) dissolved in PBS or vehicle control every 48 hrs as
literature reported (30). At the end of experiments, mice were euthanized and spinal cords
were harvested for histopathology assay or CNS inflammatory cell isolation.

Adoptive transfer of EAE

Splenocytes and lymph nodes from 8- to 12-week old WT (HuR™f) and HUR KO (OX4o-
Cre.HuR) female mice were collected 11 days later following MOGa3s.55(150 pg) in CFA
immunization. Cells from spleens and lymph nodes were stimulated with MOG (20 ug/ml)
and murine IL-23 (20 ng/ml) for 3 days for further Th17 cell polarization(3,26). For further
Th1 cell polarization, MOG (20 pg/ml), murine IL-12 (5 ng/ml), and IFN-y (2 ng/ml)(2)
were used. CD4* T cells were then isolated by a CD4* T cell isolation kit (Miltenyi
Biotech), and 6 to 7x10% CD4* T cells were transferred to 10 to 12 week old Ragl™~ mice
by 7.v. injection. The recipients were given 300 ng pertussis toxin i.p. on days 0 and 2 post-
transfer. Clinical disease was monitored daily on a scale of 0-5 as follows: no disease, O;
partially limp tail, 1; limp tail and weakness of hind legs, 2; limp tail, complete paralysis of
hind legs, 3; limp tail complete hind leg and one front leg paralysis, or paralysis of trunk, 4;
moribund state or death, 5. Mean clinical scores were compared using Student’s ¢test.

Isolation and differentiation of CD4* T cells in vitro

Naive CD4" T cells were purified from splenocytes using naive CD4 isolation kits (#19765,
STEMCELL Tech., Canada or Miltenyi Biotech.) following the manufacturer’s protocol.
Purified naive CD4* T Cells were activated with plate-bound 5 pg/ml anti-CD3 (17A2,
Thermo Fisher Scientific) and 2 pg/ml anti-CD28 (37.51, Thermo Fisher Scientific). For
Th17 polarization, 0.5 ng/ml TGF-p (Thermo Fisher Scientific), 20 ng/ml IL-6 (Peprotech),
20 ng/ml IL-23 (Thermo Fisher Scientific), 10 pg/ml anti-IFN-y (Thermo Fisher Scientific)
(XMGL1.2, Bio-X-cell) and 10 pg/ml anti-1L-4 (11B11,Thermo Fisher Scientific)(Bio-X-cell)
were used additionally. For mRNA stability measurement, 3 pg/ml actinomycin D
(MilliporeSigma) was added to the Th17 cell culture to stop nascent mRNA transcription on
day 5 following activation. Cells were collected at 0 to 5 h after actinomycin D treatment,
and the RNA was isolated from the cells by using TRIzol extraction. RT-qPCR was
performed as described previously (26,28). The amount of RNA at 0 h was set to 100%.

RNA isolation and Quantitative real time-PCR

Cells were collected and total RNA was extracted using TRIzol (Invitrogen, Thermo Fisher
Scientific). Five hundred ng of RNA was reverse-transcribed (RT) into cDNA using
SuperScript 111 Kit (Invitrogen, Thermo Fisher Scientific) following the manufacturer’s
protocols. The resulting cDNA template was subjected to real-time quantitative (q)PCR
analysis using CFX96 Real-Time PCR Detection system (Bio-RAD) with SYBR Green
reagent Kit (Invitrogen, Thermo Fisher Scientific) following the manufacturer’s protocols.
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The levels of specific mMRNAs were normalized to levels of Gapdh mRNA in each sample.
Forward and reverse primers for specific murine target genes were published (26-28).

RNA-seq DE

One hundred ng of total RNA was used to prepare libraries using TruSeq Stranded Total
RNA kit (Illumina, CA, USA) following the manufacturer’s protocol. The final libraries at a
concentration of 4 nM were sequenced on NextSeq 500 using 75-bp paired-end chemistry.
Raw FASTQ sequencing reads were mapped against the reference genome of mouse
Ensembl Version GRCm38 utilizing further information from the gene transfer format (.gtf)
annotation from GENCODE version GRCM18 using RSEM. Total read counts and
normalized Transcripts Per Million (TPM) were obtained using RSEM’s calculate-
expression function. Before determining differential expression levels, batch effects and
sample heterogeneity were tested using iSeqQC (https://github.com/gkumar09/iSeqQC).
Differential gene expression was tested between KO and WT samples using the DESeq2
package in R/Bioconductor. Genes were considered differentially expressed (DE) if they had
adjusted p < 0.05 and absolute fold change = 2. All the plots were constructed using R/
Bioconductor.

Gene Set Enrichment Analysis (GSEA) was performed to evaluate Gene Ontology
Biological Process (GOBP) terms and markers of cell migration in the resulting differential
expression lists. The DESeq2 test statistic was used as a ranking metric to perform GSEA in
pre-ranked mode, with genes having zero base mean or “NA” test statistic values filtered out
to avoid providing numerous duplicate values to GSEA. GSEA pre-ranked analysis was
performed using the “weighted” enrichment statistic. Cytoscape analysis was performed on
the selected genes to examine their network patterns using Reactome functional interaction
network.

Western blotting

Whole-cell lysates were prepared and Western blot analysis performed as described (26,28).
The concentration of protein was determined with BCA protein assay reagent (Thermo
Scientific Pierce, Rockford, IL, USA). Protein samples were size-separated by
electrophoresis through 10% sodium dodecyl sulphate-polyacrylamide gels (SDS-PAGE)
and transferred to nitrocellulose membranes (Bi-Rad, Hercules, CA, USA). Membranes
were blocked and blotted with antibodies recognizing HuR (clone 3A2) (SC-5261, Santa
Cruz Biotech), RORyt (ab138043, Abcam), B-Actin (SC-47778, Santa Cruz Biotech), IRF4
(SC-130921, Santa Cruz Biotech), RUNX1 (SC-365644, Santa Cruz Biotech),
IL12Rp1(ab97813, Abcam), T-bet (644802, Biolegend), or GAPDH (SC-32233, Santa Cruz
Biotech), followed by detection using goat anti-mouse or goat anti-rabbit Ig conjugated with
HRP secondary antibody (Jackson ImmunoResearch Lab. Inc., West Grove, PA 19390).
Membranes were developed by Signal West Pico Chemiluminescent Substrate (Thermo
Scientific Pierce, Rockford, IL, USA).

Intracellular cytokine staining and flow cytometry

Cells obtained from /n vitro culture or isolated from CNS of mice with EAE were incubated
for 4 h with 50 ng/ml PMA (Sigma), 500 ng/ml ionomycin (MilliporeSigma), and GolgiPlug
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(1 ug per 1x108 cells, BD Bioscience). Cells were stained for surface markers, then fixed in
Fix & Perm Medium A (Thermo Fisher Scientific), Fix & Medium B (Thermo Fisher
Scienctifc), and stained for intracellular cytokines. The following antibodies were from
Biolegend, FITC or APC-anti-CD4 (GK1.5), APC or PE-anti-IL17A (TC11-18H10.1), FITC
or PE-anti-IFN-y (XMGL1.2), PE-anti-RORyt (AFKJS-9), PE-anti-RUNX1 (RXDMC), PE-
anti-VLA-4 (9¢10), APC/Cy7-anti-CD45 (30-F11), PE-anti-IL-2 (JES6-5H4), PE-anti-I1L-10
(JES5-16E3). Percp/Cy5-anti-GM-CSF (MP1-22E9), APC-anti-Foxp3 (FJK-16s), and PE-
anti-Ki67(SolA15) were purchased from Thermo Fisher Scientific. PE-IL-12Rb1(551974)
was from BD Biosciences. All antibodies were used at dilution of 1:50 to 1:100 as instructed
by the manufacturers. Data were collected with BD FACSARIA fusion flow cytometry (BD
Biosciences) and analyzed by using Flowjo software (v10, TreeStar).

Immunoprecipitation of endogenous messenger RNP complexes (RIP)

RIP was performed according to an established protocol (26). Briefly, Th17-polarized cells
were lysed using polysome lysis buffer. Beads (50 ul) were coated by adding 30 ug of either
IgG1 (BD Biosciences) as control or anti-HuR antibody (3A2), and incubated overnight at
4°C. After extensive washes, 100 pl of pre-cleared lysate was added and incubated for 4 h at
4°C with additives, and then 0.5 mg/ml of proteinase K was added and incubated for 30 min
at 55°C to digest protein. After extraction, RNA was reverse-transcribed (RT) and amplified
by real-time quantitative (q) PCR analysis to assess the presence of specific target mRNAs.

Polysome fraction Assay

WT and HuR KO Th17 cell pellets were lysed using polysome extraction buffer (20 mmol/L
Tris-HCI, pH 7.5, 100 mmol/L KCI, 5 mmol/L MgCl,, 0.3% Igepal CA-630, protease
inhibitors, and 0.1 mg/mL cycloheximide). After centrifugation to remove insoluble
material, the lysate was overlaid on a 10% to 50% sucrose gradient. After ultracentrifugation
at 39,000 rpm at 4°C, 1-ml fractions were obtained on a density gradient fractionation
system. Absorbance (Ays4) was measured during the entire fractionation process. Total RNA
was extracted from each fraction using TRIzol (Invitrogen, Thermo Fisher Scientific) and
analyzed by RT-gPCR analysis.

Human naive CD4* T cells purification

Blood samples were obtained from the Biological Specialty Corporation, PA. Mononuclear
cells were prepared from the buffy coats from healthy adult donors on Ficoll-paque plus
gradients. Naive CD4" T cells were further isolated by using EasySep Human naive CD4* T
cell isolation kit Il (Cat. # 17555, Stemcell Technologies) according to the manufacture’s
instruction. The purity of naive CD4+ T cells (CD3*CD4+*CD45RA*CD45R0™) was around
95%.

Human CD4* T Cell culture and lentiviral transduction

Cells were cultivated with completed T cell medium (RPMI11640 medium supplemented
with 10% FBS (Hyclone). For transduction experiments, human naive CD4* T cell were
seeded on day 0 at a density of 1x10° cell per ml in 24-well plates with polybrene (10ug/ml).
Lentiviral HUR shRNA or scranmble shRNA (Sigma-Aldrich) were added at a multiplicity
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of infection of 1-10. Cells were washed on day 1. Puromycin (2ug/ml) was added on day 2.
For Th17 cell polarization experiments, human CD4* T cells were stimulated with plated
coated anti-CD3 (5pg/ml) plus soluble anti-CD28 (1ug/ml), IL-1p(20ng/ml), IL-6 (20ng/
ml), TGF-B (1ng/ml), IL-23(20ng/ml) , anti-1L-4(10ug/ml), and anti-IFN-y(10ug/ml). Cells
were collected on day 6 to 10 for RT-gPCR and Western blots.

Statistical analysis

Student’s #test was used to analyze differences between two groups. The data are expressed
as the mean =+ standard error of the means (SEM). A p-value < 0.05 was considered
statistically significant.

Data availability

All the RNA-seq data have been deposited in the BioProject database under the accession ID
PRINAS589592 (https://www.nchi.nlm.nih.gov/bioproject/589592). All data generated or
analyzed during this study are included in this published article and its supplementary
information files.

RESULTS

HUR KO CD4" T cells are defective in triggering autoimmune encephalomyelitis

HuR plays an important role in immune cells (14,22,31) and is required for the initiation of
EAE (26). Because OX40 expressed on CD4™ T cells after activation, HUR was not
completely deleted in CD4* T cells of OX40-Cre*/~.HUR" mice, which still play a partial
role in actively induced EAE (26). To further understand the role of HuR in CD4* T cells for
inducing EAE, we did adoptive transfer of MOG-activated CD4* T cells to Rag1™~ mice,
which do not have endogenous T or B lymphocytes, keeping away from recipient
endogenous lymphocytes contributing to pathogenesis of EAE (26,32). Splenocytes taken
from MOG-immunized WT (HuR"") and HuR KO (0X40-Cre*~.HuR"f) mice at day 11
post-immunization were further activated with MOG and IL-23 under conditions of Th17
polarization (2,3,26). Three days later, purified MOG-activated CD4* T cells (Th17 cells)
were transferred into Rag1~/~ mice. The clinical score of EAE was monitored daily
according to reported criteria (4,26,33,34). All recipients that received WT Th17 cells
developed very severe EAE early after transfer, whereas, only 3 out of 11 Ragl™~ recipients
injected with HUR KO Th17 cells developed very mild EAE (0.5 to 1.5 score) at later times
(Fig. 1A). The body weights of Ragl~~ recipients receiving WT Th17 cells were also
significantly lower than those receiving HUR KO Th17 cells (Fig. 1B). Histopathological
analysis showed that there were significantly decreased infiltrating inflammatory cells and
reduced demyelination (Luxol fast blue (LFBY) staining) in spinal cords of Ragl™~ mice
receiving HUR KO Th17 cells, but not those receiving WT Th17 cells (Fig. 1C, 1D),
suggesting that HUR KO CD4™* T cells cannot induce autoimmune neuroinflammation.

To understand why HUR KO CD4* T cells were less functional in inducing EAE than WT
CD4* T cells, we characterized the proinflammatory cytokine expression by MOG-activated
CD4* T cells before cell transfer to Ragl™~ mice. Flow cytometry analysis indicated that
the frequency of IFN-y*CD4* and IL-17*CD4* T cells in HUR KO splenocytes was much
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lower than in WT splenocytes (fig. S1A, S1B). The same was true for the frequency of GM-
CSF*CD4* T cells (fig. S1C) and when analyzing inguinal lymph nodes (Data not shown).
Given that IFN-y*IL-17*CD4* T cells are pathogenic inflammatory cells in EAE(11), the
frequency of IFN-y*IL-17* CD4" T cells was significantly reduced in the spleen of MOG-
immunized HUR KO mice compared with WT mice (fig. S1A, S1B). Reverse transcription
(RT) followed by quantitative (q) PCR analysis showed that the expression of /fngand i//17
mRNAs was much lower in HUR KO CD4* T cells than WT CD4* T cells (Fig. 1E).
Western blot analysis confirmed the production of HUR was reduced in MOG-activated HUR
KO CD4* T cells before transfer to Ragl™~ mice (Fig. 1F).

To characterize the proinflammatory cytokines in CNS during EAE, we isolated the
infiltrating inflammatory cells from the CNS in Rag1 ™/~ recipients at the peak of disease
around day 19. As expected, the number of monocytes was significantly reduced in the CNS
of recipients injected with HUR KO CD4* T cells than that of WT CD4* T cells, so did the
number and frequency of IFN-y*, IFN-y*IL-17*, and IL-17*CD4* T cells in the CNS (Fig.
1G, 1H), which was consistent with the histopathological analysis of mice with EAE (Fig.
1C, 1D). In the spleen of Rag1 ™~ recipients, although the numbers of WT and KO CD4* T
cells were comparable, the percentage of CD4* T cells secreting IFN-y and I1L-17 in WT
CD4* T cells was much higher than in HUR KO CD4* T cells (Fig. 11, 1J). Further
comparison of WT and HUR KO CD4™* T cell proliferation in the spleen of Ragl™~
recipients by flow cytometry showed that knockout of HUR only reduced CD4* T cell
proliferation slightly relative to WT CD4* T cells (fig. S1D, S1E). Thus, these results
indicated that HUR deficient CD4* T cells have impaired production of IL-17 and IFN-vy.
Collectively, these data suggest that HUR is required for induction of autoimmune
neuroinflammation by CD4* T cells.

Knockout of HUR alters the transcriptome in Th17 cells

To investigate the post-transcriptional regulation of Th17 cell differentiation by HuR in
EAE, we performed RNA-sequencing (RNA-seq) analysis to compare gene expression
programs between MOG-activated WT and HuR KO Th17 cells (Fig. 2A, fig. S2). We found
that 576 mRNAS were less abundant and 847 mRNAs were more abundant in HUR KO Th17
cells compared with WT Th17 cells (absolute log fold change =2; adjusted p-value < 0.05)
(Fig. 2B). Several transcripts encoding Th17 cell-related proteins, such as //17, Ifng, Rora,
Rorc, Tbx21, Cyp51 and Runx2 mRNAs were among those downregulated (Fig. 2A, 2B, fig.
S2), while //13r1, TIr4, Nos2, and Foxp3 mRNAs were among those upregulated. By
comparing the RNA-seq data of HUR KO relative to WT Th17 cells, we identified a network
of transcription factors regulated by HuR (Fig. 2C). In line with the function of HUR KO
CD4* T cells in autoimmune neuroinflammation and flow cytometry data (Fig. 1G, 11, fig.
S1A, S1B), the abundance of /fngand //17mRNAs was significantly reduced in HUR KO
Th17 cells compared with WT Th17 cells. In sum, knockout of HUR severely impaired
differentiation-related gene expression in Th17 cells.

HuR increases the levels of transcription factors RORyt and IRF4

RORyt is a key transcription factor that orchestrates the differentiation of naive CD4* T
cells into Th17 cells (6). Accordingly, targeting RORyt by its synthetic ligand suppresses
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Th17 cell differentiation and autoimmunity (35). Since cytokines including IL-17, IFN-y
and GM-CSF were significantly reduced in activated HUR KO CD4* T cells compared with
WT CD4* T cells (Fig. 1G-J, fig. SIA-C), we sought to dissect the mechanisms by which
HuR regulates Th17 cell function. To test whether HUR regulated the expression of
transcription factor RORyt in Th17 cells, we assessed RORyt protein levels in MOG-
activated Th17 cells. Flow cytometry analysis revealed that the level of RORyt in CD4* T
cells declined dramatically in the spleens of HUR KO mice compared with WT mice (Fig.
3A, 3B), implicating that HUR promoted RORyt expression. The data also showed that most
HuR-negative CD4* T cells in MOG-activated HUR KO mice did not produce IL-17 (Fig.
3C), which is consistent with our previous report that HUR directly modulates 1L-17
expression (26).

To test the hypothesis that HUR might directly regulate RORyt expression in Th17 cells,
naive CD4" T cells were isolated from the spleens of WT and HUR KO mice and cultured
under Th17 cell-polarizing conditions (36). The abundance of RorytmRNA and RORyt
protein was measured by RT-gPCR and western blot analyses, respectively (Fig. 3D, 3E).
Interestingly, knockout of HUR increased //22 mRNA (Fig. 3D). Although HuR knockout
led to reductions in the levels of RorytmRNA and RORyt protein, HuR did not appear to
bind to RorytmRNA, as revealed from two different experiments. Ribonucleoprotein (RNP)
immunoprecipitation (RIP) analysis indicated that HUR did not bind to RorytmRNA; HUR
binding to b-actin mRNA is the positive control for RIP assay (Fig. 3F). Actinomycin D
treatment to quantity mRNA decay rate further revealed that the half-life of RorytmRNA in
HuR KO Th17 cells was comparable to that of WT Th17 cells (Fig. 3G), suggesting that
HuR indirectly modulate Rorytexpression in CD4* T cells to promote Th17 cell
differentiation.

The transcription factor IRF4 is required for the induction of Th17 lineage-specific
regulators ROR-yt and RORa upon exposure to either TGF-p and IL-6 or TGF-p and
IL-21(9); thus, /rf4~~ mice are completely resistant to EAE (9). Interestingly, knockout of
HuR also reduced the expressions of /rf4 mRNA and protein levels in MOG-activated CD4*
T cells (Fig. 3H, 31), and in /n vitro Th17-polarized cells (fig. S3A). RIP assay showed that
Irf4mRNA, but not Batf mRNA, associated with HuR protein in WT Th17 cells (Fig. 3J). In
addition, the half-life of /r/4 MRNA was shorter in HUR KO Th17 cells (2.3 h) than in WT
Th17 cells (4.1 h) (Fig. 3K), suggesting that HUR directly binds to and stabilizes /rf4
mRNA. Given that IRF4 plays an essential role in inducing RorytmRNA levels during Th17
cell differentiation (9), our data indicate that HUR might modulate Roryt mRNA levels by
enhancing IRF4 production to promote Th17 cell differentiation.

Runx1 mRNA is a direct target of HUR in Th17 cells

RUNX1 and RUNX3 are important transcription factors that upregulate Th17 cell
differentiation (10,11). We performed RT-qPCR analysis to measure the levels of Runx1,
Runx2, and Runx3 mRNAS in more than 3 pairs of WT and HUR KO Th17 cells. Given that
Runx1 but not Runx2and Runx3expression was significantly decreased in MOG-activated
HuR KO Th17 cells (fig. S3B), we hypothesized that HUR upregulates RUNX1 expression
to facilitate Th17 cell differentiation. Flow cytometry and Western blot analyses indicated

J Immunol. Author manuscript; available in PMC 2020 October 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Chenetal.

Page 9

that there were fewer Runx1*IL-17* cells in MOG-activated HUR KO CD4" T cells in
comparison with WT CD4* T cells (Fig. 4A to C). Similar findings were observed in
cultured WT and HuR KO Th17 cells (Fig. 4D, 4E). In addition, knockdown of HUR by
lentivrial HUR shRNA also decreased the RUNX1 expression in human Th17 cells as
determined by Western blot analysis (data not shown).

To further understand the underlying mechanism whereby HUR modulated RUNX1
abundance, we performed RIP assay with both mouse and human Th17 cells. As expected,
RunxI mRNA was highly enriched in HUR IP complexes compared with control 1gG IP
complexes, which indicated that RunxZ mRNA associated with HUR in both mouse (Fig. 4F)
and human Th17 cells (data not shown). Furthermore, actinomycin D treatment of mouse
Th17 cells revealed that the half-life of RunxZI mRNA was much shorter in HUR KO Th17
cells (1.7 h) than in WT Th17 cells (3.2 h) (Fig 4G). These results indicate that HUR
enhances RunxI mRNA levels by binding to and protecting it from decay, in turn increasing
Th17 cell differentiation.

HuUR deficiency in CD4* T cells reduces the expression of T-bet

Our study showed that compared with WT mice, HUR KO mice had reduced percentages of
IL-17*CD4* T cells (4.2% vs. 6.8%), IFN-y*CD4" T cells (10.2% vs. 20%) and IFN-y
*IL-177CD4* T cells (1.2% vs. 2.8%) (fig. S1A, S1B). It is well known that transcription
factor T-bet critically promotes /fng gene expression (37,38), and that T-bet and RUNX1 are
essential for the development of pathogenic IFN-y*IL-17*CD4* T cells (11). We thus
examined whether HUR modulated T-bet abundance during MOG-activated Th17 cell
differentiation. As shown, the expression levels of 7-bef MRNA and protein were
significantly reduced in MOG-activated HUR KO CD4* T cells compared with WT CD4* T
cells (Fig. 5A to C), consistent with the flow cytometry data showing decreased frequencies
of IFN-y*IL-17* CD4* T cells in the spleens of mice with HUR KO CD4* T cells (fig. S1A,
S1B). However, Statl but not Stat4 mRNA was not reduced in HUR KO Th17 cells
compared to WT Th17 cells (Fig. 5A).

Previous studies showed that Th1 cells also play a critical role in the pathogenesis of EAE
(2), we assessed the pathogenic role of HUR in MOG-activated CD4" T cells under Th1 cell
polarizations (MOG+IL-12+IFN-y) (2). By adoptive transfer EAE, similar to what was done
with Th7 cells (Fig. 1A), Ragl™" recipients of WT Th1 cells developed much more severe
EAE while Rag1~/~ recipients of HUR KO Thi cells developed minimal EAE (fig. S4A).
The results of histological analysis were also consistent with clinical EAE scores of Ragl™~
recipients receiving WT or HUR KO Th1 cells (fig. S4B). In addition, flow cytometry
analysis showed that the T-bet expression in MOG-activated Th1l cells was significantly
reduced in HUR KO mice compared with WT mice (fig. S4C to S4F). However, RIP assay
and actinomycin D treatment suggested that HuR did not directly modulate T-bet expression
in CD4™ T cells (data not shown).

HuR increases IL-12RB1 levels, contributing to Th17 and Thl-like Th17 cell differentiation

RNA-seq and RT-gPCR analyses showed that //12rb1, I/12rb2and Tyk2but not gp130
mMRNAs were dramatically decreased in MOG-activated HUR KO Th17 cells compared with
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WT Th17 cells (Fig. S2A and Fig. S5A). Since IL-12RB1 is the common receptor for 1L-23
and IL-12 in Th17 and Th1 cells (39), and IL-23 causes Th17 cell pathogenicity (4,40), we
examined whether HuR directly modulated IL-12RB1 expression; as shown, HUR knockout
significantly decreased the frequency of IL-12RB1*IFN-y* T cells in MOG-activated KO
Th17 cells compared with WT Th17 cells (Fig. S5B, S5C). Similar results were observed
after /n vitro culturing HUR KO Th17 cells (Fig. S5D). In addition, RIP assay showed that
HuR bound to //212rb2 mRNA in mouse (Fig. S5E) and human Th17 cells and stabilized
1112rb1 mRNA (data not shown). Given that IL-12RB1 is the upstream of T-bet in Th1l cells
(41), our data suggested that HUR upregulates T-bet expressions in MOG-activated CD4* T
cells by increasing IL-12RB1 expression, which may endow the plasticity among Th17 and
Th1 cells caused by the local microenvironment /in vivo.

Abrogation of HUR impairs MOG-activated CD4" T cell migration to the CNS

We found fewer CD4™ T cell infiltrating into CNS in Ragl™~ mice receiving HUR KO CD4*
T cells than WT CD4* T cells (Fig. 1H), although the numbers of WT and HUR KO CD4* T
cells were comparable in the spleens of Rag1 ™~ recipients (Fig. 1J). We hypothesized that
HuR might increase the expression of adhesion molecules in MOG-activated CD4™ T cells,
promoting their migration to the CNS during EAE. To test this possibility, we analyzed
RNA-seq data for expression of adhesion molecules related with T cell migration in WT and
HuR KO Th17 cells. As shown, the abundance of mMRNAs encoding proteins with functions
in cell migration were significantly lower in HUR KO CD4* T cells than in WT CD4* T
cells (fig. S6A, S6B). The levels of some of these transcripts, including Via-4 (/tga4)
MRNA, were validated by RT-gPCR analysis (fig. S6C). Consistent with the RNA-seq data,
flow cytometric analysis also showed that knockout of HUR decreased the expression of
VLA-4 in MOG-activated CD4" T cells and in /n vitro cultured Th17 cells (fig. S6D, S6E).
Natalizumab (anti-VLA-4) has been approved by the FDA for treatment of multiple sclerosis
(42). HuR promotes VLA-4 expression may contribute T cell migration to CNS.

Targeting HUR by its inhibitor ameliorates chronic EAE

Dihydrotanshinone-1 (DHTS) is a natural compound extracted from Salvia miltiorrhiza and
recently identified as HUR inhibitor, which functions to block HuR binding to its target
mRNAs (30). To investigate the impact of HUR inhibitor on EAE, we immunized WT mice
with MOG and CFA for EAE, then treated them with a vehicle control or DHTS by /.p.
starting at day 5 after immunization. The injection was repeated every other day. Targeting
HuR by DHTS not only delayed the onset, but also reduced the severity of EAE progression
(Fig. 6A). Interestingly, administration of DHTS starting at day 15 post-immunization when
mice with 2+ score of EAE also significantly ameliorated the severity of EAE (Fig. 6B). The
DHTS treatment reduced CNS inflammatory cell infiltration as determined by H&E staining
and demyelination as determined by Luxol fast blue staining (Fig. 6C). Importantly, the
CD11b positive myeloid cell infiltrating the spinal cords in DHTS-treated mice was reduced
by more than 2 folds as compared to PBS-treated mice (Fig. 6C). Flow cytometric analysis
showed that the frequency and number of IL-17- and IFN-y-producing CD4+ T cells was
significantly reduced in the spleen of DHTS-treated mice (Fig. 6D, E). However, DHTS
treatment had no effect on the frequencies of CD4, CD8 T cells, B cells, and macrophages in
the spleen in comparison with PBS-treated mice (fig. S7A, S7B), suggesting that
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administration of DHTS for treatment was safe to mice without systemic toxicity /7 vivo.
Consistent with the reduced EAE severity, the proinflammatory cytokine ( //17, Ifn-g, Csf2)
and adhesion molecule ( V/a-4) mRNA abundance in CNS inflammatory cells was also
reduced in MOG-immunized mice treated with DHTS (data not shown). To determine if
targeting HUR by DHTS down-regulates Th17 cell differentiation, we compared naive CD4*
T cells differentiated into Th17 cells with or without DHTS. The results showed that the
frequency of CD4*1L-17* cells was dose-dependently decreased in Th17 cells cultured with
DHTS in comparison with control group (Fig. 6F, G), suggesting that targeting HuUR by
DHTS impairs Th17 cell differentiation and functions. Furthermore, DHTS had the capacity
to inhibit the cytokine and transcriptional factor mRNA expression in activated human
Jurkat T cells (data not shown), suggesting that DHTS might have a similar effect on human
MS T cells.

In sum, by either using OX4g-Cre*/~"HuUR"" mice to delete HUR after T cell activation or
using HuR inhibitor-DHTS to block HuR function in EAE, we report that downregulation of
HuUR abolishes Th17 and Th1-like Th17 cell differentiation and pathogenesis of autoimmune
neuroinflammation, and targeting HUR could be a novel therapeutic approach for patients
with multiple sclerosis.

DISCUSSION

Multiple sclerosis is a chronic inflammatory disease of the CNS. Although FDA approves
several clinical treatments, there were no curative treatments for this disease, emphasizing
the significance to develop a novel approach for treatment of MS.

Understanding post-transcriptional regulation of pathogenic Th17 cell differentiation will
open a novel avenue to develop drugs to target Th17 cells-mediated autoimmune
neuroinflammation. Here, we provide molecular evidence that HUR post-transcriptionally
upregulated the transcription factor IRF4, RUNX1, and receptor IL-12RB1 expression, in
turn upregulating ROR-yt and T-bet abundance to enhance Th17 cell and Thl-like Th17 cell
differentiation, which was different from the mechanism of HuR in regulating Th2 cell
differentiation (25,43). These findings highlight the complex regulatory program whereby
HuR modulates transcription factors and receptor to regulate CD4* T cell differentiation and
to promote autoimmune disease.

HuR directly modulated the expression of transcription factors IRF4 and RUNX1 by
stabilizing their respective mRNAs in Th17 cells, thereby controlling Th17 cell
differentiation, given that IRF4 and RUNX1 critically promote Th17 cell differentiation
(11). Although HuR did not directly bind nor stabilize RorytmRNA, HuR promoted Roryt
expression indirectly by enhancing the production of IRF4 and RUNX1, two proteins that
cooperatively induce Rorytexpression in Th17 cells (10,44). We further observed that
knockout of HUR not only reduced the frequency of IL-177CD4* T cells, but also decreased
the frequency of IFN-y*CD4"* T cells and IFN-y*IL-17*CD4* T cells, consistent with the
fact that HUR deficiency decreased the expression of transcription factor T-bet. Although
HuR did not directly modulate T-bet expression, HUR was found to promote the expression
of upstream receptor IL-12RB1 by binding to and stabilizing its mRNA (Fig. 6). It is well
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known that I1L-12 binding to IL12RB1 and IL-12RB2 complex activates STAT1 and STAT4,
and to promote IFN-y production, and IFN-y in turn promotes expression of T-bet and
IL-12Rb2 in Thl cells (45). Like IL-12, IL-23 binds to the IL-12Rb1 and IL-23R complex,
and activates Stat3 in Th17 cells (46); therefore, knockout of IL-12Rp1 impairs both IL-12-
and IL-23-mediated effects. Previous reports showed that IL-12RB1 or T-bet deficient mice
are resistant to EAE (38,47,48). Our current study suggests that HUR promotes IFN-y
*IL-17* Th1-like Th17 cell differentiation.

In line with our previous findings that HUR binds to and stabilizes CsZ2ZmRNA in Th17 cells
(27), knockout of HUR reduced GM-CSF expression in MOG-activated CD4* T cells with
impaired function to induce EAE (fig. S1). These findings are consistent with reports that
GM-CSF is a critical cytokine for the pathogenicity of Th17 cells in EAE (4,34,40), and
extend our previous report to better understand the mechanism by which HuR plays a critical
role in Th17 cells.

RNA-seq analysis showed that the expression of Foxp3 mRNA increased in MOG-activated
HuR KO Th17 cells compared to WT counterparts (Fig. 2A). However, there were no
significant differences on the number and percentage of T regulatory cells (CD25*Foxp3*)
in the spleen and lymph node of HUR KO and WT mice at day 11 after MOG and CFA
immunization as examined by flow cytometry assay (10.1% =+ 0.46% vs 10.5% + 0.63%).
Which excluded the possibility that HUR KO CD4* T cells defective for induction of EAE
were due to the increased T regulatory cells, supporting the notion that knockout of HUR
impaired Th17 cell differentiation and its pathogenicity for EAE.

Hypoxia-inducible factor 1(HIF-1) has been reported to enhance Th17 cell differentiation by
directly transactivating Rorytgene expression, and Hif-Ia ™~ mice are resistant to EAE
(49). 1t is well known that HUR promotes the translation of HIF-1a in human cervical
carcinoma Hela cell line and human lung carcinoma A549 cells (50). In this study, knockout
of HuR reduced the expression of HIF-1a. in Th17 cells, and RIP assay showed that Hif-1a
MRNA was associated with HUR protein (data not shown), suggesting that HUR may
further facilitate Th17 differentiation by regulating HIF-1a expression in CD4* T cells. In
addition, we previously showed that HUR promoted CCR6 expression on Th17 cells, and
knockout of HuR reduced CCR6 expression on Th17 cells and impaired their migration to
its ligand CCL20(28). The expression levels of several adhesion molecule such as VLA-4
were greatly reduced in HUR KO CD4* T cells, supporting the notion that HUR promotes
pathogenic Th17 cell migration to the site of inflammation in the CNS. Our results were
consistent with the fact that administration of anti-VLA4 reduced the development of EAE
(51) and benefited some patients with multiple sclerosis.

HuR not only modulates the expressions of Th17 cell transcription factors, but also regulates
the expression of metabolism enzyme Cyp51 (cytochrome P450, family 51), whose product
is the ligand to activate ROR+yt and Th17 cell differentiation (52). In line with the function
of HUR in promoting Th17 cell differentiation, knockout of HuR significantly impaired the
gene expression in other pathways (data not shown).
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The expression of NOS2 (nitric oxide synthase, an enzyme that promotes NO production)
was dramatically increased in MOG-activated HUR KO Th17 cells compared with WT Th17
cells (Fig. 2B). Interestingly, Nos2”~ mice developed exacerbated EAE (53). However, it
remains to be studied if the increased NOS2 expression rendered HUR KO Th17 cells less
capable of inducing EAE than WT Th17 cells.

HuR is highly expressed in many tumors(19), implicating that HuR could be a therapeutic
target for cancer treatment, and many investigators developed HuR inhibitors aiming to
blocking tumor growth and metastasis(30,54). However, so far there are no reports on
utilizing HuR inhibitors to treat autoimmune diseases in mouse models. Based on our results
HuR upregulating pathogenic Th17 cell differentiation, we administrated HuR inhibitor
DHTS to mice with EAE. Clearly, DHTS treatment starting at the onset of or middle of the
disease significantly reduced the severity of EAE compared to mice treated with vehicle
control, but not impaired the T and B cell populations in the spleen, which suggested that
administration of DHTS is safe and without system toxic to mice /7 vivo. We also provided
evidence that DHTS inhibited /n7 vitro cultured Th17 cell differentiation at a dose-dependent
manner. Furthermore, our study showed that DHTS was able to reduce the proinflammatory
cytokine production by human Jurkat T cells (data not shown), which provided a clue to test
its effect on human MS T cells in future study.

In closing, our collective studies extend our previous reports on the function of HuR in
stabilizing //17, CsfZ, and Ccr6 mRNAs (28), and identify a new function of HUR in
upregulating the expression of transcription factor, receptor, and adhesion molecules,
synergistically promoting Th17 cell differentiation and migration to contributing to
autoimmune neuroinflammation. Our study provides further understanding of HUR as a
potential therapeutic target in autoimmune diseases such as multiple sclerosis.
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KEY POINTS:
HuR regulates Th17 cell and Thi-like Th17 cell differentiation

HuR directly and indirectly modulates RUNX1 and ROR-yt expression,
respectively

Targeting HuUR by its inhibitor reduces severity of autoimmune
neuroinflammation
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Figure 1. Genetic deletion of HUR in CD4™ T cells impairs their capacity to induce adoptive
transfer of EAE.
(A) Mean clinical score of EAE in Rag1™~ mice that received MOG-activated WT and HuR

KO (KO) Th17 cells (7 x 105/per mouse) (n=11 mice per group). (B) Body weight of
Rag1~'~ recipients with WT or HuR KO Th17 cells. (C, D) Hematoxylin and eosin (H&E),
Luxol fast blue (LFB), and immunohistochemical staining (anti-CD11b) of spinal cords
from Rag1~/~ recipients of WT and HuR KO Th17 cells at the peak of disease at day 19. (E)
Reverse transcription followed by quantitative PCR (RT-qPCR) analysis of //17and /fng
mMRNA expression levels in MOG-activated HUR KO CD4" T cells comparing with WT
CD4* T cells before transfer to Rag1 ™~ recipients. (F) Western blot analysis of the levels of
HuR in MOG-activated WT and HUR KO CD4* T cells before transfer to Ragl ™~
recipients. (G-J) Analysis of proinflammatory cytokine produced by infiltrating CD4* T
cells in spinal cords (G) and spleens (1) of Rag1™~ recipients at the peak of disease at day
19 (n=5 mice) using flow cytometry; data summarizing three independent experiments of
CNS infiltrating inflammatory cells (H) and CD4* T cells (J) in the spleens of Ragl™~
recipients. *, p<0.05, ** p<0.01, *** p<0.001.
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Figure 2. HuR deficiency disrupts Th17 cell differentiation.
(A) Heat map of RNA-seq analysis of mMRNAs that were more (red) or less (blue)

abundantly expressed in MOG-reactivated HUR KO and WT Th17 cells before transfer to
Rag1~'~ recipients. (B) Volcano plot of mRNAs elevated (red) or reduced (green) in HUR
KO Th17 cells compared with WT Th17 cells. (C) Network of transcription factors
regulated directly or indirectly by HuR in Th17 cells derived from RNA-seq analysis.

J Immunol. Author manuscript; available in PMC 2020 October 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Chenetal.

Page 21
by 81 X% mmwr
L 54 (=) wr Ko
2 4 s ] L 1| 423 21
roc WT H ?{b‘g %
KO < 3 4 &
[ ] 3 &
& i %
£ 21 i ¥
l % ¥
c 14
' & E 06 14
] o4 B
C - 17—
10° 0
D E & =
oy *eew  RoRyt
o
) 1 053 _ Fold
o]
s e
E . HuR
£ 1 g8 Fold
e :
B-Actin
HuR RORyt IL-22
F % life of RORyt mRNA A WT: 1.90 hrs
300 . antilgG1 0 ko: 1.88hrs
== anti-HuR
& ‘ o
ga > i
£% :
=T g ~
ee]
oo v A
<5 g |
g2 &
= 10 +
0 1 2 3 4 5
B Act] RORt Time after Act D treatment (hours)
H B
I wWT KO
~ ! IRF4
= 1 0.32 fold
.
g . ar
nE: 1 0.25 fold
————— —— GAPDH
518 1.6 fold
IRF4 BATF AHR Maf K
J %life of IRFAMRNA o WT: 4.1 hrs
20 . anti-lgG 1 A KO: 2.3 hrs
€ Sxk =1 anti-HuR ' N
g 15 —_
Ex p— R Vol -
°3 . <
= 10 e
6o £ A
<% o
29 s &
£=
= 3 PA 5
IRF4 BATF Time after Act D treatment (hours)

Figure 3. Knockout of HUR reduces RORyt and IRF4 expression in MOG activated Th17 cells.
(A to C) Flow cytometric analysis of RORyt in MOG-activated WT and HuR KO Th17

cells before transferring to Ragl~'~ mice. (D, E) The expression of RorytmRNA and
RORyt protein in WT and HUR KO CD4* T cells cultured under Th17-cell polarizing
condition were examined by RT-qgPCR (D) and Western blot (E) analyses, respectively. (F)
RNP immunoprecipitation (RIP) followed by RT-gPCR analysis was performed to examine
the relative amount of mRNA associated with HUR protein. B-actin mRNA that associated
with HuR protein served as the positive control of RIP assay. (G) The relative amount of
RorytmRNA in WT and HuR KO Th17 cells treated with actomycin D were evaluated by
RT-gPCR analysis. (H, I) The relative of /r/4 mRNA (H) and IRF4 protein (I) in MOG-
activated WT and HUR KO CD4* T cells were examined by RT-gPCR and Western blots,
respectively. (J) RIP assay showed that /rf4 mRNA was associated with HUR protein in WT
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Th17 cells. (K) The relative amount of /rf4 mRNA in WT and HuR KO Th17 cells treated
with actomycin D were evaluated by RT-gPCR analysis. ** p<0.01, *** p<0.001.
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Figure 4. HUR promotes RUNX1 expression in Th17 cells.
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(A to D). The expression of RUNX1 in MOG-activated WT and HUR KO CD4* T cells was
evaluated by flow cytometry (A, B) and Western blot analysis (C). (D, E) Levels of Runx1
mRNA (D) and RUNX1 protein (E) in HUR KO CD4* T cells compared with WT CD4* T

cells under Th17 cell-polarizing condition. (F) RIP assay

was used to measure the

enrichment in RunxI mRNA in HUR IP complexes relative to 1gG complexes. (G)
Actinomycin D treatments were used to assess the half-life of RunxZ mRNA in WT and

HuR KO Th17 cells. ** p<0.01, *** p<0.001.
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Figure 5. HUR modulates T-bet expression in MOG-activated CD4™ T cells contributing to EAE.
(A to C) The expression of T-bet in MOG-activated WT and HUR KO CD4* T cells was

evaluated by RT-qPCR analysis (A), Western blot analysis (B), and flow cytometry assay
(C). *** p<0.001. Data in panel A are summary of three independent experiments (Mean +
SEM). Data in panel B and C are representative data of three individual experiments.
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Figure 6. Targeting HUR by DHTS ameliorates chronic EAE.
EAE disease course in WT mice that were injected 7.p. with either DHTS or PBS every other

day starting from day 5 (A) or 15 (B) after disease induction with MOG in complete
Freund’s adjuvant (CFA. (C) Representative histopathology of spinal cords of EAE mice
treated with PBS or DHTS were stained by H&E, Luxol fast blue and anti-CD11b staining.
(D) Representative CD4*IL-17 and CD4* IFN-y producing cells in the splenocytes of EAE
mice treated with PBS or DHTS as described in panel B at the end of experiment (day 30)
were shown. (E) Summary of the flow cytometry data of CD4*1L-17 and CD4* IFN-y-
producing cells in the spleen of EAE mice treated with PBS or DHTS at the end of
experiment (day 30). (F) Naive CD4* T cells were cultured under Th17 cell polarization
condition with or without different dosage of DHTS (1 to 2uM/ml) for 72 hours.
Representative flow cytometry data was shown. (G) Summary of three independent
experiments were shown for frequency of CD4*IL-17* T cells measured by flow cytometry
assay (mean = SEM). *, p<0.05; **, p<0.01; *** p<0.001. Data in panel A are summary of
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two experiments (N=10 mice/per group). Data in panel B represent one of two independent
experiments (N=7 mice/per group).
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