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Posttranscriptional Gene Regulation of IL-17 by the
RNA-Binding Protein HuR Is Required for Initiation of
Experimental Autoimmune Encephalomyelitis

Jing Chen,*" Jason Cascio,” Joseph D. Magee,” Patsharaporn Techasintana,*

Matthew M. Gubin, " Garrett M. Dahm,”* Robert Calaluce,’ Shiguang Yu,§ and
Ulus Atasoy ™7

IL-17 is a proinflammatory cytokine produced by activated Th17 cells and other immune cells. IL-17—-producing Th17 cells are
major contributors to chronic inflammatory and autoimmune diseases, such as multiple sclerosis, rheumatoid arthritis, and
inflammatory bowel disease. Although the transcriptional regulation of Th17 cells is well understood, the posttranscriptional
regulation of IL-17 gene expression remains unknown. The RNA-binding protein HuR positively regulates the stability of many
target mRNAs via binding the AU-rich elements present in the 3’ untranslated region of many inflammatory cytokines including
IL-4, IL-13, and TNF-o.. However, the regulation of IL-17 expression by HuR has not been established. CD4* Th17 cells from HuR
knockout mice had decreased IL-17 steady-state mRNA and protein levels compared with wild-type Th17 cells, as well as
decreases in frequency of IL-17* cells. Moreover, we demonstrated that HuR directly binds to the IL-17 mRNA 3’ untranslated
region by using RNA immunoprecipitation and biotin pulldown assays. In addition, the knockout of HuR decreased cellular
proliferation of CD4* T cells. Mice with adoptively transferred HuR KO Th17 cells had delayed initiation and reduced disease
severity in the onset of experimental autoimmune encephalomyelitis compared with wild-type Th17 cells. Our results reveal
a HuR-induced posttranscriptional regulatory mechanism of Th17 differentiation that influences IL-17 expression. These findings

may provide novel therapeutic targets for the treatment of Thl7-mediated autoimmune neuroinflammation.

Immunology, 2013, 191: 5441-5450.

( j D4* T cells differentiate into distinct subsets with
different functions and patterns of cytokine production.
Besides Thl and Th2 cells, a third subset, known as Th17

cells, has received considerable attention because they appear to be

principal mediators of pathogenesis in several inflammatory and au-
toimmune disorders, including asthma, colitis, experimental autoim-

mune encephalomyelitis (EAE), and rheumatoid arthritis (1, 2).

Th17 cells are characterized by production of IL-17A (in this
work, IL-17 represents IL-17A) and the related family of cyto-
kines. Th17 cell differentiation has been extensively studied from
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a transcriptional but not posttranscriptional framework. High-dose
Ag-loaded dendritic cells induce Th17 cell differentiation. TGF-$3
and IL-6 combinations are very effective to induce naive CD4”"
T cells to become Th17 cells (2, 3). Initial studies in mice sug-
gested that IL-23 induces IL-17 expression. However, further
studies showed that the IL-23 receptor is only expressed on T cells
after activation, and therefore, IL-23 promotes IL-17 production
by expansion of Th17 cells, but it cannot act on naive T cells to
induce Th17 differentiation (4). IL-6 is sufficient to induce IL-23R
expression, and IL-23 further amplifies its receptor expression (5).
However, other cytokines, such as, IL-2, IFN-y, and IL-27, inhibit
Th17 differentiation (2, 3, 6).

Several transcription factors have been reported to regulate Th17
cell differentiation. The cytokines IL-23, IL-21, and IL-6 that induce
IL-17 production all activate Stat3 (7, 8). Furthermore, deletion of
Stat3 in T cells abrogates Th17 cell differentiation (9). Stat3 directly
controls expression of many of the other transcription factors that
participate in Th17 cell differentiation including retinoic acid-related
orphan receptor yt (RORvyt) (10). RORvyt has been reported to bind
to the IL-17 gene promoter, and its overexpression promotes IL-17
expression (10, 11). In contrast, IL-2 and IL-27 inhibit IL-17 pro-
duction via different mechanisms (2, 6, 12). Recent studies demon-
strated that the induction of Stat5 binding by IL-2 was associated with
less binding of Stat3 to the IL-17 promoter (12), whereas IL-27
controls IL-17 production via induction of the ligand programmed
cell death ligand-1 in a Statl-dependent manner (6).

Reagents targeting Th17-related molecules have been under
clinical investigation for several diseases, but this has not always
been effective in controlling disease activity (13). Consistent with
this, it has become evident that there are substantial differences in
Th17 cell development. Although the cytokines and transcription
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factors that control Th17 differentiation have been extensively in-
vestigated, the posttranscriptional regulation of IL-17 mRNA is
not well understood.

The contribution of posttranscriptional regulation in control of
gene expression of inflammatory cytokines is increasingly rec-
ognized as being an important control point in gene expression (14,
15). Stabilization or degradation of labile mRNAs by AU-rich
elements (AREs) in their 3’ untranslated region (UTR) is an im-
portant mechanism of posttranscriptional gene regulation of in-
flammatory cytokines. The best-characterized ARE-binding proteins
are the Elav/Hu family of RNA-binding proteins (RBPs; HuR
[HuA], HuB, HuC, and HuD), including the ubiquitously expressed
family member HuR. HuR protein contains three RNA-recognition
motif domains (16). Of these, the two N-terminal domains bind
U-rich RNA sequences, and the C-terminal RNA-recognition motif
stabilizes Hu—RNA complexes, enhances their translation, or both
(17-21). HuR further regulates cell proliferation by stabilization
of mRNAs encoding cyclins A and B1 (22).

The RBP HuR positively regulates stability of many target
mRNAs via binding AREs present in the 3’ UTR, including in-
flammatory cytokines such as IL-4, IL-13, and TNF-a (23-26). In
this study, we demonstrated that IL-17 mRNA and protein levels
in polarized Th17 cells from HuR conditional knockout (KO)
mice are reduced compared with wild-type (WT) Th17 cells. We
verified that HuR directly binds to IL-17 mRNA 3’ UTR and
controls transcript stability. HuR-deficient Th17 cells using an
adoptive transfer model have delayed disease onset and less severe
pathogenesis in the development of EAE compared with WT Th17
cells. In summary, our results reveal an underappreciated posttran-
scriptional control mechanism of IL-17 by HuR. These findings
may have implications not only for treatment of IL-17-mediated
inflammatory diseases such as EAE but in Th17 differentiation as
well.

HuR POSTTRANSCRIPTIONALLY REGULATES IL-17 mRNA

Materials and Methods

Animals

HuR™™ mice were generated as previously described (M. M. Gubin,
P. Techasintana, J.D. Magee, G.M. Dahm, R. Calaluce, J.L. Martindale,
M.S. Whitney, C.L. Franklin, C. Besch-Williford, J.W. Hollingsworth,
K. Abdelmohsen, M. Gorospe, and U. Atasoy, et al., submitted for pub-
lication). Eight- to 10-wk-old control (HuR™™) female mice and HuR con-
ditional KO mice (OX40-cre HuR™) were used in which a portion of the
promoter region and exons 1 and 2 of the HuR gene were deleted when
T cells were activated to express cre. All mice are on the C57BL/6 back-
ground and were bred at the animal facility of the University of Missouri.
Animal experiments were approved by the Institutional Animal Care and
Use Committee and done according to federal and institutional guidelines.

Isolation of naive CD4"* T cells and cell culture

Spleens were isolated from 8-wk-old female HuR""'mice and 0X40-cre
HuR" mice. Naive CD4* T cells were purified from splenocytes using
CD4 (L3T4) MicroBeads (Miltenyi Biotec) and MACS columns following
the manufacturer’s protocol. Cells were cultured in RPMI 1640 media
(Invitrogen) supplemented with 10% FBS, 2 mM L-glutamine (Invitrogen),
penicillin (100 U/ml)/streptomycin (100 pg/ml), sodium pyruvate, and
2-ME.

Thi7 cell differentiation In vitro

Purified naive CD4" T cells were activated with plate-bound anti-CD3 (10
ng/ml) and anti-CD28 (3 pg/ml) in the presence of no cytokine (activa-
tion) or anti—IFN-y (10 pg/ml), anti-IL-4 (10 wg/ml), TGF-B (3 ng/ml),
IL-6 (20 ng/ml), and IL-23 (20 ng/ml) (Th17 polarization). All cytokines
were purchased from R&D Systems and Abs from eBioscience.

ELISA

Cytokine levels in cell-culture supernatants were determined with the ELISA
Ready-SET-Go kit (eBioscience).

RNA isolation and quantitative RT-PCR

Cells were collected, and total RNA was extracted using TRIzol (Invi-
trogen). A total of 500 ng RNA was reverse transcribed into cDNA using

Table I.  Sequences of mouse quantitative RT-PCR primers and mouse RT-PCR primers in biotin pulldown

Sequences of Mouse Quantitative RT-PCR Primers

HuR forward
HuR reverse
Stat3 forward
Stat3 reverse
IFN-vy forward
HuR forward
HuR reverse
IL-17 reverse
GM-CSF forward
GM-CSF reverse
Bcl6 forward
Bcl6 reverse
Foxp3 forward
Foxp3 reverse
ROR~t forward
RORt reverse

5'-ACTGCA GGGATGACATTGGGAGAA-3’
5'-AAGCTTTGCAGATTCAACCTCGCC-3'
5'-TAGCCGATTCCTGCAAGAGTCCAA-3'
5'-CGGGCAATTTCCATTGGCTTCTCA-3'
5'-ACAGCCACTGCATTCCCAGTTT-3’
5'-TCTCGGAAGGACTTGCAGACAT-3’
5'-TGTGTCTCTGATGCTGTTGCTGCT-3'
5'-AGGAAGTCCTTGGCCTCAGTGTTT-3'
5'-TGGAAGCATGTAGAGGCCATCA-3’
5'-GCGCCCTTGAGTTTGGTGAAAT-3'
5'-CATACAGAGATGTGCCTCCATAC-3'
5'-CCCATTCTCACAGCTAGA ATC C-3'
5'-TACACCCAGGAAAGACAGCAACCT-3'
5'-TCTGCTTGGCAGTGCTTGAGAA-3’
5'-ACAGCCACTGCATTCCCAGTTT-3'
5'-TCTCGGAAGGACTTGCAGACAT-3’

Sequence of Mouse RT-PCR Primers in Biotin Pulldown

IL-17 ORF forward+T7
IL-17 ORF reverse

IL-17 sectl forward+T7
IL-17 sectl reverse

IL-17 sect2 forward+T7
IL-17 sect2 reverse

IL-17 3’ UTR forward+T7
IL-17 3’ UTR reverse
GM-CSF ORF forward+T7
GM-CSF OREF reverse
GM-CSF 3’ UTR forward+T7
GM-CSF 3’ UTR reverse

5'-GCT TCT AAT ACG ACT CAC TAT AGG ATG AGT CCA GGG AG-3’
5'-TTA GGC TGC CTG GCG GAC AA-3’

5'-GCT TCT AAT ACG ACT CAC TAT AGG ACA GAG ACC CGC GG-3'
5'-GTC TTG AAT TTT GTC TTC TTC AG-3’

5'-GCT TCT AAT ACG ACT CAC TAT AGG CCA GAA ATT TTA TT-3'
5'-CCA AAA CTT TAT TAT TAC AGT GAT ATT GTT ACA A-3'
5'-GCT TCT AAT ACG ACT CAC TAT AGG ACA GAG ACC CGC GG-3’
5'-CCA AAA CTT TAT TAT TAC AGT GAT ATT GTT ACA A-3’
5'-GCT TCT AAT ACG ACT CAC TAT AGG ATG TGG CTG CAG AA-3’
5'-TCA TTT TTG GCC TGG TTT TTT GCA TTC AAA GGG G-3'
5'-GCT TCT AAT ACG ACT CAC TAT AGG GGA AGC CCA GGC CAG-3'
5'-CTGGTAAGACATTCTCAATAAATAGAGTTGC-3’
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the Gene Amp Kit (PerkinElmer) according to the manufacturer’s protocols.
The resulting cDNA template was subjected to real-time PCR using Applied
Biosystems Step One PCR system with SYBR Green Reagent Kit (Invi-
trogen) using the following cycling parameters: 95°C, 2 min; 40 cycles of
95°C, 15 s; 60°C, 30 s; and 72°C, 1 min. HuR or IL-17A mRNA levels
were normalized to GAPDH levels for each sample run in triplicate. Forward
and reverse primers for specific murine target genes are listed in Table I.

Western blotting

Cells were pelleted and resuspended in triple-detergent RIPA buffer (1%
Nonidet P-40, 50 mM Tris-HCl [pH 8], 150 mM NaCl, 0.5% deoxycholate,
1% SDS, and 1 mM EDTA) and cOmplete Protease Inhibitor Cocktail
Tablets (Roche Applied Science). Cells were lysed for 30 min on ice.
Protein lysates (25 pg) were loaded on a 10% SDS-PAGE gel and trans-
ferred onto nitrocellulose membrane. The membrane was blotted with anti-
HuR clone 3A2 (1 pg/ml; Santa Cruz Biotechnology) and anti—3-tubulin
(1 pg/ml; Sigma-Aldrich), followed by a sheep anti-mouse Ig conjugated
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with HRP secondary Ab, and detected by ECL (GE Healthcare). Protein
levels were further analyzed using Quantity One software (Bio-Rad).

Immunoprecipitation of endogenous messenger RNP
complexes

RNA immunoprecipitation (RIP) was performed according to established
protocol (25, 26) with slight modification. Briefly, Th17-polarized cells
were lysed using polysomal lysis buffer (25, 26). The lysates were pre-
cleared for 30 min at 4°C by adding 30 g IgG; (BD Bioscience) and 100
wl Protein-A Sepharose beads (50% slurry; Sigma-Aldrich) swollen in
NT2 buffer (150 mM NaCl, 50 mM Tris [pH 7.4], 1 mM MgCl, and 0.05%
Nonidet P-40) with 5% BSA. Beads (100 p.l) were coated by adding 30 pg
either IgG1 (B&D Life Sciences) as control or anti-HuR Ab, 3A2, and
incubated overnight at 4°C. After extensive washes of precoated PAS
beads, 100 pl precleared lysate was added and incubated for 4 h at 4°C
with additives, and then 30 pg proteinase K was added and incubated for
30 min at 55°C to digest protein. RNA was extracted and reverse tran-
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FIGURE 1.

Analysis of HuR expression in CD4" T cells. CD4* T cells were isolated from spleen of naive WT mice. Cells were stimulated with plate-

coated anti-CD3 (10 wg/ml) plus anti-CD28 (3 wg/ml) (activation) or in the presence of Th17 cell-polarizing cytokines for 4 d according to the methods
described. (A and B) Total RNA was isolated from activated and Th17-polarized cells and reversely transcribed into cDNA. The mRNA levels of HuR and IL-
17 were analyzed by real-time RT-PCR. (C) Cells were lysed with triple-detergent lysis buffer, and HuR protein expression was analyzed by Western
blotting (top panel) using B-actin as a loading control (bottom panel). (D) Cell-culture supernatant was collected, and IL-17 cytokine levels
were measured by ELISA. (E) Schematic representation of IL-17 3" UTR. Two predicted HuR binding sites are underlined in 3’ UTR of IL-17 mRNA.
Data were presented as mean = SEM. Data in (A)~(D) were derived from at least three independent experiments. **p < 0.001.
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scribed to cDNA. Real-time RT-PCR was performed to verify the presence
of specific target mRNAs.

In vitro biotin pulldown assay

Biotinylated transcripts were synthesized by using templates and primers.
Forward primers that contained the T7 RNA polymerase promoter sequence
(5'-CCAAGCTTCTAATACGACTCACTATAGGGAGA-3' [T7]) and re-
verse primers used to generate cDNA are listed in Table 1. PCR-amplified
products were purified and used as templates for the synthesis of bio-
tinylated RNA with T7 RNA polymerase and biotin-conjugated UTP for
murine RNAs. Biotinylated transcripts (1 pg) were incubated with NIH/
3T3 cell lysate (40 pg) for 15 min at room temperature, and then RNP
complexes were isolated with paramagnetic streptavidin-conjugated Dyna-
beads (Invitrogen). Bound HuR protein in the pulldown pellet was analyzed
by Western blotting analysis.

Induction of EAE

For induction of active EAE, female 8—10-wk-old control (HuR™™) mice
and HuR conditional KO mice (OX40-cre HuRY™) were immunized s.c. at
two sides on the back with 200 wg MOG3;s_ss in CFA, and 500 ng pertussis
toxin in PBS was administered i.p. on days 0 and 2. EAE was clinically
assessed by daily assignment of scores on a scale of 0-5 as follows: par-
tially limp tail, 0.5; completely limp tail, 1; limp tail and waddling gait,
1.5; limp tail and weakness of hind legs, 2; limp tail and paralysis of one
hind limb, 2.5; limp tail and complete paralysis of hind legs, 3; limp tail,
complete paralysis of hind legs, and weakness of front legs, 3.5; limp tail,
complete hind leg and one front leg paralysis, or paralysis of trunk, 4;
moribund, 4.5; and death, 5 (27).

For adoptive transfer of EAE, splenocytes and lymph nodes from control
and KO mice were harvested 10-14 d later following MOG35_55 immu-
nization. Cells were restimulated with MOGg;s_ss (20 pg/ml) and recom-
binant murine IL-23 (20 ng/ml) for 3 d. CD4" T cells were isolated with
a MACS kit (Miltenyi Biotec), and 6 to 7 X 10° cells were injected i.v. into
sublethally irradiated (450 rad) syngeneic mice. The recipients were given
500 ng pertussis toxin i.p. on days 0 and 2 posttransfer. Clinical disease
was monitored daily as described above.

Isolation of mononuclear cells from spinal cords

Before spinal cord dissection, mice were perfused with cold PBS to remove
blood from internal organs. The brain was dissected, and the spinal cord was

A

FIGURE 2. Reduced IL-17 expression in HuR
KO Th17 cells. CD4" T cells were isolated from
spleens of control mice and HuR-deficient mice.
Cells were stimulated as described in Fig. 1 (acti-

HuR POSTTRANSCRIPTIONALLY REGULATES IL-17 mRNA

flushed out by hydrostatic pressure. The brain and spinal cord were cut into
small pieces and digested in solution containing 0.2 U/ml Liberase DL
(Roche) and 1 mg/ml DNAse I (Roche) in DMEM at 37°C for 45 min. After
the end of the digestion, single-cell suspension was prepared by passing
through a 70-pm cell strainer. The cells were washed once in PBS, placed
in 8 ml 37% Percoll solution, and overlaid with 4 ml 70% solution, then
centrifuged at 1800 rpm for 20 min, and the interphase layer (mononuclear
cell fraction) was transferred into a fresh tube and used for subsequent
experiments.

Intracellular cytokine staining

Cells obtained from in vitro culture or from dissection of brain and spinal
cords were incubated for 4 h with 50 ng/ml PMA (Sigma-Aldrich), 500 ng/
ml ionomycin (Sigma-Aldrich), and 10 pg/ml brefeldin A (Invitrogen).
Cells were stained for surface markers, then fixed in 2% formaldehyde,
permeabilized with 0.2% saponin, and stained for intracellular cytokines.

Immunohistochemical staining

Paraffin-embedded sections of spinal cord from mice with EAE were
deparaffinized in xylene and dehydrated in graded alcohol. The slides were
washed in PBS (0.1 M, pH 7.6). Pretreatment of tissue with heat-induced
epitope retrieval is done by using microwave. The slides were blocked for 1
h with 1.5% normal goat serum. Anti-CD3 (Dako North America) was used
as primary Ab (1:50-1:100 dilution) and isotype rabbit IgG or BSA as
negative control. Biotinylated goat-anti-rabbit IgG (Jackson Immuno-
Research Laboratories, West Grove, PA) was used as secondary Ab, fol-
lowed by incubation with Vectastain Elite avidin-biotin complex (Vector
Laboratories, Burlingame, CA). Peroxidase activity was visualized using
Nova Red substrate (Vector Laboratories) (28). Cell nuclei were counter-
stained with hematoxylin (Vector Laboratories).

Isolation of naive CD4* T lymphocytes from human PBMCs

Buffy coats were obtained from healthy subjects (Applied Biological
Materials). PBMCs were separated by Histopaque centrifugation (Sigma-
Aldrich). Naive CD4* T lymphocytes were subsequently isolated using
the human CD4* T cell Isolation Kit IT (Miltenyi Biotec).

Human CD4* T cells differentiation assay

Plates were precoated overnight at 4°C with 5 pg/ml of anti-CD3 mAb
(UCHT1; BD Biosciences). Ab solution was removed; plates were rinsed

B
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once with PBS. CD4" T cells were cultured in the complete RPMI 1640
medium (Invitrogen) with 2.5 pg/ml soluble anti-CD28 (clone 28.2;
eBioscience), in the presence of recombinant human (rh)IL-13 (20 ng/ml),
rhIL-6 (20 ng/ml), rhIL-23 (20 ng/ml), human TGF-f (5 ng/ml), anti-IL-4
(10 pg/ml), and anti-IFN-y (10 wg/ml). The cells were cultured at 37°C
for 7 d. For Th17 cell transfection using small interfering RNA (siRNA)
experiments, naive CD4" T cells were cultured and transfected using HuR
siRNA or HuR scramble molecules (300 nM; Qiagen) with the Human
T Cell Nucleofector Kit (Lonza).

Statistical analysis

The results were analyzed for statistical significance by paired sample 7 test.

Results

Increased IL-17A mRNA expression correlates with the
increased HuR protein expression during Thl7 cell
differentiation

To determine whether HuR would affect Th17 cell differentiation,
we first examined HuR mRNA and protein expression levels in
naive, activated, and differentiated CD4* T cells. After 4 d culture,
we collected cells and isolated RNA for RT-PCR and cell protein
extracts for Western analysis. We analyzed mRNA levels by RT-
PCR using primer sequences in Table I. Compared to the HuR
mRNA levels in naive CD4" T cells, the level of HuR mRNA in
activated CD4" T cells was modestly increased but this was not
statistically significant (Fig. 1A). However, Th17-polarized cells
had significantly higher HUR mRNA steady-state levels compared
with naive unactivated cells (Fig. 1A).
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were isolated from spleen of WT mice and stimulated as described in Fig.
1 in the presence of Th17 cell-polarizing cytokines for 5 d. (A) IP of RNP
complexes assayed for detection of IL-17 mRNA in Th17 cell cytoplasmic
extracts immunoprecipitated with anti-HuR or isotype-matched Ab. Real-
time PCR showed IL-17 mRNA enrichment in the anti-HuR IP samples
compared with isotype-matched IgG1. IFN-y mRNA was hardly detected
in any IP samples. (B) Biotin pulldown was used to determine whether
HuR directly binds to 3" UTR of IL-17 mRNA. HuR protein could be
detected by Western blotting in biotinylated transcripts spanning IL-17 3’
UTR, but not in IL-17 mRNA ORF biotinylated transcripts. GAPDH
biotinylated transcripts were unreactive. Error bars represent = SEM. Data
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(B) were derived from two independent experiments. **p < 0.001.
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As expected, the IL-17 mRNA levels were significantly in-
creased in Th17 cells compared with naive or activated CD4"
T cells (Fig. 1B). Consistent with HuR mRNA data, Western blot
assay showed increased HuR protein expression in both activated
and Th17 cells, with slightly greater amounts in the later (Fig. 1C).
Therefore, these results suggested that both HuR mRNA and
protein expression are increased in Th17 cells, which correlated
with increased IL-17 mRNA (Fig. 1A, 1C) and IL-17 cytokine
levels (Fig. 1D). Furthermore, by using computational analysis of
IL-17 3" UTR, we found two predicted hits of a HuR murine gene
motif (access number NM_010552.3) (Fig. 1E), which are similar
to human IL-17 (NM_002190.2) sequences.

HuR genetic ablation decreases IL-17A mRNA and protein
expression in Thl7 cells

Because HuR protein expression correlated with IL-17 mRNA and
protein expression (Fig. 1) in Th17 cells, we asked whether HuR
regulates IL-17 mRNA expression. To address this question, we
generated HuR conditional KO (OX40-cre HuR™) mice. 0X40 is
not expressed in naive, unactivated CD4" T cells but is upregu-
lated upon T cell activation, thus deleting HuR. A major advan-
tage of using such an approach is that it does not affect T cell
development, because HuR levels are lowered following activation.

We first examined kinetics of HuR protein expression in po-
larized Th17 cells from KO mice during culture. Naive CD4" T
cells from WT and KO mice were cultured under Th17-polarizing
conditions, and HuR levels were quantified by Western blotting.
These results showed that endogenous HuR was gradually dimin-
ished following cell activation and differentiation in KO CD4*
T cells beginning at day 3 after culture (Fig. 2A). Compared to
WT (100%) HuR levels in CD4* T cells, HuR levels decreased to
42% on day 3 and 15% by day 4. HuR was barely detected after
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FIGURE 4. HuR deficiency in Th17 cells impaired IL-17 mRNA sta-
bility. CD4" T cells were isolated from spleen of WT control mice and
HuR KO mice. Cells were stimulated as described in Fig. 1 in the presence
of Th17 cell-polarizing cytokines for 5 d. Th17-polarized cells were un-
treated or treated with actinomycin D (Act D; 3 pg/ml) and harvested at 1,
3, and 5 h. Levels of IL-17 (A) and Stat-3 (B) mRNA were determined by
real-time PCR. Data in (A) were derived from at least three independent
experiments. Data in (B) were derived from two independent experiments.
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FIGURE 5. HuR deletion in Th17 cells impairs cellular proliferation.
CD4* T cells were isolated from spleens of control and HuR KO mice,
labeled with CFSE, and cultured under Th17-polarizing conditions for 5 d.
Cell proliferation was measured by flow cytometry assay. HuR KO Th17
cells had reduced proliferation as compared with WT Th17 cells.

day 5 (Fig. 2A), which revealed that the HuR gene was genetically
ablated in activated T cells. This was further confirmed by mea-
suring HUR mRNA expression using real-time-PCR (Fig. 2B).

HuR POSTTRANSCRIPTIONALLY REGULATES IL-17 mRNA

Taken together, these data argue that HuR genetic ablation does
work but it takes several days for the protein levels to maximally
decrease.

Because there were reductions in IL-17 expression in KO CD4*
T cells, we asked whether this resulted in disturbances in Th17
differentiation. Fig. 2C demonstrates significant reductions in IL-
17* cells in KO versus control CD4" T cells (7.9 versus 19.5%).
We also measured expression of other relevant genes in Th17
differentiation and found no differences in ROR+yt and IL-17F and
only modest increases in IL-22 (Supplemental Fig. 1).

Next, we examined IL-17A mRNA and protein levels following
HuR ablation in KO and WT Th17 cells. Real-time PCR analy-
sis showed that KO Th17 cells had significantly less IL-17 mRNA
as compared with WT Th17 cells on day 4 after culture (Fig. 2B).
In all of our experiments, IFN-y mRNA and protein levels were
unaffected (data not shown). In addition, we measured IL-17 pro-
tein level in culture supernatants by ELISA. Consistent with re-
duction in IL-17 steady-state mRNA levels, KO Thl7 cells
produced notably less IL-17 (64%) compared with WT Th17 cells
(Fig. 2E). These results indicated that HuR ablation reduced
steady-state levels of IL-17 mRNA and protein in Th17 cells and,
furthermore, decreased frequency of IL-17* cells in Th17 differ-
entiation.

HuR regulates IL-17 expression by directly binding to the 3’
UTR

The regulation of IL-17 expression by HuR suggested that IL-17
mRNA might be a direct target of HuR. To evaluate the poten-
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FIGURE 6. HuR is required for initiation of EAE. Splenocytes and lymph node cells from immunized control and HuR KO mice were cultured in the
presence of MOG3s_ss (20 pg/ml) and murine IL-23 (20 ng/ml) for 3 d. CD4* T cells were isolated, and 6 to 7 X 10° cells were injected i.v. into sublethally
irradiated WT mice following two dosed pertussis toxin injections. (A) Disease onset in mice receiving adoptively transferred WT or HuR KO CD4" T cells
and observed until day 55 shows delay in disease initiation. Data in (A) and (B) were summarized for at least six mice per group and are representative of
two independent experiments. (B) Development of clinical disease in early time points in recipients after adoptive transfer of WT control or HuR KO CD4*
Th17 polarized T cells. These data represent an independent experiment from (A). (C) Disease onset in mice. Data in (B) were summarized for at least six
mice per group and representative of two independent experiments. Error bars in (A) and (B) represent = SEM. (D-G) Proinflammatory cells in spinal cord
of recipients that received WT and HuR KO Th17 cells at day 21 after transfer were isolated and analyzed by flow cytometry. These data are representative
of four pairs of mice from two independent experiments. *p < 0.05, **p < 0.01.
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tial Th17 cell-extrinsic function of HuR in vitro, we first per-
formed RIP assay to test whether HuR protein directly binds IL-17
mRNA. The association of HuR with IL-17 mRNA was monitored
by isolating RNA from the preserved RNP complexes using anti-
HuR Ab. These data showed a significant IL-17 mRNA enrichment
(>100-fold) in the anti-HuR immunoprecipitation (IP) sample
comparing with isotype-matched IgG control. IFN-y mRNA was
not appreciably enriched in the HuR pulldown (Fig. 3A). To val-
idate HuR interactions with IL-17 mRNA, we used a second in-
dependent method, biotin pulldown.

We generated four biotinylated transcripts that are comple-
mentary to sequences in IL-17 mRNA 3’ UTR and open reading
frames (ORF) (Figs. 1D, 3B). The biotinylated transcripts were
incubated with cytoplasmic protein lysates from WT Th17 cells.
As expected, HuR was detected by Western blot in the samples
precipitated by the biotinylated transcripts corresponding to pu-
tative binding sites section 1 and section 2 of IL-17 mRNA 3’ UTR,
but not to IL-17 mRNA ORF (Fig. 3B). As a negative control, HuR
protein did not associate with GAPDH 3’ UTR biotinylated probes
and GAPDH mRNA complex, because this transcript lacks HuR
binding domains (Fig. 3B). Taken together, these results indicated
that HuR directly binds to IL-17 3" UTR mRNA, suggesting a reg-
ulatory relationship.

HuR posttranscriptionally regulates IL-17 by stabilizing its
mRNA

HuR has previously been described as regulating its mRNA targets
in part by increasing mRNA stability, translation, or both (19-22).
To identify the function of HuR for protecting IL-17 mRNA from
degradation, IL-17 mRNA decay rates were measured using ac-
tinomycin D treatment in WT and KO Th17 cells.

As seen in Fig. 4A, there is a 3-fold reduction in IL-17 mRNA
stability (3 to 0.9 h) in HuR KO Th17 cells. In comparison, STAT3
mRNA stability is not altered under these conditions (Fig. 4B).
These results suggested that HuR directly binds and stabilizes IL-17
mRNA, which in turn leads to increased mRNA accumulation and
protein production in Th17 cells. Therefore, HuR modulates 1L.-17
mRNA by transcript stabilization and thus promotes IL-17 expression.

HuR deficiency impairs cell proliferation

The levels of HuR are increased in many cancers (29, 30), and it
promotes colorectal carcinoma proliferation by regulating cyclin
A and cyclin B mRNA stability (22). To our knowledge, so far
there are no reports about HuR regulating Th17 cell proliferation
and differentiation. To address this question, we isolated KO and
WT CD4* T cells and labeled them with CFSE to measure pro-
liferation under Th17-polarization conditions. The results showed
that HuR KO CD4* T cells had slightly decreased cell prolifera-
tion under Th17-polarization conditions as compared with WT
CD4* T cells (Fig. 5). Because IL-2 plays an important role in
T cell proliferation, we measured IL-2 levels but did not find any
differences between KO and WT CD4™ T cells, even when sup-
plemented with exogenous TGF-B. (Supplemental Fig. 2). These
data suggested that HuR also functions to promote activated T cell
proliferation. In contrast, there were minimal differences in cel-
lular differentiation when CD4" T were merely activated.

We further investigated whether HuR ablation affected T fol-
licular helper (Tfh) and regulatory T cell (Treg) differentiation. We
polarized naive CD4" T cells under either Tth or Treg conditions
and assayed for expression of the relevant transcription factors
for these lineages and asked whether there were any alterations
in HuR expression. We did not find any appreciable differences
in transcriptional factor or HuR expression in Tfh or Treg cells
(Supplemental Fig. 3).
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HuR deficiency delays onset and reduces severity in EAE
development

Previously published reports have demonstrated that Th17 cells
play a pathogenic role in EAE and multiple sclerosis (13, 31-34).
To investigate the function of HuR in vivo, we studied the effect of
HuR deficiency on the development of EAE by adoptive transfer
of MOG-specific CD4™ T cells into naive mice. WT and KO mice
were immunized with MOG and CFA according to methods pre-
viously described (34). We monitored EAE disease score severity
in recipients daily according to disease criteria (see Materials and
Methods). We first performed adoptive transfer experiments and
observed the mice for up to 55 d to ascertain the entire course of
disease progression. These results suggested that there may be
significant differences in disease onset and severity up to day 23;
however, these differences were not apparent later on (Fig. 6A).
We repeated the adoptive transfer experiments and sacrificed the
animals at earlier time points to discover whether there were any
differences in trafficking of cells to the CNS.

The recipients that received WT CD4* Th17 cells began to show
clinical signs of EAE ~11 d after transfer and reached maximum
severity score around day 23 (Fig. 6B). However, in contrast, onset
of clinical EAE signs in mice that received KO CD4" Th17 cells
was remarkably delayed (Fig. 6B, 6C), and the development of
EAE disease severity was also significantly reduced (Fig. 6C)
compared with mice receiving WT CD4* T cells.

We further isolated monocytes from spinal cords to quantitate
and identify CNS inflammatory cells and frequency of IL-17-
producing cells by flow cytometry. The results showed that there
were reduced numbers of CD4™ T cells and IL-17—positive cells in
spinal cords of mice who received KO CD4" T cells, as compared
with cells in recipients that received WT CD4" T cells (Fig.
6D-G). Consistent with the clinical scores, histological analysis
showed that the proinflammatory cell infiltration of the spinal cord
was much reduced in recipients of KO CD4* T cells compared

anti-CD3

H&E staining staining

FIGURE 7. Histopathology of spinal cords of mice with EAE. Spinal
cords were obtained from recipients that received WT (A—C) or HuR KO
CD4" T cells (D-F) at ~21 d after cell transfer. Representative H&E
staining of spinal cord sections (A, B, D, and E) and anti-CD3 immuno-
histochemical staining of spinal cord sections (C, F) are shown. There are
higher numbers of inflammatory cellular infiltrates of spinal cords in mice
that received WT CD4" T cells (A-C) than those that received HuR KO
CD4* T cells (D-F). Staining is representative of four pairs of mice.
Original magnification in (A) and (D) is X100; in (B), (C), (E), and (F),
X400. Arrows point to areas of cellular infiltration. Insets in (A) and (D)
are enlarged to full size in (B) and (E), respectively.
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with that of WT CD4* T cells (Fig. 7A, 7B versus 7D, 7E). Anti-
CD3 immunohistochemical staining demonstrated that there was
increased inflammatory T cell infiltration of spinal cords of recipi-
ents with WT CD4" T cells, but fewer numbers in recipients of
KO CD4* T cells (Fig. 7C versus 7F).

These observations revealed that MOGss_ss-specific CD4" T cells
from KO mice are less efficient in initiating pathogenesis of EAE.
Taken together, these experiments reveal HuR as an important initi-
ating factor in Th17 cell-mediated neuroinflammatory autoimmune
disease.

The cytokine GM-CSF has also been previously described as
playing an important role in the EAE model of multiple sclerosis
(27, 35, 36). Therefore, we asked if HuR ablation altered GM-CSF
expression in ex vivo experiments. HuR genetic ablation results
in significant decreases in GM-CSF steady-state mRNA levels in
activated CD4" T cells that are commensurate with HuR mRNA
reductions but not in protein (data not shown).

Knockdown of HuR in human cells affects IL-17 expression

The functional properties of IL-17 in the neuropathology of
multiple sclerosis have begun to be elucidated. Studies have
demonstrated increased IL-17 levels in the cerebrospinal fluid of

A

HuR POSTTRANSCRIPTIONALLY REGULATES IL-17 mRNA

the patients with the more severe, opticospinal form of the disease
(1, 37, 38). Another study showed that human Th17-differentiated
cells could more effectively traverse the blood—brain barrier en-
dothelial cells than Thl-differentiated cells (39). We asked whether
HuR-mediated IL-17 expression obtained with murine models
could be extended to the human system, because mouse and hu-
man cytokines may be regulated differently. To address this question,
we isolated naive CD4™ T cells from human PBL and polarized them
under Th17 cell conditions. Interestingly, the data showed that
increased IL-17 and mRNA and protein levels correlated with
increased HuR mRNA level (Fig. 8A, 8B) and protein levels (Fig.
8C, 8D). In order to determine if HuR functionally regulated
human IL-17 expression, we knocked down HuR using siRNA in
human CD4" T cells. The results confirmed that knocking down
HuR decreased IL-17 expression (Fig. 8E, 8F). These data suggest
that HuR also contributes to regulation of IL-17 expression in
human CD4" T cells and thus may also play a role in human
disease.

Discussion
HuR has been reported to stabilize transcripts of multiple proin-
flammatory cytokines including, but not limited to, cyclooxygenase
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FIGURE 8. Knockdown of HuR in human CD4* T
cells affected IL-17 expression. (A and B) Naive CD4*
T lymphocytes were isolated from human PBL cells
and cultured in the plate precoated with 5 pg/ml
of anti-CD3 and 2.5 pg/ml of anti-CD28 (activated) or
in the presence of Thl7 cell-polarizing cytokines
according to the methods described. Cells were col-
lected. (A and B) HuR and IL-17 mRNA expression
was measured by real-time PCR. (C and D) Protein
levels of HuR and IL-17 were detected by immuno-
blotting and ELISA, respectively. (E and F) Naive
CD4" T cells were transfected using HuR siRNA or
HuR scramble molecules (300 nM) by the Human T
Cell Nucleofector Kit and cultured under Th17-dif-
ferentiation conditions. (E) Western blot assay con-
firmed that HuR siRNA transfection reduced HuR
protein in CD4" Th17 cells. (F) ELISA assay showed
that knocking down HuR in CD4" T cells decreased
IL-17 expression. Data in (A)—(D) were derived from
three independent experiments. Data in (E) and (F) were
derived from two independent experiments. Error bars
represent = SEM. *p < 0.05, **p < 0.005, ***p <
0.001.
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2, TNF-a, vascular endothelial growth factor, and IL-13 (23-25).
In this study, we report that HuR directly binds to IL-17 3" UTR
mRNA and stabilizes its transcript, which in turn results in in-
creases in both IL-17 mRNA and protein levels. Additionally,
HuR ablation in CD4" Th17 cells interferes with Th17 differen-
tiation and decreased IL-17 expression in an adoptive transfer
model of EAE. This in turn results in reductions in disease initi-
ation and early severity.

Studies on the regulation of IL-17 expression in T cells have thus
far focused on transcriptional activation and associated signaling
cascades, which play important roles in its regulation (2-5, 8-12).
However, a growing body of evidence indicates that posttran-
scriptional gene regulation also plays a key but poorly understood
role in T cell differentiation following activation (24). HuR plays
critical roles in ARE-mediated mRNA stability and translation
(40—42). HuR performs its functions closely related with its
translocation from the nucleus into cytoplasm by modulating
mRNA stability and translation. The function of HuR has been
reported in regulating gene expression in many cellular processes,
such as cell-cycle control, tumorigenesis, inflammation, apoptosis,
and cell stress response (40—44). We previously reported that the
rapid decay of mRNA in activated T cells could be changed by
the activation of HuR, which binds IL-13 mRNA 3" UTR in Th2
cells (24). To determine if HuR was expressed in Th17 cells, we
assayed both mRNA and protein expression. The results showed
that HuR protein is robustly expressed in Th17 cells and HuR KO
reduced frequency of IL-17" cells, as well as IL-17 mRNA and
protein levels, as compared with WT Th17 cells. Thus, HuR may
play an important posttranscriptional role during Th17 differentiation.

We computationally detected two hits of the putative HuR
signature motif in IL-17 mRNA 3’ UTR, suggesting that IL-17
mRNA might be a direct target of HuR. We demonstrated that
HuR interacts with IL-17 mRNA in its 3" UTR region using RIP
and biotin pulldown techniques. These results indicated that HuR
directly binds to IL-17 mRNA 3’ UTR, but not IL-17 mRNA ORF
region.

In T cells, HuR functions by increasing mRNA stabilization,
cytoplasmic accumulation, or translation of mRNA transcripts (24—
26). In our current study, the significant changes in IL-17 mRNA
and protein levels correlated well with HuR levels. This provided
additional evidence that HuR acts as a positive regulator for IL-17
mRNA stability similar to what has previously been reported with
other proinflammatory cytokine mRNAs, such as IL-13, TNF-q,
and GM-CSF (24, 45). Consistent with previous reports, we ob-
served that HuR KO significantly reduced IL-17 mRNA ¢,
compared with that of WT Th17 cells. Therefore, HuR associated
with IL-17 mRNA, which makes the IL-17 mRNA more stable.
Indeed, HuR has been reported to stabilize IL-4 and IL-13 mRNA
in activated T cells (24).

Th17 cells play a pathogenic role in EAE and multiple sclerosis
(1, 27, 33-35, 37-39). Our current study showed that mice that
received HuR KO MOG-specific Th17 cells exhibited delayed
onset, reduced severity scores, and ameliorated histological changes
in the initiation of EAE. Flow cytometry analysis showed that the
IL-17-producing cells are much reduced in the spinal cord and
brain compared with that of WT CD4* T cells. These results are
consistent with earlier reports that in vivo neutralization of IL-17
or genetically mutated IL-17 mice have significantly reduced EAE
severity (33). However, we observed these results only in disease
initiation and not in overall disease severity at later time points.
We hypothesize this may be due to the timing of HuR genetic
ablation, because in our system, it takes about 4 d to achieve
profound HuR KO. We speculate that earlier HuR genetic abla-
tion, prior to T cell activation and thus Th17 polarization, may
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perhaps result in more significant phenotypic changes, though this
remains to be experimentally determined. Another interesting
point is that IFN-y plays an important role later on in EAE pro-
duction. Our evidence to date suggests that HuR regulates Th2 and
Th17 cytokines but not Thl, such as IFN-y. Thus, our observa-
tions may be due to a lag in IL-17 expression early on in EAE
pathogenesis, but IFN-y production later results in similar disease
progression.

It seems plausible that RBPs such as HuR cooperate not only
with each other, but also with miRNAs to ultimately affect tran-
script fate, as has been suggested by Srikantan and colleagues (46).
Thus, it will be important in future studies to interrogate I1L-17
mRNA milieus to discover trans-acting factors that control its
expression and therefore may be novel targets in EAE disease
pathogenesis.

Taken together, our study indicates the importance of HuR-
controlled posttranscriptional regulatory events in regulation of
IL-17 expression in activated CD4* T cells and extends evidence
that HuR functions as an important initiator of autoimmune neu-
roinflammation. These results also elucidate the important role
posttranscriptional events play in Th17 differentiation. Further
understanding of molecular pathways of HuR function may
identify novel therapeutic targets for intervention in EAE and
multiple sclerosis.
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