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Mounting evidence indicates that interleukin 17 (IL-17) is critically involved in the pathogenesis of severe
asthma. We have previously reported that upon IL-17 stimulation, Act1, an IL-17-receptor-complex adaptor,
directly binds to its target mRNAs and utilizes other proteins, such as HuR, to upregulate mRNA stability and
translation. HuR mRNA targets include multiple asthma-related genes. In this study, we have used house dust
mite (HDM), a natural allergen, to test the role of HuR in the pathogenesis of allergic asthma. We found that
HuR deletion in airway epithelium diminished HDM-induced lung inflammation, including neutrophil and
eosinophil infiltration. While Th2 cytokines were not altered, the production of CXCL1, CXCL5 and CCL11
chemokines was significantly diminished. Airway smooth muscle (ASM) cells contribute to the pathogenesis of
allergic asthma by orchestrating inflammatory and remodeling responses.

We found that IL-17 treatment of ASM cells induced translocation of HuR from nucleus to cytoplasm, where
it bound directly to Cxcl1 and Ccl11 mRNA. Deletion of HuR in ASM cells decreased their proliferation as well
as CXCL1 and CCL11 production in response to IL-17. Taken together, our findings demonstrate the impor-
tance of HuR-mediated regulation of gene expression to the pathogenesis of allergic asthma, in both airway
epithelial and ASM cells.
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Introduction

Asthma has become an epidemic, affecting over 300
million people worldwide (Enilari and Sinha 2019).

Airway inflammation, smooth muscle bronchoconstriction
leading to airflow obstruction, and mucous hypersecretion
are clinical hallmarks of asthma (Holgate and others 2015).
Asthma is well known as the result of sensitization to a
variety of environmental allergens and is typically associ-
ated with Th2 cytokines (IL-4, IL-5 and IL-13, IL-25, IL-33,
and TSLP) and eosinophilia.

While patients with mild-to-moderate asthma (characterized
by Th2 cytokine expression) usually respond well to inhaled
corticosteroids, a subset of asthmatics have more severe,
steroid-resistant disease characterized by neutrophilic airway
inflammation and less reversible airflow obstruction (Al-Ramli
and others 2009; Vazquez-Tello and others 2010; Silverpil and
Lindén 2012; Fogli and others 2013; Morishima and others

2013; Chesné and others 2014; Liu and others 2017). Severe
asthma is associated with a subset of T helper cells, called
Th17, expressing cytokine IL-17 (also known as IL-17A) (Al-
Ramli and others 2009; Park and Lee 2010; Wang and Wills-
Karp 2011; Trevor and Deshane 2014).

IL-17 regulates tissue inflammatory responses, including
airway inflammation, through transcriptional and post-
transcriptional upregulation of proinflammatory, neutrophil-
mobilizing cytokines and chemokines (Hartupee and others
2007; Sun and others 2011; Gu and others 2013). Chemokine
and cytokine mRNAs are often constitutively unstable and
need to be stabilized for efficient translation (Seko and others
2006; Stoecklin and others 2006; Anderson 2008; Stumpo
and others 2010; Schoenberg and Maquat 2012).

Recently, we have demonstrated that Act1, an IL-17-
receptor-complex adaptor, orchestrates post transcriptional
branch of IL-17 signaling; Act1 directly binds and regulates
messenger RNAs encoding key inflammatory proteins (Herjan
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and others 2018). Mechanistically, Act1 recognizes specific
sequence motifs in its target mRNAs and recruits other pro-
teins, including IKKi, TBK1, and HuR (Human antigen R), to
regulate different stages of mRNA metabolism. In particular,
we have shown that Act1 cooperates with HuR to upregulate
target mRNA translation (Herjan and others 2013, 2018). HuR
is well known as a positive regulator of both mRNA stability
and translation (Peng and others 1998; Brennan and Steitz
2001; Tiedje and others 2012; Herjan and others 2013; Garcı́a-
Mauriño and others 2017).

Several studies have shown that HuR upregulates mRNA of
cytokines and chemokines important for asthma, in various
cell types, including Th2 cells, airway epithelial and airway
smooth muscle (ASM) cells (Casolaro and others 2008; Fan
and others 2011; Srikantan and Gorospe 2012; Atasoy and
others 2014). Recently, we have shown that deletion of HuR in
the airway epithelium reduced airway neutrophilia induced
with intranasal IL-17 challenge (Herjan and others 2013).
Despite this advance, clinically relevant allergic asthma model
is necessary to fully understand the role of HuR in the path-
ogenesis of this multifactorial disease.

House dust mite (HDM) is a natural aeroallergen to which
asthmatics are frequently sensitized. Exposure to HDM in-
duces both Th2 and Th17-driven inflammation and results in
the development of different features of asthma, including
neutrophilic airway inflammation as well as airway hy-
perresponsiveness (Chesné and others 2015). Moreover, IL-
17 has been shown to contribute to neutrophilia as well as
ASM contraction observed in HDM model (Bulek and
others 2019, p. 35; Chenuet and others 2017; Chesné and
others 2015; Kudo and others 2012).

Therefore, in this study, we have utilized HDM allergic
asthma model to examine the effect of epithelium-specific
HuR knockout in asthma pathogenesis. Additionally, we
assessed the impact of HuR deletion in ASM cells on IL-17
response. We found that HuR deletion in airway epithelium
diminished HDM-induced pulmonary inflammation, mainly
by reducing levels of neutrophil-attracting chemokines, such
as CXCL1 and CXCL5, as well as an eosinophil-specific
chemoattractant CCL11, but did not alter Th2 cytokines.
Bronchoalveolar lavage (BAL) fluid analysis and lung his-
tology showed significantly lower neutrophil an eosinophil
infiltration upon airway epithelial-specific HuR deletion.

Mechanistically, we found that HuR deletion reduced
association of Cxcl1, Cxcl5, and Ccl11 mRNAs with ac-
tively translating polysomes. Besides epithelial cells, also
ASM cells contribute to the pathogenesis of allergic asthma,
by participating in inflammatory and remodeling responses
(Chang and others 2012; Dragon and others 2014). We
found that IL-17 treatment induced translocation of HuR
from nucleus to cytoplasm in ASM cells as well as direct
binding of HuR to Cxcl1 and Ccl11 mRNAs.

HuR deletion in primary ASM cells isolated from
HuRflox/flox mice, resulted in significant reduction of IL-17-
induced cell proliferation as well as diminished secretion of
both CXCL1 and CCL11. Mechanistically, HuR deletion in
ASM cells impaired IL-17-induced association of Cxcl1 and
Ccl11 mRNA with actively translating polysomes as well as
stability of these transcripts. Taken together, our findings
demonstrate significant contribution of post-transcriptional
regulation of inflammatory genes mediated by HuR to the
pathogenesis of allergic asthma, both in the airway epithelial
cells, as well as in ASM cells.

Materials and Methods

Reagents

Abs against GAPDH, HuR, Histone H3, and a-Tubulin
antibody were from Santa Cruz Biotechnology.; anti–pro-
SP-C Ab was from Upstate. Adenoviruses encoding GFP
and Cre-GFP were obtained from Vector BioLabs. For
enzyme-linked immunosorbent assay (ELISA), DuoSet
ELISA Development Systems (R&D Systems) was used,
following the manufacturer’s instructions.

Mice

SP-C-rtTA/tetO-CRE mice, described previously (Perl
and others 2009), were a kind gift from Dr. Jeffrey Whitsett.
Conditional HuR-knockout (KO) embryonic stem (ES) cells
and mice were generated using gene-targeting technology as
described before (Herjan and others 2013). Conditional
deletion of HuR in alveolar type II cells was achieved as
reported before (Herjan and others 2013). All animal ex-
periments were approved by the Institutional Animal Care
and Use Committee of the Cleveland Clinic.

HDM-induced asthma

Eight-week-old mice were sensitized subcutaneously with
HDM (100mg per mouse; Dermatophagoides farinae, Greer
Laboratories) in complete Freund’s adjuvant (CFA) on day
0 and then intranasally challenged with HDM (100mg per
mouse) on day 14. BAL cell counting and tissue collection
were performed 24 h after the last HDM challenge.

Histochemistry and immunohistochemistry

Hematoxylin and Eosin staining: lung tissue was fixed in
10% neutral-buffered formalin and paraffin embedding.
Paraffin-embedded lung sections were stained with H&E to
evaluate inflammation. For frozen sections, lungs were
embedded in OCT (Tissue-Tek) and snap frozen in liquid
nitrogen. Sections (10 mm) were incubated with anti-HuR
(1:100) and anti–pro-SP-C (1:100). Ags were visualized
following incubation with fluorescence-conjugated second-
ary Abs (Molecular Probes).

Mouse ASMC isolation

Mouse smooth muscle cells were isolated as described
before (Lauer and others 2009a, 2009b). Briefly, tracheas
were excised, longitudinally cut, and then digested in 0.15%
Pronase solution (Roche) at 4�C overnight. Next, the re-
maining epithelial cells were removed with a cotton swab
and tracheas were cut into small pieces (*30 per trachea).
Trachea fragments were transferred to a 100-cm2 tissue
culture dish for attachment and outgrowth of ASMCs.

Quantitative real-time PCR

Total RNA was isolated with TRIzol reagent (Invitrogen).
The cDNA was synthesized with random hexamers (Applied
Biosystems) and M-MLV reverse transcriptase (Promega).
Real-time PCR was performed using the SYBR Green PCR
Master Mix Kit (Applied Biosystems). All gene expression
results were calculated by the change in cycle threshold
(DCT) method, where (DCT = CT of target gene - CT of
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either Actb (encoding b-actin) or Gapdh, and are presented
as 2^(–DCT). The primers used for qPCR are listed in
Table 1.

RNA-binding assays RIP

For HuR-RNA immunoprecipitation 10 · 106 cells were
trypsinized, washed twice, and resuspended in 10 mL ice-cold
PBS. Cells were fixed in 0.1% formaldehyde for 15 min at
room temperature, whereupon the crosslinking reaction was
stopped with glycine (pH 7; 0.25 M). The cells were then
washed twice with ice-cold PBS, resuspended in 2 mL RIPA
buffer (50 mM Tris-HCl [pH 7.5], 1% Nonidet P-40, 0.5%
sodium deoxycholate, 0.05% SDS, 1 mM EDTA, 150 mM
NaCl, and proteinase inhibitors), and sonicated. The lysate was
centrifuged (15 min, 4�C, 16,000 g), and 1 mL each of super-
natant was immunoprecipitated overnight at 4�C, using
Dynabeads (Invitrogen) preincubated with 20mg anti-M2 or
anti-IgG Ab. The beads were washed 5 times with 1 mL RIPA
buffer and resuspended in 150mL elution buffer (50 mM Tris-
Cl [pH 7], 5 mM EDTA, 10 mM DTT, 1% SDS).

Crosslinking was reversed by incubation at 70�C for
45 min, RNA was purified from immunoprecipitates with
TRIzol (Invitrogen) according to the manufacturer’s instruc-
tions and treated with RNase-free DNase. The cDNAs were
synthesized and 10% (2 mL) of the reverse transcriptase
product was subjected to quantitative real-time PCR. Primers
used for quantitative real-time PCR are listed in Table 1.

Polysomal fractionation analysis

A total of 2 · 108 ASM cells was left untreated or stimu-
lated with IL-17A (50 ng/mL) for 2 h. Cytoplasmic extracts
were carefully layered over 10%–50% linear sucrose gradi-
ents in polysome buffer (10 mM HEPES [pH 7.5], 100 mM
KCl, 2.5 mM MgCl2, 1 mM DTT, 50 U recombinant RNasin
(Promega), and 0.1% IGEPAL CA-630 (Sigma) and centri-
fuged at 17,000 rpm in a Beckman SW32.1 Ti rotor for 4 h at
4�C. Gradients were fractioned using an ISCO gradient
fractionation system equipped with a UA-6 detector. Light
ribonucleoprotein (RNP) fractions, 40S, 60S, and 80S, and
heavy polysome fractions were monitored by the continuous
UV absorption profile at A254, and 9 tubes of 750 mL frac-
tions were collected.

The fractions representing light RNP and free ribosomes
were used to prepare the translation-inactive pool of proteins

and mRNAs, and the fractions representing heavy polysomes
were used to isolate the translation-active proteins and
mRNAs. One tenth of each fraction was used for Western blot
analysis; one fifth of each fraction was used for RNA isolation
by extraction with TRIzol. For lung tissue, protocol was
modified as described in Del Prete and others (2007).

In short, lung tissue (30 mg/sample) was snap frozen under
liquid nitrogen. Next, tissue was pulverized under liquid ni-
trogen and resuspended in lysis buffer (10 mM Tris-HCl at pH
8.0, 140 mM NaCl, 1.5 mM MgCl2, 0.5% Nonidet-P40,
20 mM, dithiothreitol, 500 U/mL RNAsin, and 0.5% [w/v]
deoxycholate). Intact nuclei were pelleted through centrifu-
gation at 4�C, for 10 s at 12,000 g. Supernatant was supple-
mented with 500 mL of extraction buffer (0.2 M Tris-HCl at
pH 7.5, 0.3 M NaCl), 150 mg/mL cycloheximide, 650 mg/mL
heparin, and 10 mM phenylmethylsulfonyl fluoride) and
centrifuged (12,000 g, 5 min, at 4�C) to remove mitochondria
and membranous debris.

The supernatant was layered onto a sucrose gradient and
fractions were used to prepare proteins and mRNAs as de-
scribed above. Before reverse transcription, RNA was pre-
cipitated with 2 M LiCl on ice at 4�C overnight, washed twice
with 70% ETOH, and resuspended in RNAse-free water.

Subcellular fractionation

Confluent cells in 15-cm plates, untreated or treated with
IL-17 (50 ng/mL) for various times, were resuspended in
1 mL ice-cold hypotonic buffer (10 mM HEPES [pH 7.4],
1.5 mM MgCl2, 10 mM KCl, 0.2 mM PMSF, and 0.5 mM
DTT) and homogenized on ice with 45 strokes of a Dounce
homogenizer. Unlysed cells, nuclei, and cell debris were
pelleted by centrifugation at 1,000 g for 5 min 5 times.
Soluble (supernatant, S100) fractions were generated by
centrifugation at 100,000 g for 1 h.

Adenoviral infection

Primary ASM cells were divided into 60-mm dishes and
infected by exposing them to media containing 2 · 105 in-
fectious units/plaque formation units of adenovirus/mL
overnight.

Statistical analyses

Statistical analyses were applied to biologically inde-
pendent samples (separate plates of cells or mice) from
every single experiment. Experiments were repeated at least
3 times. For all RT-PCR and ELISA analyses, at least 3
biological replicates (separate plates of cells) were used.
Comparisons between 2 groups were analyzed by 2-tailed
Student’s t tests. All bar graphs show mean and SD as in-
dicated in each legend. GraphPad Prism 7 was used for data
analysis and representation.

Results

HuR deletion in airway epithelial cells diminishes
HDM-induced neutrophil and eosinophil
airway infiltration

Severe asthma is associated with Th17 cells, expressing
proinflammatory cytokine IL-17. While IL-17 activates target
gene transcription, it primarily acts at the post-transcriptional

Table 1. Primers for Real-Time Quantitative

Polymerase Chain Reaction

mCXCL1 F: CTGGCCACAGGGGCGCCTATC
R: GGACACCTTTTAGCATCTTT

mCXCL5 F:GTTCCATCTCGCCATTCATGC
R:GCGGCTATGACTGAGGAAGG

mIL-5 F: CTCACCGAGCTCTGTTGACAAG
R: CCAATGCATAGCTGGTGATTTTTAT

mIL-13 F: TGACCAACATCTCCAATTGCA
R:TTGTTATAAAGTGGGCTACTTCGATTT

mb-actin F: GGTCATCACTATTGGCAACG
R: ACGGATGTCAACGTCACACT

mCCL11 F: GAATCACCAACAACAGATGCAC
R:ATCCTGGACCCACTTCTTCTT

mIL-17 F: CTCCACCGCAATGAAGAC
R: CTTTCCCTCCGCATTGAC
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level. Messenger RNAs encoding inflammatory gene products,
including cytokines and chemokines, are often inherently un-
stable, and need to be stabilized for efficient translation. We
have shown that Act1 directly binds specific mRNA sequence
motifs and utilizes other proteins such as HuR to enhance
stability and translation of mRNA (Herjan and others 2018).

Recently, we have also shown that deletion of HuR in the
airway epithelium reduced airway neutrophilia that was
induced with intranasal IL-17 challenge (Herjan and others
2013). Despite that progress, clinically relevant allergic
asthma model is necessary to elucidate the role of HuR in
this multifactorial disease. In this study, we used HDM, a
natural aeroallergen to which asthmatics are frequently
sensitized, to examine the effect of epithelium-specific HuR
knockout in the pathogenesis of asthma.

First, we conditionally depleted HuR in airway epithelial cells
as previously described (Herjan and others 2013); in short, we
used the SFTPC (Surfactant Protein C or SP-C) gene promoter to

generate the SP-C-rtTA/(tetO)7CMV-Cre–transgenic mice that
allow doxycycline-induced expression of Cre recombinase in the
distal lung respiratory epithelium. Next, we bred HuRflox/flox

mice onto SP-C-rtTA/(tetO)7CMV-Cre to generate condi-
tional distal lung-specific HuR-deficient mice [SP-C-
rtTA(tetO)7CMV-Cre-HuRflox/flox] referred to as ‘‘HuR KO’’ in
this study. The ([SP-C-rtTA(tetO)7CMV-Cre-HuRflox/wt] mice,
referred to as ‘‘HuR WT,’’ were used as control.

Subsequently, these HuR KO and control HuR WT mice were
administered doxycycline for 3 weeks and then were sensitized
subcutaneously with HDM in CFA. Fourteen days after sensi-
tization mice were challenged either with HDM or PBS and
sacrificed 24 h later (Fig. 1A and Supplementary Fig. S1).

Next, we analyzed cellular components of the BAL fluid and
found that HuR depletion attenuated neutrophilia as well as
decreased the number of infiltrating eosinophils (Fig. 1B and
Supplementary Fig. S2). ELISA was used to measure cytokine
levels in BAL. CXCL1, a key neutrophil chemoattractant was
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FIG. 1. HuR deletion in airway
epithelium reduces HDM-induced
neutrophil and eosinophil infiltra-
tion. (A) Timeline of HDM-induced
allergic airways inflammation: HuR
flox/wt (HuR WT) and HuR flox/flox

(HuR KO) mice expressing SP-
CrtTA/tetO-CRE (n = 6/group) were
administered doxycycline 3 weeks
before sensitization with HDM in
complete Freund’s adjuvant. Four-
teen days after sensitization, mice
were challenged either with HDM
or PBS and sacrificed 24 h later.
(B) Total, neutrophil, and eosino-
phil cell numbers in the BAL of the
indicated mice, treated as described
in (A), were manually counted
(n = 6 mice/group). (C) ELISA of
CXCL1, CCL11, and IL-5 in BAL
fluid from indicated mice, treated as
described in (A) (n = 6 mice/group).
(D) The BAL fluid and serum levels
of IL-17 in the indicated mice,
treated as described in (A) (n = 6
mice/group), were measured by
ELISA. Throughout figure, data
represent mean and SD of biologi-
cal replicates. *P < 0.05, **P < 0.01,
and ***P < 0.001; NS, not signifi-
cant. All data are representative of 3
independent experiments. Scale
bars, 100mm. BAL, bronchoalveo-
lar lavage; ELISA, enzyme-linked
immunosorbent assay; HDM, house
dust mite.
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strongly reduced in HuR KO as compared with HuR WT
(Fig. 1C). Mouse eotaxin (CCL11) is an eosinophil-specific
chemoattractant that has been shown to be secreted by airway
epithelial cells in various asthma models. We found that HuR
depletion decreased CCL11 protein level in BAL form HuR

KO mice. TH2 cells orchestrate the inflammation in asthma
through secretion of various cytokines. The level of IL-5, a
typical Th2-derived cytokine, was induced by HDM challenge
but not significantly affected by HuR depletion in airway ep-
ithelium (Fig. 1C).

FIG. 2. HuR depletion in airway epithelial cells diminishes HDM-induced pulmonary inflammation. (A) Lung tissue from
indicated mice, treated as described in Fig. 1A (n = 6/group), was subjected to paraffin sectioning and Hematoxylin–Eosin staining.
(B) Real-time PCR analysis of IL17 mRNA (upper panel) and ELISA analysis of IL-17 protein (lower panel) in the lung tissue of
the indicated mice, treated as described in Fig. 1A (n = 6/group); graphs show mean fold induction over PBS-treated group. (C) The
relative abundances of mRNAs isolated from lung tissue of the indicated mice, treated as described in Fig. 1A (n = 6/group); graphs
show mean fold induction over PBS-treated group). (D) Lung extracts from indicated mice, treated as described in Fig. 1A (n = 6/
group), were fractionated through a 10%–50% sucrose gradient and separated into translation-active pools and translation-inactive
pools as described in the Materials and Methods section. Indicated mRNAs isolated from translation-active and translation-inactive
pools were analyzed by RT-PCR and normalized to b-actin. Graph shows the ratios of mRNAs from translation-active/inactive
pools. Throughout the figure, data represent mean and SD of biological replicates. *P < 0.05, **P < 0.01, and ***P < 0.001; NS, not
significant. All data are representative of 3 independent experiments. Scale bars, 100mm. Color images are available online.
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Multiple studies have found a strong correlation between
levels of serum IL-17 and asthma severity (Agache and
others 2010; Chesné and others 2014). Serum IL-17 con-
centrations in severe asthma were significantly increased as
compared with moderate forms of the disease. In this study,
we found that HDM challenge increased serum and BAL
fluid IL-17 levels to a similar degree in both HuR WT and
KO mice (Fig. 1D).

Deletion of HuR in the airway epithelium attenuates
HDM-induced lung inflammation through inhibition
of CXCL1, CXCL5 and CCL11 production

Subsequently, histological analysis of lung tissue revealed
significantly less lung inflammation in HuR KO mice
(Fig. 2A). It has been shown that IL-17 plays an important
role in a mouse model of asthma induced by HDM (Chesné
and others 2015). We indeed observed markedly increased IL-
17 mRNA and protein levels in total lung tissue from HDM-
treated mice, although it was not altered by HuR depletion in
airway epithelium (Fig. 2B). Interestingly, mRNA expression
levels of proinflammatory chemokines, Cxcl1 and Cxcl5, were
significantly lower in total lung tissue from HuR KO mice;
Ccl11 mRNA level was also reduced but to a lesser degree
(Fig. 2C). Both IL-5 and IL-13 mRNAs were not significantly
altered by epithelial HuR depletion.

Recently, we have shown that HuR plays a critical role
in IL-17-induced translation of certain mRNAs; IL-17
treatment induced coshift of Act1-HuR-mRNA complexes
to polysomes (Herjan and others 2013, 2018). Therefore, in
this study, we analyzed polysome-bound mRNA in total
lung tissue from HDM-challenged HuR WT and KO mice,
by performing polysomal fractionation. We found that
while HuR depletion significantly reduced the association
of Cxcl1, Cxcl5, and Ccl11 mRNA with actively translat-

ing polysomes, Il-13 or Il-5 mRNAs were unaffected
(Fig. 2D).

HuR promotes ASM cell proliferation as well
as CXCL1 and CCL11 production in response
to IL-17 treatment

Airway remodeling is a critical feature of asthma, and it is
linked to extracellular matrix deposition and enhanced ASM
cell proliferation. Interestingly, IL-17 has been shown to
directly affect ASM cell proliferation and contraction (Kudo
and others 2012; Bulek and others 2019). Since we found
increased IL-17 concentrations in BAL, lungs, and serum of
HDM-challenged mice, we next assessed the effect of HuR
deletion in primary ASM cells on their response to IL-17
treatment.

First, we focused on IL-17-induced cell proliferation and
cytokine production. We isolated primary airway muscle
cells from HuRflox/flox mice and infected these cells with
adenovirus encoding Cre-recombinase to delete HuR
(Fig. 3A). Then, we assessed cell proliferation using a
thymidine analog, bromodeoxyuridine (BrdU), which is in-
corporated into DNA during S phase of the cell cycle. Both
control- and Cre adenovirus-infected cells were serum
starved and then stimulated with IL-17 for 24 h; BrdU was
added during the last 3 h.

Interestingly, while IL-17 treatment significantly in-
creased BrdU incorporation, it was strongly attenuated by
HuR depletion (Fig. 3B). ASM cells contribute to asthma
also as a source of inflammatory mediators. Indeed, we
found that treatment of ASM cells with IL-17 for 12 h ro-
bustly induced Cxcl1 and Ccl11 mRNA expression as well
as secretion of these proteins to the cell culture supernatant
(Fig. 3C, D). However, depletion of HuR strongly reduced
Cxcl1 and Ccl11 mRNA and protein levels (Fig. 3C, D).

FIG. 3. HuR deletion impairs IL-17-induced ASM cell proliferation and cytokine production. (A) Upper panel: repre-
sentative western blot analysis of HuR in lysates from primary mouse ASM cells infected with a GFP-encoding adenovirus
(Control) or Cre-GFP-encoding adenovirus (Cre); lower panel: western blots were quantified by densitometry using ImageJ.
(B) Right: representative images of Serum-starved primary ASM cells either left untreated or treated with IL-17 (50 ng/mL)
for 24 h; BrdU was added during the last 3 h. Left: Bar graph shows the mean and SD of percentages (n = 3 independent
plates) of BrdU+ cells per 10 · magnification field. (C, D) ASM cells infected with a GFP-encoding adenovirus (Control) or
Cre-GFP-encoding adenovirus (Cre) were left untreated or stimulated with IL-17A for 12 h. The mRNA and protein levels
were then analyzed by RT-PCR (C) and ELISA (D), respectively (n = 3 independent plates of cells); bar graphs show mean and SD
of independent plates of cells. *P < 0.05, **P < 0.01, and ***P < 0.001 (WT vs. KO); NS, not significant. All data are repre-
sentative of 3 independent experiments. Scale bars, 100mm. ASM, airway smooth muscle. Color images are available online.
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Upon IL-17 treatment HuR translocates
from nucleus to cytoplasm where it directly
regulates Cxcl1 and Ccl11 mRNAs

HuR’s ability to regulate stability and translation of mRNAs
has been linked to its translocation from nucleus to cytoplasm
(Fan and Steitz 1998; Wang and others 2006; Kim and Gor-
ospe 2008). We indeed found that IL-17 treatment of ASM
cells for 8 h resulted in increased accumulation of HuR in the
cytoplasm (Fig. 4A–C and Supplementary Fig. S3). Moreover,
HuR-RNA immunoprecipitation (RIP) experiment revealed
that IL-17 stimulation induced association of HuR with Cxcl1
and Ccl11 mRNAs, which suggests that HuR directly regulates
these transcripts (Fig. 4D).

Therefore, we assessed the impact of HuR deletion on IL-
17-driven stabilization and translation of the Cxcl1 and
Ccl11 mRNAs. First, we separated Control- and Cre
adenovirus-infected ASM cell lysates that were either un-
treated or treated with IL-17, into translation-inactive free
ribosome and translation-active polysome fractions. Next,
we isolated RNA from these fractions and found that HuR
deletion significantly diminished IL-17-induced association
of Cxcl1 and Ccl11 mRNAs with polysomes (Fig. 5A).

We then measured the impact of HuR deficiency on IL-
17-induced mRNA stabilization. ASM cells were first pre-
treated for 0.5 h with TNF-a (to induce inflammatory gene
transcription) followed by treatment with actinomycin D
(to block transcription) along with IL-17 (for mRNA sta-
bilization). Both Cxcl1 and Ccl11 mRNA was induced to a
similar extent in Control- and Cre adenovirus-infected ASM

cells after the initial TNF-a pretreatment, but decayed more
rapidly in HuR-deficient ASM cells (Fig. 5B). These results
indicate that HuR is necessary for IL-17-mediated stabili-
zation of Cxcl1 and Ccl11 mRNAs.

Discussion

Post-transcriptional control is increasingly recognized as
a major mechanism regulating genes expressing short-lived
mRNAs (such as growth factors, cytokines, and chemo-
kines), and thus as an important contributor to various dis-
eases, including asthma. Mounting evidence indicates that
IL-17 is critically involved in the pathogenesis of a severe,
steroid-resistant asthma. Interestingly, while IL-17 alone is a
relatively weak inducer of gene expression, in cooperation
with other cytokines, such as TNF-a, it generates a strong
response, mainly through upregulation of mRNA stability
and translation (Hartupee and others 2007).

Previously we found that Act1, an IL-17-receptor-
complex adaptor, directly binds specific mRNA sequence
motifs and utilizes other proteins such as HuR to regulate
mRNA metabolism (Herjan and others 2018). We have also
demonstrated that deletion of HuR in the airway epithelium
diminished airway neutrophilia induced with intranasal IL-
17 challenge (Herjan and others 2013), which provided
initial evidence for importance of the post-transcriptional
control mediated by IL-17/Act1/HuR axis in asthma.

HDM model used in this study utilizes natural aeroallergen
and induces both Th2 and Th17-driven inflammation. We

FIG. 4. Upon Il-17 treat-
ment, HuR translocates to cy-
toplasm and directly binds to
Cxcl1 and Ccl11 mRNA.
(A) Primary ASM cells either
left untreated or treated with
IL-17 (50 ng/mL) for 8 h were
fixed and stained for HuR
(red), and DAPI (blue) stained
the nucleus. (B) Zoomed-in
region highlighted by white
dashed box in (A). (C) Bar
graph showing cytoplasmic to
nuclear ratio of HuR in cells
described in (A), quantified
using ImageJ (mean and SD of
10 independent plates of cells).
(D) ASM cells either left un-
treated or treated with IL-17
(50 ng/mL) for 2 h were sub-
jected to RNA immunopre-
cipitation with anti-HuR or
anti-IgG, and RT-PCR analy-
ses (n = 3 independent plates of
cells) of the indicated mRNAs.
Relative values normalized
against IgG control are shown
(mean and SD of independent
plates of cells). ***P < 0.001;
NS, not significant. All data are
representative of 3 indepen-
dent experiments. Scale bars,
50mm. Color images are avail-
able online.
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found that epithelial-specific HuR deletion was able to diminish
inflammation in this multifactorial asthma model. This fact
implicates not only the importance of HuR-mediated regulation
of gene expression but also the central role of airway epithelium
in the pathogenesis of allergic asthma.

Another nonimmune cell type involved in asthma
pathogenesis is ASM cells. The role of ASM cells as a
source of inflammatory mediators has been recently rec-
ognized. HuR deletion in ASM cells not only attenuated
cytokine expression, but it also reduced IL-17-mediated
ASM cell proliferation, which implicates involvement of
HuR in airway hyper-responsiveness and remodeling. As a
future study, it will be important to determine mechanism
of HuR-mediated regulation of ASM cell proliferation.
Interestingly, HuR has been shown before to regulate cell
proliferation through stabilization of mRNAs encoding
cell cycle regulators: cyclin A and cyclin B7 (Wang and
others 2000). Moreover, HuR targets include mRNAs of
proliferation-associated genes, such as c-fos (Chen and
others 2002).

Subsequently, we found that IL-17 treatment induces
translocation of HuR to cytoplasm, association of HuR

with Cxcl1 and Ccl11 mRNAs and upregulation of their
stability and translation. All these observations further
support the importance of HuR for the response of ASM
cells to IL-17 treatment. In future studies, it will be im-
portant to examine the effect of HuR deletion in ASM cells
using animal asthma model, such as HDM.

Taken together, our findings suggest that post-
transcriptional regulation mediated by HuR in both airway
epithelial cells and ASM cells has an important impact on
the pathogenesis of allergic asthma.

Acknowledgment

The authors would like to thank Dr Xiaoxia Li for sharing
SP-C-rtTA(tetO)7CMV-Cre-HuRflox transgenic mice.

Authors’ Contributions

T.H. designed and performed experiments, analyzed data,
and wrote the article with input from the coauthors.

J. X. and M. K. performed experiments, and assisted with
data analysis.

A

B

FIG. 5. HuR enhances Cxcl1 and Ccl11 mRNA translation and stability in response to IL-17 stimulation. (A) Cytoplasmic
extracts of ASM cells infected as in Fig. 3A, either left untreated (NT) or treated with IL-17 (50 ng/mL) for 2 h were
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2 h with TNF (10 ng/mL), followed by actinomycin D (5 mg/mL) alone (NT) or in combination with IL-17 (50 ng/mL) for the
indicated time (mean and SD of 3 independent plates of cells). The results are presented as decay over time (left panels) and as
half-life (right panels). *P < 0.05; NS, not significant. All data are representative of 3 independent experiments.
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JA. 2007. Isolation of polysome-bound mRNA from solid
tissues amenable for RT-PCR and profiling experiments.
RNA 13(3):414–421.

Dragon S, Hirst SJ, Lee TH, Gounni AS. 2014. IL-17A medi-
ates a selective gene expression profile in asthmatic human
airway smooth muscle cells. Am J Respir Cell Mol Biol
50(6):1053–1063.

Enilari O, Sinha S. 2019. The global impact of asthma in adult
populations. Ann Glob Health 85(1):2.

Fan J, Ishmael FT, Fang X, Myers A, Cheadle C, Huang S-K,
Atasoy U, Gorospe M, Stellato C. 2011. Chemokine tran-
scripts as targets of the RNA-binding protein HuR in human
airway epithelium. J Immunol 186(4):2482–2494.

Fan XC, Steitz JA. 1998. HNS, a nuclear-cytoplasmic shuttling
sequence in HuR. Proc Natl Acad Sci U S A 95(26):15293–
15298.

Fogli LK, Sundrud MS, Goel S, Bajwa S, Jensen K, Derudder
E, Sun A, Coffre M, Uyttenhove C, Van Snick J, Schmidt-
Supprian M, Rao A, Grunig G, Durbin J, Casola S, Casola
SS, Rajewsky K, Koralov SB. 2013. T cell-derived IL-17
mediates epithelial changes in the airway and drives pulmo-
nary neutrophilia. J Immunol 191(6):3100–3111.

Garcı́a-Mauriño SM, Rivero-Rodrı́guez F, Velázquez-Cruz A,
Hernández-Vellisca M, Dı́az-Quintana A, De la Rosa MA,
Dı́az-Moreno I. 2017. RNA Binding Protein Regulation and
Cross-Talk in the Control of AU-rich mRNA Fate. Front Mol
Biosci 4:71.

Gu C, Wu L, Li X. 2013. IL-17 family: cytokines, receptors and
signaling. Cytokine 64(2):477–485.

Hartupee J, Liu C, Novotny M, Li X, Hamilton T. 2007. IL-17
enhances chemokine gene expression through mRNA stabi-
lization. J Immunol 179(6):4135–4141.

Herjan T, Hong L, Bubenik J, Bulek K, Qian W, Liu C, Li Xiao
Chen X, Yang H, Ouyang S, Zhou H, Zhao J, Vasu K,
Cockman E, Aronica M, Asosingh K, Licatalosi DD, Qin J,
Fox PL, Hamilton TA, Driscoll D, Xiaoxia L. 2018. IL-17-
receptor-associated adaptor Act1 directly stabilizes mRNAs
to mediate IL-17 inflammatory signaling. Nat Immunol
19(4):354–365.

Herjan T, Yao P, Qian W, Li Xiao Liu C, Bulek K, Sun D, Yang
W-P, Zhu J, He A, Carman JA, Erzurum SC, Lipshitz HD,
Fox PL, Hamilton TA, Xiaoxia L. 2013. HuR is required for
IL-17-induced Act1-mediated CXCL1 and CXCL5 mRNA
stabilization. J Immunol 191(2):640–649.

Holgate ST, Wenzel S, Postma DS, Weiss ST, Renz H, Sly PD.
2015. Asthma. Nat Rev Dis Primers 1(1):15025.

Kim HH, Gorospe M. 2008. Phosphorylated HuR shuttles in
cycles. Cell Cycle Georget Tex 7(20):3124–3126.

Kudo M, Melton AC, Chen C, Engler MB, Huang KE, Ren X,
Wang Y, Bernstein X, Li JT, Atabai K, Huang X, Sheppard
D. 2012. IL-17A produced by ab T cells drives airway
hyper-responsiveness in mice and enhances mouse and hu-
man airway smooth muscle contraction. Nat Med 18(4):
547–554.

Lauer ME, Fulop C, Mukhopadhyay D, Comhair S, Erzurum
SC, Hascall VC. 2009a. Airway smooth muscle cells syn-
thesize hyaluronan cable structures independent of inter-
alpha-inhibitor heavy chain attachment. J Biol Chem 284(8):
5313–5323.

Lauer ME, Mukhopadhyay D, Fulop C, de la Motte CA, Majors
AK, Hascall VC. 2009b. Primary murine airway smooth
muscle cells exposed to poly(I,C) or tunicamycin synthesize a
leukocyte-adhesive hyaluronan matrix. J Biol Chem 284(8):
5299–5312.

HUR PROMOTES AIRWAY INFLAMMATION IN HDM ASTHMA MODEL 37



Liu C, Zhu L, Fukuda K, Ouyang S, Chen X, Wang C, Zhang
C-J, Martin B, Gu C, Qin L, Rachakonda S, Aronica M, Qin
J, Li X. 2017. The flavonoid cyanidin blocks binding of the
cytokine interleukin-17A to the IL-17RA subunit to alleviate
inflammation in vivo. Sci Signal 10(467):eaaf8823.

Morishima Y, Ano S, Ishii Y, Ohtsuka S, Matsuyama M, Ka-
waguchi M, Hizawa N. 2013. Th17-associated cytokines as a
therapeutic target for steroid-insensitive asthma. Clin Dev
Immunol 2013:609395.

Park SJ, Lee YC. 2010. Interleukin-17 regulation: an attractive
therapeutic approach for asthma. Respir Res 11(1):78.

Peng SS, Chen CY, Xu N, Shyu AB. 1998. RNA stabilization
by the AU-rich element binding protein, HuR, an ELAV
protein. EMBO J 17(12):3461–3470.

Perl A-K, Zhang L, Whitsett JA. 2009. Conditional expression
of genes in the respiratory epithelium in transgenic mice.
Am J Respir Cell Mol Biol 40(1):1–3.

Schoenberg DR, Maquat LE. 2012. Regulation of cytoplasmic
mRNA decay. Nat Rev Genet 13(4):246–259.

Seko Y, Cole S, Kasprzak W, Shapiro BA, Ragheb JA. 2006.
The role of cytokine mRNA stability in the pathogenesis of
autoimmune disease. Autoimmun Rev 5(5):299–305.

Silverpil E, Lindén A. 2012. IL-17 in human asthma. Expert
Rev Respir Med 6(2):173–186.

Srikantan S, Gorospe M. 2012. HuR function in disease. Front
Biosci 17:189–205.

Stoecklin G, Mayo T, Anderson P. 2006. ARE-mRNA degra-
dation requires the 5’-3’ decay pathway. EMBO Rep 7(1):
72–77.

Stumpo DJ, Lai WS, Blackshear PJ. 2010. Inflammation: cy-
tokines and RNA-based Regulation. Wiley Interdiscip Rev
RNA 1(1):60–80.

Sun D, Novotny M, Bulek K, Liu C, Li X, Hamilton T. 2011.
Treatment with IL-17 prolongs the half-life of chemokine
CXCL1 mRNA via the adaptor TRAF5 and the splicing-
regulatory factor SF2 (ASF). Nat Immunol 12(9):853–860.

Tiedje C, Ronkina N, Tehrani M, Dhamija S, Laass K, Holt-
mann H, Kotlyarov A, Gaestel M. 2012. The p38/MK2-
driven exchange between tristetraprolin and HuR regulates
AU-rich element-dependent translation. PLoS Genet 8(9):
e1002977.

Trevor JL, Deshane JS. 2014. Refractory asthma: mechanisms,
targets, and therapy. Allergy 69(7):817–827.

Vazquez-Tello A, Semlali A, Chakir J, Martin JG, Leung DY,
Eidelman DH, Hamid Q. 2010. Induction of glucocorticoid
receptor-beta expression in epithelial cells of asthmatic air-
ways by T-helper type 17 cytokines. Clin Exp Allergy 40(9):
1312–1322.

Wang JG, Collinge M, Ramgolam V, Ayalon O, Fan XC, Pardi
R, Bender JR. 2006. LFA-1-Dependent HuR Nuclear Export
and Cytokine mRNA Stabilization in T Cell Activation.
J Immunol 176(4):2105–2113.

Wang W, Caldwell MC, Lin S, Furneaux H, Gorospe M. 2000.
HuR regulates cyclin A and cyclin B1 mRNA stability during
cell proliferation. EMBO J 19(10):2340–2350.

Wang Y-H, Wills-Karp M. 2011. The potential role of
interleukin-17 in severe asthma. Curr Allergy Asthma Rep
11(5):388–394.

Address correspondence to:
Dr. Tomasz Herjan

Department of Inflammation and Immunity
Cleveland Clinic

Lerner Research Institute
9500 Euclid Avenue

Cleveland, OH 44195
USA

E-mail: herjant@ccf.org

Received 17 September 2021/Accepted 1 December 2021

38 HERJAN, XIAO, AND KOLANEK


