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van der Velden JL, Hoffman SM, Alcorn JF, Tully JE, Chap-
man DG, Lahue KG, Guala AS, Lundblad LK, Aliyeva M, Daphtary
N, Irvin CG, Janssen-Heininger YM. Absence of c-Jun NH2-
terminal kinase 1 protects against house dust mite-induced pulmonary
remodeling but not airway hyperresponsiveness and inflammation. Am
J Physiol Lung Cell Mol Physiol 306: L866–L875, 2014. First
published March 7, 2014; doi:10.1152/ajplung.00153.2013.—Chronic
allergic asthma leads to airway remodeling and subepithelial fibrosis
via mechanisms not fully understood. Airway remodeling is amplified
by profibrotic mediators, such as transforming growth factor-�1
(TGF-�1), which plays a cardinal role in various models of fibrosis.
We recently have identified a critical role for c-Jun-NH2-terminal-
kinase (JNK) 1 in augmenting the profibrotic effects of TGF-�1,
linked to epithelial-to-mesenchymal transition of airway epithelial
cells. To examine the role of JNK1 in house dust mite (HDM)-induced
airway remodeling, we induced allergic airway inflammation in wild-
type (WT) and JNK1�/� mice by intranasal administration of HDM
extract. WT and JNK1�/� mice were sensitized with intranasal
aspirations of HDM extract for 15 days over 3 wk. HDM caused
similar increases in airway hyperresponsiveness, mucus metaplasia,
and airway inflammation in WT and JNK1�/� mice. In addition, the
profibrotic cytokine TGF-�1 and phosphorylation of Smad3 were
equally increased in WT and JNK1�/� mice. In contrast, increases in
collagen content in lung tissue induced by HDM were significantly
attenuated in JNK1�/� mice compared with WT controls. Further-
more HDM-induced increases of �-smooth muscle actin (�-SMA)
protein and mRNA expression as well as the mesenchymal markers
high-mobility group AT-hook 2 and collagen1A1 in WT mice were
attenuated in JNK1�/� mice. The let-7 family of microRNAs has
previously been linked to fibrosis. HDM exposure in WT mice and
primary lung epithelial cells resulted in striking decreases in let-7g
miRNA that were not observed in mice or primary lung epithelial cells
lacking JNK1�/� mice. Overexpression of let-7g in lung epithelial
cells reversed the HDM-induced increases in �-SMA. Collectively,
these findings demonstrate an important requirement for JNK1 in
promoting HDM-induced fibrotic airway remodeling.
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ALLERGIC ASTHMA IS A CHRONIC AIRWAY inflammatory-driven
disease that is characterized by airway remodeling. The remod-
eling of the airways includes goblet cell hyperplasia, increased
epithelial cell turnover, mucus metaplasia, extracellular matrix
deposition, and subepithelial fibrosis (8, 10, 24). Airway re-

modeling has been shown in all degrees of asthma severities,
and the remodeling process has been associated with an in-
crease in the duration of asthma, reduced lung function, in-
creased hyperresponsiveness, and greater use of medication
(6). Airway remodeling is amplified by profibrotic mediators,
such as transforming growth factor-�1 (TGF-�1) as well as
interleukins-1, -13, and -17 (38, 43, 46). TGF-�1 expression in
airways is sufficient to drive pulmonary fibrosis and is sug-
gested as a key regulator of collagen deposition in asthma (31).

c-Jun-N-terminal kinases (JNK) are members of the family
of mitogen-activated protein kinases (MAPK), which have
been linked to diverse cellular processes that include apoptosis
(41), proliferation (5), and survival (17). We and others have
recently identified a critical role for JNK1 in various models of
fibrosis. JNK1-deficient mice had decreased hepatic fibrosis
(29), and JNK1�/� mice showed a significant attenuation of
ovalbumin-induced subepithelial lung fibrosis as well as bleo-
mycin- and TGF-�1-induced fibrosis (3). We have previously
shown that JNK1 plays an important role in transducing TGF-�
signals linked to epithelial-to-mesenchymal transition (EMT)
of airway epithelial cells (1, 44), in part by controlling phos-
phorylation of Smad3 in the linker domain (44). EMT is an
important process during embryonic development, tumor pro-
gression, and fibrotic tissue repair after injury (42). During
EMT, epithelial cells enhance their migratory capacity by
downregulation of epithelial markers, such as tight junction
proteins and cytokeratins, and upregulation of mesenchymal
proteins, such as �-smooth muscle actin (�-SMA) and vimen-
tin (27, 42).

House dust mite (HDM; Dermatophagoides pteronyssinus)
is one of the most common aeroallergens worldwide, and up to
85% of asthmatics are typically allergic to HDM (7). Exposure
of HDM in mice has been shown to induce sustained airway
inflammation, increased mucus production, and airway hyper-
responsiveness (26). Increased collagen deposition and �-SMA
expression indicative of airway remodeling have been ob-
served in a mouse model of chronic HDM exposure (15).
Furthermore, HDM exposure in vivo (25) and in vitro (22) has
been shown to promote EMT, and primary epithelial cells from
asthmatics are more susceptible to TGF-�1-induced EMT (20).
These reports, together with the previous published data from
our laboratory, led us to hypothesize that HDM-induced JNK1
activation is important in the induction of a mesenchymal
expression profile in lung epithelial cells and subsequent re-
modeling of the airways. Therefore, the goal of this study was
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to investigate the role of the JNK1 in HDM-induced allergic
airway remodeling.

MATERIALS AND METHODS

Animals and reagents. JNK1�/� mice on a C57BL/6 background
were purchased from Jackson Laboratories (Bar Harbor, ME) and
were maintained as a breeding colony under pathogen-free conditions.
Mice were housed with a 12-h:12-h light/dark cycle and allowed free
access to standard laboratory chow and water. All experiments were
conducted with age-matched JNK1�/� and wild-type (WT) litter-
mate controls. All animal studies were approved by the Institutional
Animal Care and Use Committee at the University of Vermont. All
chemicals utilized were purchased from Sigma-Aldrich (St. Louis,
MO) unless otherwise noted. Smad3, phospho-Smad3, and phospho-
JNK antibodies were obtained from Cell Signaling Technology (Dan-
vers, MA); antibodies to JNK1 and actin were from Santa Cruz
Biotechnology (Santa Cruz, CA).

HDM administration. HDM Dermatophagoides pteronyssinus ex-
tract (Greer Laboratories, Lenoir, NC) was resuspended in sterile PBS
at a concentration of 1 �g protein/ml. The experimental group was
sensitized with intranasal instillation of 50 �l of the HDM suspension
for 15 days over three consecutive weeks, according to the schematic
in Fig. 1A. The control group was sham sensitized with PBS.

Assessment of airway mechanics and airway hyperresponsiveness.
Mice were anesthetized with intraperitoneal pentobarbital sodium (90
mg/kg), tracheotomized, and mechanically ventilated at 200 breaths/
min with a tidal volume of 0.25 ml and positive end-expiratory
pressure of 3 cmH2O (FlexiVent; SCIREQ, Montreal, Quebec, Can-
ada). Airway mechanics were assessed by the forced oscillation
technique in which respiratory impedance was partitioned using the
constant-phase model into measures of Newtonian resistance (Rn), a
measure of conducting airway resistance, tissue dampening (G), a
measure of tissue resistance, and tissue elastance (H), a measure of the
stiffness of the lung (43). Airway responsiveness was assessed during
airway challenge with increasing doses of aerosolized methacholine
(saline control, 12.5, 25, and 50 mg/ml), as previously described (38).
The response to methacholine at each dose was quantified as the
average of the three peak measurements for each parameter of airway
mechanics.

Collection of bronchoalveolar lavage. Lungs were lavaged with 1.0
ml of 1� Dulbecco’s PBS. Total and differential cell counts were
performed as previously described (36). Briefly, cells were isolated by
centrifugation, and total cell counts were performed using the Advia

120 (Siemens, Malvern, PA) automated hematology analyzer. Cyto-
spins were performed and stained using the Hema3 kit (Fisher Sci-
entific, Kalamazoo, MI). Differential cell counts were performed on a
minimum of 300 cells.

Bronchoalveolar lavage fluid analyses. Bronchoalveolar lavage
fluid (BALF) was centrifuged at 1,200 g for 5 min to remove cells and
debris and was then snap-frozen in liquid N2. BALF cytokine levels
were determined by a 13-plex cytokine array (Bio-Rad, Hercules,
CA), as directed by the manufacturer. Total TGF-�1 protein levels
were determined by a Quantikine ELISA kit (R&D Systems, Minne-
apolis, MN).

Homogenization of lung tissue and Western blotting. Protein ly-
sates were prepared by mincing lung tissue in cold lysis buffer
immediately followed by homogenization as previously described (3).
Lysates were incubated on ice for 30 min, followed by 30 min of
centrifugation at 16,000 g. A portion of the supernatant was saved for
protein determination, before the addition of Laemmli sample buffer.
Total protein was assessed by the Bio-Rad DC Protein Assay kit
(Bio-Rad). Total JNK1/2, phospho JNK1/2, total Smad3, phospho
Smad3, �-SMA, and �-actin protein abundance were evaluated by
Western blotting.

Assessment of inflammation and mucus metaplasia. Lungs were
inflated to 25 cm H2O and fixed with 4% paraformaldehyde in PBS
followed by paraffin imbedding. Paraffin blocks were cut into 5-�m
sections and mounted to slides. Tissue histopathology and inflamma-
tion were assessed by hematoxylin and eosin staining. In mice
challenged with PBS and HDM, mucus metaplasia was assessed by
periodic acid Schiff staining (PAS) and quantified by scoring airway
PAS reactivity using a scale of 0 to 3 (0 representing no positive
staining and 3 being the highest intensity) by two independent,
blinded observers. The cumulative score from each mouse was then
averaged according to treatment group as described previously (3).
MUC5AC and Gob5 mRNA expression was assessed via real-time
PCR analysis.

�-SMA immunohistochemistry. �-SMA staining was performed on
lung sections after antigen retrieval by incubation of slides for 20 min
in 0.01 M sodium citrate pH 6.0 at 95°C. Slides were then blocked
with 2% normal goat serum for 30 min, followed by incubation with
monoclonal mouse antibody against �-SMA (1:5,000 dilution; Sigma)
overnight at 4°C. Biotinylated anti-mouse IgG was then applied for 30
min at room temperature, followed by addition of the avidin-biotin
complex-alkaline phosphatase (Vectastain ABC-AP, Vector Labora-
tories) for another 30 min at room temperature. After the sections

A

PBS HDM PBS HDM

JNK

p-Smad3

Smad3

WT JNK1-/-

HDM install
1 2 3 40 117 8 9 10 16 181714 15day 21

harvest

B

2
1
2
1

p-JNK
2
1
2
1

Fig. 1. Activation of c-Jun-NH2-terminal-kinase (JNK)
and transforming growth factor (TGF)-�1 signaling
pathways in house dust mite (HDM)-challenged wild-
type (WT) and JNK1�/� mice. A: schematic depict-
ing the time course of HDM exposure and euthanasia.
For instillation, 50 �g HDM or PBS as the vehicle
control was administered intranasally once at the days
indicated via the arrows. Mice were euthanized 72 h
after the last challenge. B: lung tissue was homoge-
nized from PBS- or HDM-challenged mice for assess-
ment of phosphorylated (p)-JNK1 and 2 and
p-Smad3. Equal amounts of protein (20 �g) were
separated by SDS-PAGE and subjected to Western
blot analysis for p-JNK1/2 and p-Smad3. Total con-
tent of JNK1/2 and Smad3 was used as loading
controls. Lanes are from individual mice in each
treatment group.
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were rinsed in PBS, the substrate, Vector Red (Vector Laboratories),
was added for 20 min. The Vector Red reacts with the bound alkaline
phosphatase, producing an intense red color. Slides were counter-
stained with Mayer’s hematoxylin.

Assessment of HDM-induced collagen deposition. Lung sections
were stained with Masson’s trichrome reagent to stain collagen. Slides
were scored using a scale of 0 to 3 (0 being the least stain intensity,
3 the highest intensity) for airway-associated collagen deposition by
two independent, blinded investigators. The cumulative score from
each mouse was then averaged according to treatment group. Total
lung collagen was measured in the upper right lobe of the lung after
overnight digestion with 10 mg/ml pepsin in 0.5 M acetic acid using
the Sircol Assay (Biocolor, Belfast, UK) as directed by the manufac-
turer.

RNA isolation and q-PCR. RNA was extracted using miRNeasy
columns (Qiagen, Valencia, CA) as directed by the manufacturer.
Gene expression analysis (miRNA and mRNA) was performed by
reverse transcriptase-qPCR using the miScript Reverse Transcription
kit and SYBR Green PCR kit (Bio-Rad). PCR data were analyzed by
using the ��Ct method of relative quantification. For microRNA
expression, snoRNA202 was used as endogenous control. Primer
sequences were taken from GeneBank or miRBase. All accession
numbers are listed in Table 1.

Cell culture and transfection. Primary mouse tracheal epithelial
(MTE) cell cultures were isolated as previously published (44). MTE
cells were stimulated with 50 �g of HDM for 72 h. A line of
spontaneously transformed murine alveolar type II epithelial cells

(C10) (32) was cultured as described elsewhere (44). Transient trans-
fections were performed using Nanofectin (PAA, Pasching, Austria)
according to the manufacturer’s instructions. Twenty-four hours be-
fore HDM (50 �g) stimulation for 48 h, 1 �g of precursor (pre)-let-7g
expression vector (Cell Biolaboratories, San Diego, CA) was trans-
fected into C10 cells. Both MTE and C10 cells were lysed for Western
blotting and gene expression analysis.

Statistical analysis. Data were evaluated using SPSS (version 21)
by one-way ANOVA using the Bonferroni test to adjust for multiple
comparisons. Histological scoring was analyzed using the Kruskal-
Wallis test and Dunn’s multiple-comparison post hoc tests. Results
with P � 0.05 or smaller were considered statistically significant.

RESULTS

Activation of JNK and TGF-�1 signaling pathways in HDM-
challenged WT and JNK1�/� mice. Recent work in our
laboratory identified JNK1 as a crucial mediator of lung fibro-
sis in different models (3). To identify a role of JNK in
HDM-induced allergic airway disease, WT and JNK1�/�
C57BL/6 mice were challenged with HDM (Fig. 1A), and
phosphorylated JNK (phospho-JNK), which is reflective of
JNK activation, was assessed by Western blot using lung
homogenates. Results in Fig. 1B demonstrate an increase in
phospho-JNK 1 and 2 in HDM-challenged WT mice compared
with the PBS control group, suggesting activation of the JNK
signaling pathway. A comparable increase in phospho-JNK 2
in HDM-challenged JNK1�/� mice was observed, suggesting
that JNK2 does not compensate for the loss of JNK1. Note that
two isoforms of JNK1 and JNK2 are expressed in WT mice.
Hereafter only the major bands of JNK1 and 2 will be indi-
cated. TGF-�1 has been shown to be critical in the pathogen-
esis of lung fibrosis (12), including subepithelial fibrosis (40).
To examine TGF-�1 pathway activation, we evaluated phos-
phorylation of the receptor Smad, Smad3. Assessment of WT
and JNK1�/� mice following HDM challenge demonstrated
similar increases in phosphorylation of Smad3 compared with
PBS-challenged mice (Fig. 1B), indicating activation of prox-
imal TGF-�1 signaling in response to HDM.

Because JNK and TGF-�1 signaling pathways are activated
following HDM exposure, we also examined the expression of
TGF-�1 protein and mRNA in the lungs of WT and JNK1�/�
mice exposed to daily administrations of HDM or PBS (5
days/wk) for 3 wk. Similar increases in total TGF-�1 protein in
the BALF and mRNA in lung homogenates were observed in
WT and JNK1�/� mice following HDM exposure compared
with PBS-treated mice (data not shown), demonstrating that
HDM-induced TGF-�1 expression is similar in WT and
JNK1�/� mice.

HDM-induced allergic airway inflammation and airway
hyperresponsiveness in WT and JNK1�/� mice. Inflammation
is a significant hallmark of allergic airway disease. We next
addressed the impact of genetic ablation of JNK1 on HDM-
induced allergic airway inflammation. Evaluation of lung his-
topathology revealed infiltration of inflammatory cells in both
WT and JNK1�/� mice following HDM exposure (Fig. 2A).
Assessment of HDM-induced airway inflammation via enu-
meration of total and differential cell counts in the BALF
revealed no clear differences between WT and JNK1�/� mice
(Fig. 2B). Comparable increases in eosinophils (Fig. 2C) and
lymphocytes (data not shown) were observed in WT and
JNK1�/� mice following HDM exposure, whereas neutro-

Table 1. Primer sequences

Gene or
miRNA Accession Sequences (5= ¡ 3=)

Gene

Hmga2 NM_010441 Forward aaggcagcaaaaacaagagc
Reverse gcaggcttcttctgaacgac

TGF-�1 NM_011577 Forward tgcttcagctccacagagaa
Reverse tggttgtagagggcaaggac

Acta2
(�-SMA)

NM_007392.2 Forward ctgacagaggcaccactgaa
Reverse catctccagagtccagcaca

Col1A1 NM_007742.3 Forward gagcggagagtactggatcg
Reverse gttcgggctgatgtaccagt

Muc5ac NM_010844.1 Forward gctacacccaggttgagaagtg
Reverse tcctcactttccttggacttga

Clca3
(GOB5)

NM_017474 Forward actaaggtggcctacctccaa
Reverse ggaggtgagtcaaggtgaga

Actin NM_007393.3 Forward ctgaatggcccaggtctga
Reverse ccctcccagggagaccaa

miRNA

let-7 g MIMAT0000121 Forward tgaggtagtagtttgtacagtt
Reverse Qiagen miScript universal primer

let-7a MIMAT0000521 Forward tgaggtagtaggttgtatagtt
Reverse Qiagen miScript universal primer

let-7b MIMAT0000522 Forward tgaggtagtagttgtgtggtt
Reverse Qiagen miScript universal primer

let-7c MIMAT0000523 Forward tgaggtagtaggttgtatggtt
Reverse Qiagen miScript universal primer

let-7d MIMAT0000383 Forward agaggtagtagttgcatagtt
Reverse Qiagen miScript universal primer

let-7f MIMAT0000525 Forward tgaggtagtagattgtatagtt
Reverse Qiagen miScript universal primer

let-7i MIMAT0000122 Forward tgaggtagtagtttgtgctgtt
Reverse Qiagen miScript universal primer

snoRNA202 SO:0000593 Forward cttttgaacccttttccatctg
Reverse Qiagen miScript universal primer

Primer sequences for quantitative PCR cycling conditions. Sequences were
taken from GeneBank, and all accession numbers are denoted. TGF, trans-
forming growth factor; SMA, smooth muscle actin.
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phils and macrophages were not significantly changed in re-
sponse to HDM at this time point (data not shown). BAL
inflammatory cytokines and mRNA expression were also com-
parably elevated in WT and JNK1�/� mice in response to
HDM (data not shown) with the exception granulocyte-mac-
rophage colony-stimulating factor (GM-CSF) and IL-6 mRNA.
Increases in GM-CSF and IL-6 were observed in lung tissue
from JNK1�/� mice exposed to HDM compared with WT

mice (data not shown). Despite these differences in mRNA
expression, which were modest, our data overall show that
HDM-induced allergic airway inflammation occurred to a sim-
ilar extent in WT and JNK1�/� mice. To address the role of
JNK1�/� in the manifestation of airway hyperresponsiveness
following HDM exposure, we measured the changes in airway
mechanics in response to methacholine. HDM exposure did not
significantly affect conducting airway resistance (Rn) during
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Fig. 2. Assessment of HDM-induced inflammation and airway hyperresponsiveness in WT and JNK1�/� mice. A: lung histopathology in WT or JNK1�/� mice
exposed to HDM or PBS as the vehicle control. Lung sections were stained with hematoxylin and eosin (magnification: �200). Inflammatory cell profile in
bronchoalveolar lavage fluid. Total cells (B) and eosinophils (C) were enumerated. Changes in respiratory mechanics were analyzed in PBS- or HDM-challenged
WT or JNK1�/� mice 72 h following the last HDM exposure. Ascending doses of methacholine were administered to determine airway resistance (Rn) (D),
tissue dampening (G) (E), and elastance/stiffness (H) (F) parameters. The response to methacholine at each dose was quantified as the average of the 3 peak
measurements for each parameter of airway mechanics. Data shown represent means 	 SE from 2 independent experiments (n 
 9 WT PBS, 10 WT HDM,
7 JNK1�/� PBS, 9 JNK1�/� HDM). *P � 0.05 (ANOVA) compared with respective controls.
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methacholine challenge in WT or JNK1�/� mice (Fig. 2D). In
contrast, HDM exposure led to increases in tissue dampen-
ing (G) and tissue elastance (H) at the higher doses of the
methacholine challenge in WT and JNK1�/� mice (Fig. 2,
E and F, respectively). However, there was no significant
difference in the increase in tissue dampening or tissue
elastance between HDM-exposed WT and JNK1�/� mice,
with the exception that increases in tissue elastance were apparent at
a lower dose of methacholine in JNK1�/� mice compared
with WT animals.

HDM-induced mucus metaplasia in WT and JNK1�/�
mice. Another clinical manifestation of allergic airway disease
is the development of mucus metaplasia. Assessment of mucus
metaplasia in WT or JNK1�/� mice exposed to HDM revealed
comparable reactivity with the PAS stain (Fig. 3, A and B). In
addition, evaluation of the airway mucin MUC5AC and Gob5
(Clca3), a calcium-activated chloride channel involved in the
regulation of mucus production and secretion, showed similar
increases in WT and JNK1�/� mice (Fig. 3C), suggesting
that, in these experimental settings, JNK1 does not play a
dominant role in mucus metaplasia.

HDM-induced airway remodeling and fibrotic gene expres-
sion in WT and JNK1�/� mice. We next evaluated the role of
JNK1 in HDM-induced fibrotic airway remodeling via analysis
of lung histopathology using the Masson’s trichrome collagen
stain. HDM exposure in WT mice resulted in a significantly
enhanced collagen content around the bronchioles. In contrast,
the HDM-induced peribronchiolar deposition of collagen was
significantly attenuated in JNK1�/� mice (Fig. 4, A and B).
Quantitative assessment of total lung collagen content also
demonstrated decreases in JNK1�/� mice compared with WT
animals exposed to HDM (Fig. 4C), demonstrating that the
presence of JNK1 contributes to HDM-induced increases in
collagen deposition. Recent work in our laboratory identified
JNK1 as a crucial mediator of TGF-�1-induced EMT (1) and
lung fibrosis (3). Histological evaluation of the mesenchymal
protein, �-SMA, demonstrated a significant increase in WT
mice exposed to HDM, which was almost completely abro-
gated in JNK1�/� mice (Fig. 5A), consistent with decreases in
overall �-SMA protein content and mRNA expression in
JNK1�/� mice compared with WT animals (Fig. 5, B and C).

In addition, increases in mRNA expression of high-mobility
group AT-hook 2 (HMGA2), a critical regulator of EMT,
observed in HDM-exposed WT mice were not observed in
mice lacking JNK1�/� (Fig. 5C). Consistent with the atten-
uation of HDM-mediated increases in collagen content in
JNK1�/� mice (Fig. 4), HDM-mediated increases in collagen1A1
(Col1a1) mRNA were also attenuated in JNK1�/� mice
compared with WT littermate controls (Fig. 5C). The family of
let-7 microRNAs (miRNA) are effective repressors of HMGA2
(23) and have been previously shown to play a role on fibrosis
(35). Analysis of the Let-7 miRNA family revealed a signifi-
cant decrease of let-7g miRNA in WT mice following HDM
exposure, which was not observed in JNK1�/� mice (Fig.
5D). Overall, these data demonstrate that JNK1 is required for
HDM-induced peribronchiolar fibrotic remodeling and mesen-
chymal gene expression in association with increases in the
EMT regulator, HMGA2, and decreases in let-7g miRNA.

HDM-induced mesenchymal protein and gene expression in
WT and JNK1�/� MTE cells. We previously demonstrated
that TGF-�1-induced mesenchymal increases in lung epithelial
cells are JNK1 dependent (1). To further investigate the mech-
anism by which HDM exerts its effects, we extended our
observations by using WT and JNK1�/� primary MTE cells.
WT and JNK1�/� primary mouse tracheal epithelial cells
were exposed to either PBS or HDM for 3 days. HDM
stimulation resulted in an increase in �-SMA protein (Fig. 6A)
and a significant increase in �-SMA, HMGA2, and
collagen1A1 mRNA compared with PBS-treated cells (Fig.
6B). In contrast, HDM-mediated increases in these mesenchy-
mal mediators were almost completely absent in JNK1�/�
MTE cells (Fig. 6). Analysis of the Let-7 miRNA family
revealed a similar decrease of let-7g miRNA in WT MTE cells
following HDM exposure (Fig. 6C), similar to our observations
in HDM-exposed WT mice (Fig. 5D). Similar to results in
JNK1�/� mice, let-7g was not attenuated in JNK1�/� MTE
cells exposed to HDM. These data suggest a functional link
between JNK1 and repression of let-7g miRNA.

Let-7g expression in lung epithelial cell prevents HDM-
induced expression of �-SMA. We next sought to further
explore the functional role of let-7g in HDM-induced increases
in �-SMA in lung epithelial cells. We therefore overexpressed
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metaplasia in WT and JNK1�/� mice. A: peri-
odic Acid-Schiff (PAS) staining of airway
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0.05 (ANOVA) compared with respective
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precursor (pre)-let-7g miRNA in C10 mouse lung epithelial
cells before exposure of cells to PBS or HDM. Exposure of
C10 cells to HDM led to an increase in �-SMA protein,
�-SMA mRNA, and a decrease in let-7g miRNA expression
(Fig. 7). The observed increases in �-SMA protein and �-SMA
mRNA after stimulation with HDM were no longer apparent
after the overexpression of let-7g miRNA (Fig. 7). These
findings demonstrate the ability of let-7g miRNA to prevent
HDM-induced increase in �-SMA.

DISCUSSION

The molecular events that contribute to airway remodeling
in patients with allergic airway disease are not completely
unraveled. In this study, we set out to investigate the role of
JNK1 for the development of airway inflammation, hyperre-
sponsiveness, and remodeling in an HDM model of allergic
airway disease. We demonstrate herein that genetic ablation of
JNK1 does not affect HDM-induced inflammation, airway
hyperresponsiveness, or mucus metaplasia. However, we dem-
onstrate the importance of the JNK1 signaling pathway in
augmenting peribronchiolar fibrotic remodeling and enhancing
the expression of profibrotic mediators. Notably JNK1�/�
mice were considerably protected against HDM-induced in-
creased �-SMA content and profibrotic mediator expression
compared with WT animals, potentially by preserving miRNA
let-7g expression.

Hallmarks of the pathophysiology associated with exposure
to allergen are increased inflammatory cells, mucus metaplasia,
and airway hyperresponsiveness, in association with increases
in Th2 cytokines. JNK has been shown to regulate innate and
adaptive immune responses (11), including Th2 polarization
(13). JNK controls the expression of proinflammatory cyto-

kines, such as IL-2, IL-6, and TNF-� in inflammatory bowel
disease (39). However, in the present study, HDM-induced
airway inflammation, cytokine mRNA expression, and content
in the BALF were not different in WT or JNK1�/� mice
following HDM exposure, with the exception of slight in-
creases in IL-6 and GM-CSF mRNA expression in JNK1�/�
mice compared with WT animals. Similarly, mucus metapla-
sia, a Th2-dependent process, was not affected following
ablation of JNK1. The lack of an impact of ablation of JNK1
on HDM-triggered airway inflammation observed herein is
puzzling. Because JNK1 and JNK2 have often been considered
to have overlapping or redundant functions, it is conceivable
that compensatory activation of JNK2 could replace the func-
tion of JNK1. However, phospho-JNK2 was increased compa-
rably in response to HDM in both WT and JNK1�/� mice
(Fig. 1B), suggesting that observed differences herein are not
due to JNK2. Recent studies have shown opposing roles of
JNK1 and 2, based on the observation that JNKs can activate
a large number of different substrates dependent on the specific
stimulus and cell type (7).

Previous studies also demonstrated activation of the JNK
signaling pathway in models of allergic inflammation, confirm-
ing our results (14, 34). However, these two studies revealed
conflicting data about the role of JNK in allergic inflamma-
tion and airway hyperresponsiveness based upon the use of
a nonspecific JNK inhibitor (SP600125) (4). In a rat model
of ovalbumin-induced allergic inflammation, inhibition of
JNK with SP600125 had no effect on mucosal inflammation
and airway hyperresponsiveness (14), whereas, in a mouse
model of ovalbumin-induced allergic asthma, SP600125
attenuated allergen-induced airway hyperresponsiveness
and significantly inhibited eosinophil and lymphocyte in-
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flammation (34). The lack of an impact on proinflammatory
responses and airway hyperresponsiveness in JNK1�/�
mice compared with WT animals observed in the present
study suggests that, in the setting of an asthma-relevant
allergen and sensitization via the airways, JNK1 does not
play a dominant role in allergic inflammation or airway
hyperresponsiveness. However, additional studies will be
required to address the contribution of JNK1 in specific cell
types and the timing of its activation during the pathogen-
esis of allergic airways disease, which could dictate its
functional outcome.

An important feature of the pathophysiology of asthma is
airway remodeling, which includes changes in the composition
and organization of the airway cellular and structural compo-
nents. In agreement with previous studies (15, 19, 26), we
observed an increase in fibrotic lung remodeling in HDM-
induced allergic airway disease. The TGF-�1 signaling path-
way has been highlighted as a cardinal mediator in the lung-
remodeling process in asthma (21). The present study shows
that TGF-�1 cytokine expression and mRNA were upregulated

significantly in the lung following HDM exposure, similar to
what has been shown in previous studies involving both hu-
mans and mice with allergic airway disease (15, 26, 28).
Conflicting data about the role of TGF-�1 in antigen-induced
lung remodeling exists. TGF-�1 has been shown to be a
mediator of remodeling in the Ova model of allergic airway
disease, yet it attenuated airway hyperresponsiveness (2, 33).
However, TGF-�1 was found to be not critically required for
the development of HDM-induced remodeling (15). Similar to
previously described results in the Ova model of allergic
airway disease, no differences in TGF-�1 production were
observed in JNK1 mice compared with WT control following
HDM exposure (3). Despite the lack of differences in TGF-�1,
we demonstrate herein a functional contribution of JNK1 in
HDM-induced lung remodeling, consistent with a previous
study in which a JNK inhibitor inhibited allergen-induced
fibrotic remodeling (34) and our previous studies demonstrat-
ing a critical role for JNK1 in various models of lung fibrosis
(3). The full details of the mechanisms whereby JNK1 elicits
profibrotic signals require additional investigation.
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We recently demonstrated that JNK1 facilitates mesenchymal
expression in epithelial cells stimulated with TGF-�1 via phos-
phorylation of Smad3 in the linker domain (44), raising the
possibility that JNK1 controls fibrotic airway remodeling down-
stream of TGF-�1 via control of Smads. Interestingly, epithelial-
specific overexpression of Smad2 results in an increased suscep-
tibility of fibrotic remodeling features following HDM exposure
(18), in an IL-25-dependent manner (19). Smad3 has been shown
to play a pivotal role in signal transduction pathways associated
with TGF-�1-mediated wound healing and fibrosis (16). Indeed
we observe an increase in Smad3 phosphorylation following
HDM exposure. Furthermore, Smad2/3 was found to be activated
after allergen challenge in epithelial and subepithelial cells within

bronchial biopsies. However, mice lacking Smad3 were not pro-
tected against HDM-induced fibrotic lung remodeling (15), sug-
gesting that Smad signaling pathway may not be the only pathway
by which the fibrogenic effects of TGF-�1 are mediated. Alter-
natively, differences in the strains of mouse or protocols used to
elicit allergic airway disease in the aforementioned studies could
account for the apparent discrepant findings. Numerous studies
have shown that the phenotype and model severity of antigen-
induced airway disease in mice are strain dependent (9).

Previous work from our laboratory demonstrated the func-
tional importance of JNK1 in transducing TGF-� signals
linked to EMT of airway epithelial cells (1). In vitro studies
have demonstrated that HDM proteins can collaborate with
TGF-�1 to promote EMT in bronchial epithelial cells (22) and
cleavage of junction proteins (45). Furthermore, primary air-
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way epithelial cells from asthmatics reveal an increased sus-
ceptibility to TGF-�1-induced EMT via a Smad3-dependent
process, supporting the notion that the asthmatic airway epi-
thelium displays an altered epithelial repair phenotype. In vivo,
EMT has recently been identified as a significant contributor in
HDM- induced lung remodeling (25). In the present study, we
observed increases in mesenchymal gene expression following
HDM exposure in WT mice, which were attenuated in
JNK1�/� mice. In addition, our previous studies demon-
strated that TGF-�1-induced mRNA expression of HMGA2
requires JNK1 and depends on the phosphorylation status of
the Smad3 linker region (44). HMGA2 is a nonhistone chro-
mosome protein that is a proximal regulator of EMT. In the
present study, HDM-induced upregulation of HMGA2 was
almost completely inhibited in JNK1�/� mice. Altogether,
these findings suggest the requirement of JNK1 and EMT in
HDM-induced lung remodeling.

Members of the let-7 miRNA family have been shown to be
the most abundantly expressed miRNAs in lung tissue (37).
Significantly, let-7 miRNAs are effective repressors of
HMGA2. Our findings that let-7g miRNA is suppressed fol-
lowing HDM exposure of mice and primary tracheal epithelial
cells in vitro and requires JNK1 are novel. let-7 miRNA was
previously shown to posttranscriptionally inhibit IL-13 in an
allergic asthma model in mice. Consequently, intranasal deliv-
ery of a let-7 mimic alleviated asthma features such as inflam-
mation and subepithelial fibrosis (30). Although significant
decreases in let-7g miRNA were observed following HDM
exposure, which did not occur in JNK1�/� mice, no differ-
ences in IL-13 mRNA were detected between the different
groups. These results suggest that JNK1-dependent modulation
of let-7g miRNA specifically does not control expression of
IL-13, or that the current study design was not optimal to
determine associations between let-7g miRNA and expression
of IL-13. In contrast, in a different study using a similar murine
model of asthma, let-7 miRNAs have been suggested to play a
proinflammatory role (37). We have recently demonstrated a
TGF-�1-induced interaction between Smad3 and JNK1 and
that TGF-�1-induced Smad3 phosphorylation in the linker
region and Smad transcriptional activity are controlled by
JNK1 (44). Our findings, together with the observation that in
idiopathic pulmonary fibrosis miRNA let-7d expression is
repressed via Smad3 binding to the let-7d promoter (35),
suggest a putative role of JNK1 in regulating let-7 miRNAs
through a Smad3-dependent mechanism. However, additional
studies will be required to unravel the exact interplay between
JNK1 and Smad3 in the regulation of let-7 miRNAs, which
also will require differentiation between let-7d and let-7g.

In conclusion, findings of the present study demonstrate an
important role for JNK1 in promoting HDM-induced fibrotic
airway remodeling, independent of the recruitment of inflamma-
tory cells, airway hyperresponsiveness, and mucus metaplasia.
Therefore, new strategies aimed at attenuation of fibrotic airway
remodeling in asthmatics, which is not targeted with current
therapeutics, could involve targeting facets of the JNK1 pathway.
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