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Investigating the regulatory role of ORMDL3 in airway
barrier dysfunction using in vivo and in vitro models
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Abstract. The airway epithelium (AE) is the main protective
barrier between the host and external environmental factors
causing asthma. Allergens or pathogens induce AE dysfunction,
including epithelial permeability alteration, trans-epithelial
electrical resistance (TEER) reduction, upregulation of inflam-
matory mediators and downregulation of junctional complex
molecules. Orosomucoid-like protein isoform 3 (ORMDL3),
a gene closely associated with childhood onset asthma, is
involved in airway inflammation and remodeling. It was
hypothesized that ORMDL3 plays an important role in regu-
lating AE barrier function. In vivo [chronic asthma induced by
ovalbumin-respiratory syncytial virus (OVA-RSV)] in mice)
and in vitro (human bronchial epithelial cells and 16HBE
cells) models were used to assess ORMDL3's role in AE func-
tion regulation, evaluating paracellular permeability, TEER
and the expression levels of junctional complex molecules.
The effects of ORMDL3 on the extracellular signal-regulated
protein kinase (ERK) pathway were determined. In mice with
OVA-RSV induced chronic asthma, ORMDL3 and sphingo-
sine kinase 1 (SPHK1) were upregulated whereas the junction
related proteins Claudin-18 and E-cadherin were downregu-
lated. Overexpression of ORMDL3 resulted in decreased
TEER, downregulation of junctional complex molecules and
induced epithelial permeability. In contrast, ORMDLS3 inhibi-
tion showed the opposite effects. In 16HBE cells, ORMDL3
overexpression induced SPHK1 distribution and activity, while
SPHKI1 inhibition resulted in increased TEER upon adminis-
tration of an ORMDL3 agonist or ORMDL3 overexpression.
In addition, ERK activation occurred downstream of SPHK1
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activation in 16HBE cells. High levels of ORMDL3 result in
damaged AE barrier function by inducing the SPHK1/ERK
pathway.

Introduction

Asthma represents a chronic respiratory disease that affects
more than 300 million individuals worldwide (1). It is char-
acterized by airway inflammation, hyperresponsiveness and
remodeling (2). As the first line of contact with the external
environment, airway epithelial (AE) cells form a barrier to
the outside world comprising airway surface fluids, mucus
and apical junctional complexes (AJCs) between neighboring
cells. Previous studies have focused on AE barrier injury
in asthma (3-5), reporting dysfunctional epithelial AJCs in
asthmatic airways, without describing the precise mechanisms
and/or consequences for airway inflammation (6,7). Impaired
epithelium could increase airway vulnerability to insults from
viruses, allergens and toxic substances, aggravating airway
inflammation and remodeling. Due to ethical constraints,
animal models serve as a golden tool for understanding the
pathology of asthma in vivo. However, most animal studies
have used acute sensitization and exposure to allergens. In
addition, the available models often lack features of chronic
remodeling. Therefore, the potential mechanisms obtained in
mouse studies are merely used to understand the effects of
particular therapies in acute allergic inflammation and do not
comprehensively explain the chronic phase of the disease.

In the past decades, increasing attention has been paid to
the management of childhood asthma. The orosomucoid-like
protein isoform 3 (ORMDL3) gene is strongly and significantly
associated with childhood-onset asthma (8). Several in vitro
and in vivo studies have suggested that ORMDL3 contrib-
utes to airway remodeling and inflammation by selectively
activating the unfolded protein response in the endoplasmic
reticulum (9,10), regulating chemokine expression (11) and
altering Ca?* influx for T-lymphocyte activation (12). Previous
findings indicated that intranasal administration of cytokines
significantly induces ORMDL3 mRNA expression in the
bronchial epithelium of mice (9). Previously, ORMDL3 was
shown to regulate the metabolism of the cell membrane
component sphingolipid in A549 cells (13,14). Sphingolipid
has attracted increasing attention in recent years. Indeed,
several studies have established its role in cell growth, survival
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and migration (15-17). ORMDL3 is involved in sphingolipid
metabolism and de novo sphingolipid synthesis (9). An in vitro
study revealed ORMDL3 overexpression at mid-levels inhibits
serine palmitoyltransferase (SPT) activity, while a more
pronounced ORMDL3 overexpression results in increased
SPT levels (18).

As a key lipid kinase in sphingolipid metabolism, sphin-
gosine kinase 1 (SPHK1) regulates sphingosine 1-phosphateas
well as the SPT balance in the lung tissue. SPHK1 mRNA
levels are significantly increased in airway diseases such as
lung cancer, rhinitis and asthma (19-21). Previous studies have
proposed that SPHK1 is associated with airway inflammation,
goblet cell hyperplasia and hyperresponsiveness (19,22,23).
The possible mechanisms include calcium flux control,
arachidonic acid release and ERK phosphorylation induc-
tion (24-26). In vivo studies have demonstrated that treatment
with an SPHKI inhibitor or SPHK1 knockout could amelio-
rate OVA-induced airway hyperreactivity (AHR) and airway
inflammation in mice (22,26). Meanwhile, SPHK1 suppres-
sion upregulates E-cadherin in A549 cells (17). Based on
these data, it was hypothesized that ORMDL3 overexpression
causes AE barrier injury by activating SPHK1.

Materials and methods

Animal sensitization and challenge. A total of 12 female
Balb/c mice (4 weeks old, 18-22 g) were obtained from
Beijing Vital River Laboratory Animal Technology Co., Ltd.
Animals were housed in the experimental animal center of
the Nanjing University of Chinese Medicine, with a 12 h
light/dark cycle at a constant temperature of 22+2°C and a
relative humidity of 50%. Cages, bedding, food and water
were sterilized before use and animals received ad libitum
access to food and water. The animals were acclimatized
for 7 days prior to initiating the experiments. The animals
were immunized with 200 ul of 2.5% ovalbumin (OVA,;
Sigma-Aldrich; Merck KGaA) in saline by intraperitoneal
injection on days 1 and 8 (sensitization stage). On days
15-28, mice were exposed to 2.5% OVA by inhalation for
30 min per day (acute challenge stage). On days 32-85, the
animals were further exposed to aerosolized 2.5% OVA
for 30 min once every three days (chronic challenge stage).
On days 29, 42 and 55, mice were anesthetized by inhaled
ether; when the mouse's breathing became slow and deep,
and loss of righting reflex, it ensured the mouse was fully
anesthetized, and then 50 pl respiratory syncytial virus was
administered (RSV; 10*%"5 TCID,,/50 pl) by the intranasal
route(virus infection stage). Control mice were administered
normal saline instead of OVA and RSV in the sensitization,
challenge and virus infection stages of the protocol. Human
RSV (A2 strain, purchased from the Type Culture Collection
Center of Wuhan University) was amplified as previously
described (27). Titers were determined by the TCID, method
in Hep-2 cells (CBP60246; Type Culture Collection of the
Chinese Academy of Sciences). The protocols for sensiti-
zation, challenge and virus infection are summarized in
Fig. 1A. The animal experiments were performed according
to the National Institutes of Health Guidelines for Laboratory
Animals and approved by the Animal Ethics Committee of
Nanjing University of Chinese Medicine.
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Lung tissue collection and histopathology. On day 86, mice
were anesthetized by chloral hydrate (400 mg/kg), the right
eyeball was removed to collect blood (~1.0 ml) and sacrificed
by cervical dislocation. When the mice no longer moved,
exhibited no response to external stimuli and breathing and
cardiac arrest, the mice were confirmed as dead. Then, the
lungs were removed from the thoracic cavity by careful dissec-
tion, inflated with 1 ml of 10% neutral-buffered formalin and
fixed with 10% neutral-buffered formalin at room temperature
for 72 h. After fixation, the left lung was dissected, embedded
in paraffin and sectioned at 6 ym. The resulting sections were
stained with hematoxylin-eosin (H&E) at room temperature
for 3 min. Total lung inflammation was defined as the sum
of peri-bronchial and peri-vascular scores (Table SI). Mucus
production and goblet cell hyperplasia were examined by peri-
odic acid-Schiff (PAS) staining as described previously (28).
Sections stained (at room temperature for 15 min) with the
Masson's trichromedye were required to include the extra-
cellular matrix (ECM) and contractile elements associated
with the airway. Peri-bronchiolar areas positive for Masson's
trichrome staining were determined by light microscopy
with an Image-Pro Plus V6.0 image analysis system (Media
Cybernetics, Inc.).

Quantification of cytokine levels. Lung tissue and serum cyto-
kine levels were assessed with ELISA kits specific for mouse
interleukin (IL)-4(MM-0173M2), IL-13 (MM-0165M2), and
tumor necrosis factor (TNF)-a (MM-0132M2; all, Feiya
Biotechnology). The assays were performed according to the
manufacturer's protocol.

Cell Counting Kit (CCK)-8 assay for TNF-a concentration
selection. To quantitate any cytotoxic effects of TNF-a, a
CCK-8 cell viability detection assay was performed on the
conditioned media from 16HBE cells according to the manu-
facturer's protocol (Dojindo Molecular Technologies, Inc.).
Briefly, CCK-8 (10 ul) was added to each well and the plates
were incubated for 2 h at 37°C. Optical density was measured
using a Microplate Reader at 450 nm.

Cell culture and treatment. Human bronchial epithelial
16HBE cells (CBP60550, purchased from the Cell Bank
Center, Shanghai Institutes for Biological Sciences, Chinese
Academy of Sciences) cultured in RPMI-1640 (Gibco;
Thermo Fisher Scientific, Inc.) with 10% fetal bovine serum
(FBS; Gibco; Thermo Fisher Scientific, Inc.) and 1% peni-
cillin/streptomycin (Gibco; Thermo Fisher Scientific, Inc.).
All cells were maintained in a humidified chamber containing
5% CO,at 37°C. 16HBE cells transfected with small inter-
fering (si)-SPHK/si-control (ctrl) were exposed to 10 ng/ml
TNF-a (purchased from PeproTech, Inc.); 16HBE cells over-
expressing ORMDL3 and the corresponding empty control
(Vector; purchased from Applied Biological Materials Inc.)
were exposed to 10 nM N,N-dimethyl-D-erythro-sphingosine
(DMS; purchased from Sigma-Aldrich; Merck KGaA) for
5 days, followed by the evaluation of epithelial TEER and
mRNA and protein expression levels.

SiRNA preparation and transfection. For si-RNA transfection,
16HBE cells were seeded at a density of 2x10° cells/well in
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Figure 1. OVA-RSV induces mouse airway inflammation and upregulates ORMDL3 expression. (A) Outline of the establishment of a chronic asthmatic mouse
model with detailed strategy for OVA-RSV administration. i.p., i.n.h. and N.A. Histological analysis of lung tissues from control and OVA-RSV mice sacrificed
on day 86. (B) Lung sections were stained with H&E to analyze the infiltration of inflammatory cells. (C) PAS staining was performed to assess goblet cell
hyperplasia. (D) Masson's trichrome staining was carried out to evaluate sub-epithelial deposition of collagen and fibrosis. Values are mean + standard devia-
tion (n=6 per group). “P<0.01 vs. control group. Magnification, x200. The results are representative of six independent animals. PAS, Periodic acid-Schiff;
H&E, hematoxylin-eosin; i.n.h., inhalation; i.p., intraperitoneal; N.A., intranasal; OVA-RSV, ovalbumin-respiratory syncytial virus.

6-well plates until 50-70% confluence. The si-RNA targeting
ORMDL3 (si-ORMDL3) and its negative control siRNA
(si-control), and the si-RNA targeting SPHK1 (si-SPHKI)
and its negative control si-RNA (si-ctrl; Synthesized by
GenePharma Co., Ltd.). si-RNA was transfected into 16HBE
cells with si-RNA-Mate (50 pmol si-RNA; 16 ul si-RNA-Mate;
GenePharma Co., Ltd.) in RPMI-1640-low serum medium in
accordance with the manufacturer's protocols. The sequences
of the siRNAs used are listed in Table I and activity was
measured via reverse transcription-quantitative PCR

(RT-qPCR) 24 h after transfection. Thereafter, the transfected
cells were trypsinized and seeded at a density of 0.33x10° cells
per cm?in Transwell inserts with a 0.4 pm pore size (Corning,
Inc.). The medium was changed the following day and subse-
quently refreshed every other day throughout the experiment.
The silencing effects of si-RNAs were confirmed by RT-qPCR.

TEER and epithelial barrier integrity assessments.
ORMDL3/Vector and si-ORMDL3/si-control cells were
seeded in Transwell inserts as mentioned above, and incubated
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Table I. Sequences of si-RNAs.
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Gene Sense (5'-3") Anti-sense (5'-3")
ORMDL3 CCAACCUCAUUCACAACAUTT AUGUUGUGAAUGAGGUUGGTT
SPHK1 GAGGCUGAAAUCUCCUUCATT UGAAGGAGAUUUCAGCCUCTT
GAPDH UGACCUCAACUACAUGGUUTT AACCAUGUAUUGAGGUCATT

Table II. Primers used in quantitative PCR for mouse lung assessment.

Gene Forward primer (5'-3") Reverse primer (5'-3")

1L-4 TCTCGAATGTACCAGGAGCCATAT AAGCACCTTGGAAGCCCTACAGA
IL-13 GCAGCATGGTATGGAGTGTG CCTCTGGGTCCTGTAGATGG
TNF-a CTGGATGTCAATCAACAATGGGA ACTAGGGTGTGAGTGTTTTCTGT
Claudin-18 GACCGTTCAGACCAGGTACA GCGATGCACATCATCACTC
E-cadherin CAGGCTGGCTGAAAGTGACA ACGGATCCCTCAAACACCTC
SPHK1 CATCACGGCCTGTAAAAAGGT ATCTTCCACAAACCCAATCTGG
GAPDH AATGGATTTGGACGCATTGGT TTTGCACTGGTACGTGTTGAT

E, epithelial; SPHK 1, sphingosine kinase 1; IL, interleukin; TNF, tumor necrosis factor.

for 72 h to yield a cell monolayer. Chemicals at proper concen-
trations were added to the inserts (TNF-a, 10 ng/ml; DMS,
10 nM). Cells were serum-starved overnight before addition
of TNF-a or DMS. TEER was monitored before (day 0) and at
days 1 (24 h) to 5 daily with a Millicell-ERS2 Volt-Ohm Meter
(EMD Millipore) according to the manufacturer's protocol.
TEER was derived as (R sample-R blank) x surface area (cm?).
The surface area was 0.33 cm?.

At day 5, epithelial permeability in ORMDL3/Vector and
si-ORMDL3/si-control cells was measured by fluorescein
isothiocyante (FITC)-conjugated dextran (4-kDa; 1 mg/ml;
Sigma-Aldrich; Merck KGaA) fluorescence strength. In this
assay, 4-kDa-FITC-dextran was added to the apical side of
the inserts while RPMI-1640 containing 2% FBS was placed
in lower wells. After 3 h, 100 ul of fluid was collected from
the basolateral compartment of each insert and transferred to
96-well plates (Corning, Inc.). Fluorescence was measured at
490 nm, reflecting the amounts of fluoresce in sodium diffused
from the apical side of the insert to the basal one. The values of
FITC-dextran signals were normalized to the corresponding
control groups (Vector or si-control) and presented as Pa/Pc%.

SPHKI activity assay. ORMDL3/Vector and si-ORMDL3/si-
control cells were cultured in 24-well Transwell plates. At
5 days of culture, the cells were harvested and processed with
SPHK1 Activity Assay kit I (Shanghai Haling Biotechnology
Co., Ltd. http://www.halingbio.com). SPHK1 activity and
percentage inhibition were calculated based on the manufac-
turer's protocol.

Western blot analysis. Western blot analysis was performed
as described previously by the authors' team (15). The
following antibodies were used and incubated overnight
at 4°C: Anti-ORMDL3 (1:2,000; ab107639; Abcam),

anti-SPHK1 (1:1,000; ab71700; Abcam) and anti-Tubulin
(1:2,000; ab179513; Abcam), anti-GAPDH (1:5,000;
ab181602; Abcam), anti-Claudin-18 (1:2,000; 21126-1-AP;
ProteinTech Group, Inc.), anti-E-cadherin (1:2,000; YT1454;
ImmunoWay Biotechnology), anti-phospho-ERK1/2 (1:1,000;
ab201015; Abcam; kindly provided by Dr Xiao-Fei, Jiang)
and anti-ERK1/2 (1:1,000; ab17942; Abcam; kindly provided
by Dr Xiao-Fei, Jiang). Goat anti-rabbit horseradish peroxi-
dase-conjugated IgG (1:5,000; ab97051; Abcam) was used to
detect antibody binding at room temperature for 2 h. Target
proteins were visualized using a ChemiDoc™ MP Imaging
system (Bio-Rad Laboratories, Inc.) and analyzed using
ImageLab software V5.1 (Bio-Rad Laboratories, Inc.).

RNA extraction and RT-gPCR. Total RNA was isolated with
TRIzol reagent according to the manufacturer's protocol
(Takara Biotechnology, Co., Ltd.). cDNA was synthesized
using the Prime Script® RT reagent kit with gDNA Eraser
(Takara Biotechnology Co., Ltd.) according to the manufac-
turer's protocol. RT-qPCR was performed with cDNA samples
using SYBR® Premix ExTapTMII (Takara Biotechnology Co.,
Ltd.). The primers are listed in Tables II and III. The reac-
tion conditions were as follows: 30 sec at 95°C, followed by
40 cycles at 95°C for 5 sec, 60°C for 30 sec and 72°C for 30 sec.
Relative changes in mRNA levels were measured by the 2-44%
method (29) and normalized to endogenous GAPDH.

Immunofluorescence (IF). 1F staining of SPHKI,
E-cadherin and Claudin-18 proteins in mouse lung samples,
ORMDL3/Vector cells, and si-ORMDL3/si-control cells was
performed. Cells were seeded on slides for 24 h, fixed with
4% paraformaldehyde for 15 min at room temperature and
washed 3 times with PBS. The samples were then blocked
with goat serum (Gibco; Thermo Fisher Scientific, Inc.) in
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Table III. Primers used in quantitative PCR for cell assessment.

Gene Forward primer (5'-3") Reverse primer (5'-3")
Claudin-18 CCTGATGATCGTAGGCATCG TGCATTTCAGGGCAAAGATG
E-cadherin TCGTCACCACAAATCCAGTG CATTCACATCAAGCACATCC
ORMDL3 TCACCAACCTCATTCACAACAT GACCCCATAATCCATATGCTC
SPHK1 ATCACGGATGTATGACGTTTTGG CAGGCTATTGCTGCGAAGAAC
GAPDH TGTGGGCATCAATGGATTTGG ACACCATGTATTCCGGGTCAAT

E, epithelial; SPHK1, sphingosine kinase 1; ORMDL3, orosomucoid-like protein isoform 3.

5% bovine serum albumin/PBS for 1 h at room temperature
and incubated with Alexa Fluor 647 (Abcam)-conjugated
SPHK1, E-cadherin and Claudin-18, respectively, overnight
at 4°C. After two PBS washes, the cells were mounted with
ProLong Gold containing DAPI (Life Technologies; Thermo
Fisher Scientific, Inc.) and visualized under a Leica TCS SP5
confocal microscope (Leica Microsystems, Inc.).

Statistical analysis. Data are mean + standard deviation
from six independent experiments with GraphPad Prism 6.0
(GraphPad Software, Inc.). Statistical analysis was performed
with unpaired Student's t-test (for two experimental groups)
or one-way analysis of variance (for multiple experimental
groups), followed by Dunnett's post hoc test to determine the
differences among multiple comparisons. P<0.05 was consid-
ered to indicate a statistically significant difference.

Results

Successful establishment of a model of chronic asthma in
mice by OVA-RSV induction. The authors' previous studies
demonstrated that OVA-RSV induces mild airway inflamma-
tion in remittent asthmatic mice (30,31). To ensure successful
establishment of an animal model of chronic asthma, histo-
pathological features were compared between the control and
experimental groups. Consistent with the authors' previous
findings (30), the amounts of inflammatory cells around the
respiratory tract and vessels in the OVA-RSV group, as well
as bronchial wall thickness, were significantly increased
compared with control values (P<0.01; Fig. 1B). PAS staining
showed notable mucus secretion (Fig. 1C), while Masson's
trichrome staining of lung sections from asthmatic mice
revealed increased collagen deposition around the airway
(Fig. 1D). Taken together, these findings indicated that the
chronic asthmatic model was successfully established with
OVA-RSYV induction in mice.

OVA-RSV induction increases IL-4, IL-13 and TNF-a levels
in serum and lung homogenates. High secretion levels of
Th2 and pro-inflammatory cytokines is a well-established
feature of asthma. To determine whether OVA-RSV treatment
affects cytokine levels in serum, IL-4, IL-13 and TNF-a were
detected by ELISA. Compared with the control values, serum
IL-4,1L-13 and TNF-a levels were increased significantly by
the OVA-RSV airway challenge (P<0.01; Fig. 2A-C). In addi-
tion, IL-4, IL-13 and TNF-a levels in lung homogenates were

assessed by RT-qPCR and ELISA. Compared with the control
group, the OVA-RSV group showed significantly increased
expression levels of IL-4,1L-13 and TNF-a, at the mRNA, and
ELISA levels (P<0.01; Fig. 2A-D). These findings indicated
that OVA-RSV promoted allergic airway reactions by altering
airway inflammation.

OVA-RSV induction increases ORMDL3 and SPHKI
expression levels in the mouse lung. Given that ORMDL3 is
upregulated by OVA challenge (32), the effects of OVA-RSV
on ORMDL3 expression were examined in vivo. OVA-RSV
administration in mice resulted in significantly increased
ORMDL3 protein levels in the lung tissue compared with
control values (Fig. 2E).

It was reported that SPHK1 is involved in the patho-
logical process of asthma (17). Meanwhile, a previous study
revealed that ORMDL3 mediates sphingolipid metabolism in
yeasts (33) and dysregulates ceramide homeostasis in A549
cells (18). SPHK1 represents a key enzyme in the regulation of
sphingolipid metabolism and plays an essential role in plasma
membrane formation (8,15). Increased SPHK1 protein expres-
sion levels were observed by western blotting (Fig. 2F) in
OVA-RSV stimulated mice vs. control animals. Furthermore,
increased SPHK1 activity (Fig. 2G) and IF (Fig. 2H) density
were found in the lung tissue of the model group compared
with the control animals. These results implied that both
ORMDL3 and SPHK1 were upregulated in OVA-RSV associ-
ated asthma in mice.

OVA-RSV induces loss of AE junction proteins in the lung
tissue of asthmatic mice. Since asthmatic patients show
dysfunctional AE barrier properties, whether OVA-RSV
treatment affects the expression of epithelial junction proteins
that maintain barrier integrity was examined. Claudin-18 and
E-cadherin play important roles in maintaining the epithelial
barrier integrity. Exposure to allergens or cytokines decreases
E-cadherin expression in primary cells from asthmatic
mice (34). Recent findings demonstrated that Claudin-18
expression is associated with the degree of lung injury (35).
Consistent with previously reported data in allergen-exposed
mice, OVA-RSV challenged mice exhibited loss of the AE
junction molecule E-cadherin compared with control mice as
shown by RT-qPCR (Fig. 3A) and western blotting (Fig. 3C),
while OVA-RSV only decreased Claudin-18 mRNA expres-
sion (Fig. 3A) and not protein levels (Fig. 3B). To explore the
detailed mechanisms behind ORMDLJ3's association with
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E-cadherin in lung homogenates. OVA-RSV mice showed reduced Claudin-18 and E-cadherin mRNA levels, consistent with (B) Claudin-18 and (C) E-cadherin
protein amounts. Values are relative to Tubulin and were presented as mean + standard deviation (n=6 per group). “P<0.01 vs. control group; “““P<0.0001 vs.
control group. E, epithelial; OVA-RSV, ovalbumin-respiratory syncytial virus.

airway barrier dysfunction, subsequent studies in I6HBE cells
were performed since in vitro cell models allow the use of a
large number of purified cells for molecular and biochemical
analyses; in addition, using human cells could overcome species
discrepancies which are common in experimental studies.

ORMDL3 overexpression decreases AE barrier integrity.
To assess the effects of ORMDL3 on AE barrier integrity,

ORMDL3 in 16HBE cells was overexpressed or knocked
down and the resulting cells were analyzed by RT-qPCR
(Fig. 4A and B). TEER was measured at days 2-5 after
ORMDL3/Vector or si-ORMDL3/si-control cells were seeded
in Transwell plates. TEER was significantly decreased in cells
overexpressing ORMDL3 compared with Vector transfected
cells, while there was no difference between si-ORMDL3 and
si-control cells (P<0.01; Fig. 4C and D). Epithelial membrane
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measured by treatment with 4-kDa FITC-dextran at day 5. Values are mean + standard deviation (n=6 per group in duplicate). "P<0.05, “P<0.01 and “"P<0.001
vs. the corresponding control group. SPHK1, sphingosine kinase 1; ORMDL3, orosomucoid-like protein isoform 3; si, small interfering; Ctrl, control; TEER,

transepithelial electrical resistance.

permeability assessment is an important method for evaluating
AE barrier function. In the present study, epithelial perme-
ability was measured by treatment with 4-kDa-FITC-dextran.
As shown in Fig. 4E and F, ORMDL3 overexpression resulted
in increased cell permeability compared with Vector trans-
fected cells, while ORMDL3 knockdown did not affect cell
permeability compared with the si-ctrl group. These data
suggested that ORMDL3 overexpression resulted in barrier
function damage in 16HBE cells.

ORMDL3 overexpression downregulates Claudin-18 and
E-cadherin. Whether ORMDL3 overexpression downregu-
lates Claudin-18 and E-cadherin in 16HBE cells was assessed.
The results showed that in 16HBE cells overexpressing
ORMDL3, Claudin-18 and E-cadherin mRNA levels were
roughly 50 and 70%, respectively, compared with those of
the controls (Fig. 5A), while ORMDL3 knockdown had

opposite effects (Fig. 5B and D). However, only Claudin-18
protein expression was significantly decreased by ORMDL3
overexpression (P<0.05; Fig. 5C), while ORMDL3 knockdown
had opposite effects (Fig. SF). However, E-cadherin protein
expression was not influenced by ORMDL3 (Fig. 5E and H).
Moreover, IF data showed that ORMDL3 overexpression
resulted in decreased Claudin-18 and E-cadherin fluores-
cence intensities (Fig. 5I). However, ORMDL3 knockdown
did not influence Claudin-18 and E-cadherin fluorescence
intensities and distribution (Fig. 5J). These data suggested that
ORMDL3 overexpression induced bronchial epithelial barrier
dysfunction by decreasing Claudin-18 protein levels, possibly
disrupting the localization of Claudin-18 and E-cadherin in
cell-cell contact.

ORMDL3 promotes SPHKI activation and changes its distri-
bution in 16HBE cells. To assess whether ORMDLS3 induces
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changes in plasma membrane composition, SPHK1 activity
was determined and distribution in ORMDL3 overexpressing
and silenced 16HBE cells, respectively. Consistent with the
findings in OVA-RSV mice, SPHK1 expression in 16HBE cells
showed altered patterns in response to ORMDL3 overexpres-
sion, with mRNA and protein expression levels significantly
increased in I6HBE ORMDL3 overexpressing cell monolayers
(P<0.01; Fig. 6A and B). Meanwhile, the opposite effects were
observed after ORMDL3 knockdown although there were no
statistically significant differences (Fig. 6C and D). To evaluate
whether SPHK1 is activated more after upregulation, SPHK1
activities in ORMDL3 overexpressing and silenced cells
were assessed, respectively. ORMDL3 overexpressing cells
displayed increased SPHK1 activity compared with the Vector
group (Fig. 6E) and ORMDL3 silencing resulted in signifi-
cantly decreased SPHK1 activity compared with si-ctrl cells
(P<0.05; Fig. 6F). Moreover, cellular localization of SPHK1
was assessed in ORMDL3/Vector and si-ORMDL3/si-control
cells. The results showed that different from the cytoplasmic

localization of SPHK1 in Vector and si-ctrl cells, ORMDL3
overexpression resulted in SPHK1 localizing to the plasma
membrane, thereby indicating SPHK1 activation (Fig. 6G);
ORMDL3 suppression caused no change of SPHKI1 local-
ization (Fig. 6H). These data indicated that ORMDL3
overexpression resulted in SPHK1 relocation and activation.

SPHKI silencing alleviates AE dysfunction induced by
ORMDLS3 overexpression. TNF-a is a powerful epithelial
barrier (23,36,37), damage inducer and has been confirmed
as a SPHK1 agonist. Moreover, a recent study found TNF-a
increases ORMDL3 protein expression in 293 cells (38). The
cell viability assay (Fig. SI) shows that 10 ng/ml TNF-a. is the
most suitable concentrate for 16HEB cells. TNF-a (10 ng/ml)
was used in the following assays to investigate whether inhib-
iting SPHK1 by si-RNA could rescue the phenotypes
associated with TNF-a., similar to ORMDL3 overexpression.
To evaluate the relationship between ORMDL3 and SPHKI1,
was first transfected with si-SPHKI in normal 16HBE cells
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Figure 7. SPHK1 silencing alleviates ORMDL3 induced airway barrier dysfunction. (A) SPHK1 protein expression in si-SPHK 1/si-ctrl 16HBE cells was detected
by western blotting. (B) si-SPHK 1/si-ctrl cells were treated with TNF-a (10 ng/ml) for 5 days and TEER was measured daily. (C) Claudin-18 and E-cadherin
mRNA expression levels in si-SPHK 1/si-ctrl and si-SPHKI+TNF-a/si-ctri+TNF-a cells were detected by qRT-PCR. (D-a) Sphk1, (b) ORMDLS3, (¢) Claudin-18,
(d) E-cadherin and (¢) ERK1/2 protein expression levels in si-SPHK 1/si-ctrl and si-SPHK I+TNF-o/si-ctrl+TNF-a cells were detected by western blotting.

for 48 h before treatment with TNF-a for another 5 days. The
knockdown efficiency of si-SPHK was determined by western
blotting. As shown in Fig. 7A, SPHK1 protein levels in cells
transfected with si-SPHK1 were only 5% of those found in
cells transfected with si-ctrl. It was found that reduced TEER
in 16HBE cell monolayers due to TNF-a treatment could
be largely prevented by SPHK1 knockdown (Fig. 7B). The
mRNA and protein levels of Claudin-18 and E-cadherin were
significantly increased in the si-SPHK/ and si-SPHKI+TNF-a
groups compared with the si-ctrl+TNF-a group (P<0.01;
Fig. 7C and D, panels ¢ and d). These results indicated a
negative correlation between SPHK1 and ORMDL3 proteins
(Fig. 7D, panels a and b). Since SPHK1 induces ERK1/2 trans-
activation (31,39), ERK phosphorylation was evaluated and it
was found that SPHK1 knockdown alleviated TNF-a induced
ERK phosphorylation (Fig. 7D, panel e).

To further assess the role of SPHK1 in ORMDL3 induced
airway barrier dysfunction, ORMDL3 overexpressing cells
were treated with the specific SPHK1 inhibitor DMS (10 nM)
for 5 days. The results showed that DMS restored TEER
decrease associated with ORMDL3 overexpression (Fig. 7E).

ORMDL3 overexpression induced SPHK1 and ORMDL3
protein expression, but this was decreased by SPHK1 inhibitor
(Fig. 7G, panels a and b). RT-qPCR and western blotting
demonstrated that ORMDL3 overexpression induced SPHK1
protein expression, and decreased Claudin-18 and E-cadherin
levels; these effects were restored by the above SPHK1 inhib-
itor (Fig. 7F and G, panels ¢ and d). Furthermore, ORMDL3
overexpression induced robust ERK1/2 phosphorylation and
was partly blocked by DMS (Fig. 7G, panel e). Collectively,
these data demonstrated that SPHK1/ERK1/2 signaling may
be downstream of ORMDL3 in promoting bronchial epithelial
barrier dysfunction.

Discussion

Asthma is considered a heterogeneous disorder resulting from
a complex interplay between genetic susceptibility, allergenic
triggers and viral infection. Substantial efforts have been
directed toward its management. Rational therapy of chronic
asthma is important for maintaining the asthmatic patient's
daily life. However, current studies mainly focus on acute or
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Figure 7. Continued. (E) ORMDL3/Vector cells were treated with DMS (10 nM) for 5 days and TEER was measured daily. (F) Claudin-18 and E-cadherin
mRNA expression levels in ORMDL3/Vector and ORMDL3+DMS/Vector+DMS cells were detected by qRT-PCR. (G-a) Sphk1, (b) ORMDL3, (c) Claudin-18,
(d) E-cadherin and () ERK1/2 protein expression levels in ORMDL3+DMS/Vector+DMS cells were detected by western blotting. Data are presented as the
mean = standard deviation of six independent experiments. “P<0.01 vs. si-ctrl group. "P<0.05, "P<0.01 and "*P<0.001 vs. si-ctrl+TNF-a group. *P<0.05 vs.
the Vector group. “P<0.05, **P<0.01 and “**P<0.001 vs. ORMDL3 group. E, epithelial; SPHK1, sphingosine kinase 1; ORMDL3, orosomucoid-like protein
isoform 3; si, small interfering; ctrl, control; TNF, tumor necrosis factor; ERK, extracellular signal regulated kinase.

severe asthma rather than chronic disease. Thus, it is urgent
to develop proper animal models to investigate the potential
molecular mechanisms of chronic asthma.

Challenge allergens, methods, times and periods vary in
different studies. OVA is a conventional allergen used in asth-
matic animal studies; it induces airway inflammation in mice
but does not affect most structural changes associated with
chronic asthma. Airway infection always induces asthmatic
attack. As the most common respiratory pathogen in child-
hood, RSV is a cause of morbidity and mortality in elderly and
high-risk adults (40). RSV infection alters the lung microenvi-
ronment, impairs tolerance to inhaled allergens and increases
the patient's susceptibility to asthma (41). Emerging evidence
points out that RSV contributes to AE barrier disruption via
AJC disassembly and increased paracellular permeability (42).
A short-term study compared airway hyperresponsiveness and
pathological changes of the lung tissue in RSV infected mice,
OVA challenged mice, and OVA-sensitized and RSV infected
(OVA/RSV) mice. The results indicated RSV infection during

OVA sensitization prolongs AHR and increases lung lympho-
cyte amounts as well as airway mucus production (43). To the
best of our knowledge, no studies have combined viral infection
with allergen challenge in long-term asthmatic animal models.
In a previous study, it was demonstrated that OVA-RSV signif-
icantly increases inflammation scores, goblet cell hyperplasia
and collagen deposition following the last RSV infection (56
days). A total of 30 days after the last infection, respiratory
mucus hypersecretion and airway remodeling were absent, but
airway inflammation was still observed (30). In the present
study, the chronic asthmatic mouse model was modified and
the expected characteristics were obtained, including airway
inflammation and remodeling, with no mucus hypersecretion.
These findings indicate that chronic changes associated with
the characteristic features of inflammation and remodeling
have been generated successfully in the present animal model.

In the pathogenesis of asthma, inflammatory cells initiate
and maintain key pathological features through production of
cytokines (42). In preliminary experiments, increased CXCLI,
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CXCL2 and CCL11 levels in serum, elevated interferon-y
amounts in the lung tissue, and significantly increased IL-6
and TGF-f levels in the bronchoalveolar lavage fluid 30 days
after the last OVA-RSV challenge were observed (23,31).
In the present study, the levels of cytokines in the modi-
fied chronic model of murine allergic asthma induced by
OVA-RSV were evaluated and higher serum and lung tissue
IL-4, IL-13 and TNF-a amounts were found. Previous studies
have indicated that the above three cytokines affect TJs in vivo
and in vitro (23,44-46). In addition, administration of IL-4,
IL-13 and TNF-a significantly induces ORMDL3 expres-
sion (9,38). These findings prompted the present study to
investigate the relationship between ORMDL3 expression and
bronchial epithelial barrier dysfunction. Previous data have
suggested that ORMDL3 plays a role in airway remodeling
(including increased airway smooth muscle, sub-epithelial
fibrosis and mucus formation), airway responsiveness, and
lung elasticity (47,48); however, its effects on AE cells are not
well understood. The results of the present study indicated that
OVA-RSV challenge increased ORMDL3 expression in the
lung tissue of chronic asthmatic mice.

Bronchial epithelial cells play an important role in asthma
pathology. Increased permeability to external substances,
reduced TEER and disruption of junctional proteins are used
to assess epithelial barrier dysfunction. Hyperpermeability
of bronchial epithelial cells results in greater penetration
of inhaled allergens and particles into the sub-epithelial
space, facilitating antigen sampling and inducing innate and
adaptive immune responses (49). Junctional proteins are
important for initiating and maintaining cell-cell adhersion,
and participate in numerous signal transduction cascades.
E-cadherin is important in maintaining tissue morphogenesis
and polarity, and necessary for adhesion junction forma-
tion (50,51). Claudin-18.1 is localized at TJs and represents the
only known lung-specific tight junction gene product (52-54).
Claudin-18 levels are decreased in subjects with asthma
and Claudin-18-deficient mice show exacerbated serum IgE
increase and enhanced airway hyperresponsiveness following
intranasal antigen sensitization (55). Meanwhile, decreased
Claudin-18 and E-cadherin protein levels in epithelial cells
contribute to defective AE barrier in patients with atopic
asthma (35,56). It was demonstrated that OVA-RSV decreased
Claudin-18 and E-cadherin mRNA levels, with no effect on
Claudin-18 protein expression in the lung tissue of mouse
models. To further assess the role of ORMDL3 in bronchial
epithelial barrier dysfunction, ORMDL3 expression was
manipulated in 16HBE cells. The results suggested that
ORMDL3 overexpression significantly increased TEER,
decreased permeability, downregulated Claudin-18 at the
mRNA and protein levels, and altered E-cadherin distribution
in 16HBE cells, while si-RNA-mediated ORMDLS3 silencing
had opposite effects. This implied that ORMDL3 overexpres-
sion could impair bronchial epithelial barrier function.

The cell membrane component sphingolipid has attracted
substantial attention in recent years. Several studies have estab-
lished its role in cell growth, survival and migration (15-17).
ORMDL3 is involved in sphingolipid metabolism and
de novo sphingolipid synthesis (9). An In vitro study revealed
ORMDL3 overexpression at mid-levels inhibits SPT activity;
however, more pronounced ORMDL3 overexpression results
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in increased sphingolipid levels (18). SPHK1 is a key lipid
kinase involved in the regulation of sphingolipid metabolism.
Interestingly, SPHK1 mRNA levels are significantly increased
in airway diseases (19-21). Previous studies have proposed that
SPHKI1 is associated with airway inflammation, goblet cell
hyperplasia, and hyperresponsiveness (19,22,23). The possible
mechanisms include calcium flux control, arachidonic acid
release, and induced ERK phosphorylation (24-26). In vivo
studies have demonstrated that treatment with a SPHK1
inhibitor or SPHK1 knockout ameliorates OVA-induced AHR
and airway inflammation in mice (22,26). The present find-
ings indicated that OVA-RSV challenge could boost SPHK1
activity in the lung tissue of asthmatic mice, and SPHK1 levels
paralleled those of ORMDL3.

IF revealed SPHK1 distribution in the cytoplasmic
compartment of normal 16HBE cells, whereas ORMDL3 over-
expression caused SPHK1 to translocate to the cell membrane;
however, ORMDL3 knockdown did not affect SPHK1 location.
A study of head and neck carcinoma indicated that SPHK1
expression correlates with E-cadherin downregulation (15). To
investigate whether SPHK1 is involved in ORMDL3 induced
airway barrier dysfunction, ORMDL3 overexpressing cells
were treated with DMS, which resulted in decreased ORMDL3
levels in these cells, although not reaching the normal levels.
Meanwhile, DMS alleviated TEER and junctional protein
expression changes associated with ORMDL3 overexpres-
sion. These results demonstrated that SPHK1 is involved in
ORMDL3 induced bronchial epithelial barrier dysfunction as
a downstream effector.

The mitogen-activated protein kinase (MAPK) family is a
group of serine/threonine kinases, which include p38 MAPK
and ERK protein kinase pathways. Increasing evidence indi-
cates that activation of the MAPK/ERK pathway promotes the
proliferation, migration and differentiation of peripheral cells
around airway epithelial damage (57,58). Impaired alveolar
barrier function in septic rats is associated with ERK-mediated
downregulation of several tight junction components (59).
Furthermore, the ERK pathway is implicated in barrier func-
tion dysregulation attributed to reduced levels of junctional
proteins in AE cells (60). Previous studies reported that the
SPHK1/ERK1/2 signaling pathway is involved in mucus
production in human AE cells. In the present study, the
effects of ORMDL3 on the ERK1/2 signaling cascade were
assessed (19,24,61). The results showed that the SPHK1 inhib-
itor DMS alleviated AE barrier dysfunction and ERK signaling
pathway activation associated with ORMDL3 overexpression.

However, there were certain limitations in this study. AHR
and de novo sphingolipid metabolism were not evaluated in
the current mouse model, which requires further assessment
using ORMDL3 transgenic mice.

In conclusion, this study provided novel findings that
ORMDL3 overexpression results in damaged epithelial barrier
integrity, reflected by higher epithelial permeability, increased
inflammatory cytokine secretion, decreased TEER and
hampered expression of AE molecules. In long-term chronic
asthma mouse models, induced ORMDL3overexpression
was observed alongside Claudin-18 and E-cadherin down-
regulation. The in vitro study suggested that ORMDL3
overexpression promotes ERK1/2 phosphorylation, and via
SPHK1 activation and inhibition, reverses ORMDL3 induced
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AE barrier dysfunction by alleviating ERK1/2 phosphoryla-
tion. Taken together, these findings reveal a novel role for
ORMDL3 in the pathogenesis of asthma.
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