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ORIGINAL RES

The Club Cell Marker SCGB1A1 Downstream of FOXA2 is Reduced

in Asthma

Lingxiang Zhu', Lingling An?**, Di Ran?, Rosa Lizarraga', Cheryl Bondy', Xu Zhou', Richart W. Harper®, Shu-Yi Liao®,

and Yin Chen'®

"Department of Pharmacology and Toxicology, School of Pharmagy, Department of Epidemiology Biostatistics, Interdisciplinary
Program in Statistics, 4Department of Biosystems Engineering, and SAsthma and Airway Disease Research Center, University of Arizona,
Tucson, Arizona; and ®Department of Internal Medicine, University of California, Davis, California

Abstract

Human SCGB1AL1 protein has been shown to be significantly
reduced in BAL, sputum, and serum from humans with asthma as
compared with healthy individuals. However, the mechanism of this
reduction and its functional impact have not been entirely elucidated.
By mining online datasets, we found that the mRNA of SCGBIA1 was
significantly repressed in brushed human airway epithelial cells
from individuals with asthma, and this repression appeared to be
associated with reduced expression of FOXA2. Consistently, both
Scgb1A1l and FoxA2 were downregulated in an ovalbumin-induced
mouse model of asthma. Furthermore, compared with wild-type mice,
Scgblal knockout mice had increased airway hyperreactivity and
inflammation when they were exposed to ovalbumin, confirming the
antiinflammatory role of Scgblal in protection against asthma
phenotypes. To search for potential asthma-related stimuli of SCGB1A1
repression, we tested T-helper cell type 2 cytokines. Both IL-4 and IL-13
repressed epithelial expression of SCGB1A1 and FOXA2. Importantly,
infection of epithelial cells with human rhinovirus similarly reduced
expression of these two genes, which suggests that FOXA2 may be the

Club cell secretory protein (CC16, also
known as CC10, CCSP, or uteroglobin) is a
homodimeric pneumoprotein encoded by
SCGBIAL (secretoglobin family 1A member 1)
(1, 2). SCGB1AL1 is mainly expressed by
nonciliated respiratory epithelial cells and

common regulator of SCGB1A1. To establish the causal role of reduced
FOXA2 in SCGB1A1 repression, we demonstrated that FOXA2 was
required for SCGB1A1 expression at baseline. FOXA2 overexpression
was sufficient to drive promoter activity and expression of SCGB1A1
and was also able to restore the repressed SCGB1A1 expression in
IL-13-treated or rhinovirus-infected cells. Taken together, these
findings suggest that low levels of epithelial SCGB1A1 in asthma are
caused by reduced FOXA?2 expression.

Keywords: rhinovirus; asthma; CC10; FOXA2; secretoglobin

Clinical Relevance

SCGBI1A1 was found to be significantly reduced in asthmatic
airways, likely by the action of T-helper cell type 2 cytokines
and/or rhinovirus infection. At the molecular level, this
reduction was mediated by the downregulation of FOXA2, an
essential transcription factor for SCGB1A1 expression.

accounts for up to 5% of the total protein
in BAL fluid (3, 4). SCGB1A1 can also be
detected in sputum and in the systematic
circulation (1, 2, 5). Although the precise
molecular mechanism through which
SCGBI1AL elicits its function is unclear,

SCGB1A1 has demonstrated potent anti-
inflammatory, antitumor, and antitoxicant
functions (1, 2, 5) via the inhibition of PLA2
activity (6), proinflammatory prostaglandins
(7, 8), chemotaxis (9-13), or cytokine
production (14, 15).
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Low levels of SCGB1AL in the
circulation and in BAL fluid have been
consistently linked to lung function deficits
in chronic obstructive pulmonary disease
(COPD) (16-25). Along this line, SCGB1A1
has been shown to attenuate airway
inflammation and delay lung function
decline induced by smoking (26, 27), both
of which are major pathogenic markers of
COPD. Lower levels of SCGB1A1 were also
detected in BAL (28-30), serum (20, 28;
31-33), and urine (34) samples from
individuals with asthma as compared with
healthy control subjects. Interestingly, a
genetic polymorphism, A38G (rs3741240),
at 38 bp downstream of the transcription
start site of SCGB1A1 has been shown to be
a potential risk factor for the development
and severity of asthma (35-40). The A allele
is also associated with reduced levels of
SCGBI1A1 in BAL (41) or in the circulation
(40), implying that low levels of SCGB1A1
protein in different body compartments of
individuals with asthma may originate from
decreased cellular SCGB1A1 production.
However, the underlying molecular
mechanism for this decreased production is
unclear.

In this study, we tested the hypothesis
that lower levels of SCGB1A1 in individuals
with asthma compared with normal subjects
are regulated at the transcriptional level by
FOXA2. Additionally, we sought to
determine whether a reduction in SCGB1A1
exacerbates airway inflammation and
hyperreactivity in asthma.

Methods

Gene Expression Omnibus Database
and Meta-Analysis

The National Institutes of Health Gene
Expression Omnibus database and
ArrayExpress program were used for this
study, and all available datasets published
before November 1, 2017 were included for
the initial search. The studies were restricted
for samples from adult human bronchial
epithelium isolated from both subjects with
severe asthma and healthy control subjects.
Three studies (GSE43696, GSE63142, and
GSE89809) were retrieved (a summary of
the sample sizes for these studies is provided
in Table 1.

All programming and data analyses
were performed using the R package. Data
were preprocessed by the original authors
using either the robust multi-array average
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Table 1. Summary of the GEO Datasets Used for the Meta-Analysis

Study GSE43696
Healthy control subjects, n 20
Subjects with asthma, n 38
Total, n 58

GSE63142 GSE89809 Total
27 18 65
56 11 105
83 29 170

method or cyclic-loess normalization.

The genes that had symbol IDs and were
expressed across all three studies were kept
for further analyses (17,439 genes). For
each gene in each study, a simple linear
regression model was fitted and the effect
size (log2 difference in expression between
subjects with asthma and healthy control
subjects) and its SE were calculated. Then
a meta-analysis was conducted by using
“metaphor” in the R package via a linear
mixed-effect model with the previous effect
size and corresponding SE obtained from
each individual study (42). Finally, the

P values were adjusted with the Benjamini-
Hochberg procedure (43) to control the
false-discovery rate (43).

Ovalbumin-induced Mouse Model of
Asthma, Differential Cell Count, and
Lung Function Measurement

Scgblal knockout (KO) mice on a C57/B6
background (44) were obtained from the
National Institute of Cancer and bred in
the University of Arizona animal facility
according to an approved institutional

Table 2. PCR Primers

animal care and use committee protocol.
Wild-type (WT) mice (C57/B6) were
purchased from the Jackson Laboratory.
All mice were housed in the animal
facility at the University of Arizona in

an air-conditioned room with a 12-hour
light/dark cycle and were used at 8-10
weeks of age. An ovalbumin (OVA)-
induced mouse model of asthma was
established as previously described (45).
Briefly, mice received an intraperitoneal
injection of 10 pg of alum-precipitated
chicken egg OVA (Sigma) 21 days before
inhalational exposure and a booster
injection 7 days before being intranasally
exposed to OVA solution at 100 pg/ml
every other day three times. The control
mice were exposed to PBS. One day after
exposure, the mice were anesthetized and
their tracheas were isolated, cannulated,
and connected to a small-animal ventilator.
Changes in lung resistance in response to
increasing doses of methacholine were
directly assessed by using the flexiVent
apparatus (SCIREQ) (46). After lung
function measurements were obtained, the

Gene

Primer

GAPDH, human
SCGB1A1, human
MUCS5AC, human
FOXA2, human
FOXAS3, human
ACTIN, mouse
Scgbial, mouse
Mucbac, mouse
Foxa2, mouse

Foxa3, mouse

Forward CAATGACCCCTTCATTGACC
Reverse GACAAGCTTCCCGTTCTCAG
Forward CAAAAGCCCAGAGAAAGCATC
Reverse CAGTTGGGGATCTTCAGCTTC
Forward GCCTTCACTGTACTGGCTGAG
Reverse TGGGTGTAGATCTGGTTCAGG
Forward CGACTGGAGCAGCTACTATGC
Reverse ATGTACGTGTTCATGCCGTTC
Forward GGCAAGATGCTGACCTTGAGT
Reverse TTGACGAAGCAGTCGTTGAAA
Forward ACCGTGAAAAGATGACCCAGA
Reverse GGAGTCCATCACAATGCCTGT
Forward CAGAGTCTGGTTATGTGGCATC
Reverse TAGGATTTTCTCCGTGAGCTTC
Forward CCATGCAGAGTCCTCAGAACA
Reverse TTACTGGAAAGGCCCAAGCA
Forward CGACTGGAGCAGCTACTACGC
Reverse ATGTGTTCATGCCATTCATCC
Forward GGCGAGGTGTATTCTCCAGTG
Reverse AGGGTAGGGAGAGCTGAGTGG

American Journal of Respiratory Cell and Molecular Biology Volume 60 Number 6 | June 2019
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mice were killed and three successive
volumes of 0.55 ml of PBS with 0.1% BSA
were then instilled and gently aspirated

to obtain BAL. All BAL samples were
aliquoted and stored in three bar-coded
Eppendorf tubes. The cells in the BAL
were cytocentrifuged, air dried, and
stained with a HEMA 3 stain set (Thermo
Scientific), and the numbers of macrophages,
neutrophils, eosinophils, and lymphocytes
were then counted in a blinded manner
using light microscopy by at least two
researchers to ensure an objective evaluation.
Differential cell counts (macrophages,
neutrophils, eosinophils, and lymphocytes)
were presented as lavaged cells/lung.

Cell Culture, Cytokine Treatment, and
Rhinovirus Infection

Human bronchial tissues were obtained
from the National Disease Research
Interchange according to an approved
protocol. Primary human bronchial
epithelial cells (HBECs) were cultivated as
described previously (47) in Ham’s
F12:Dulbecco’s modified Eagle medium
(1:1) supplemented with eight factors:
insulin (5 mg/ml), transferrin (5 mg/ml),
epidermal growth factor (10 ng/ml),
dexamethasone (0.1 mM), cholera toxin
(10 ng/ml), bovine hypothalamus extract
(15 mg/ml), BSA (0.5 mg/ml), and all-trans-
retinoic acid (30 nM). IL-4 (10 ng/ml), IL-13
(10 ng/ml) (R&D Systems), or PBS (solvent)
control was used to treat the cells for 72
hours. Rhinovirus 16 (RV16) stock was
amplified and purified based on the
previously published protocol (48). The RV
infection protocol was performed as
described previously (47). Briefly, RV16 was
directly diluted into culture media at a
multiplicity of infection of 10 and incubated
for 24 hours. The control was purified
product from the media that was collected
from sham-infected cells and subjected to
the same purification steps as the RV. After
infection, HBECs were washed and
incubated in fresh media or conditioned
media at 35°C for 24 hours. At the time of
sample collection, the cells were washed
three times in PBS to remove viral particles
in the media. The lack of viruses was
confirmed by PCR assay of the final wash as
described previously (47).

RNA Extraction, cDNA Synthesis, and
Real-Time qPCR

Total RNA was extracted from cells using
Trizol reagent (Invitrogen). cDNA was

Zhu, An, Ran, et al.: SCGB1A1 Downregulation by FOXA2 in Asthma

Table 3. Differentially Expressed Genes from the Meta-Analysis

Gene Symbol Effect Size* Adjusted P Valuet
SCGB1A1 -1.10 9.24E-07
MUC5AC 1.00 2.18E-07
FOXA2 —-0.56 8.37E-10
FOXA3 0.46 1.67E—04
FOXAT1 -0.12 0.06
CEBPB -0.14 0.07
CEBPA -0.07 0.45
SPDEF 0.09 0.55
CEBPD 0.03 0.76
TTF1 —0.018 0.82
*Log2 scale.

P value adjusted by the Benjamini-Hochberg procedure (false discovery rate), with P < 0.01
considered significant (marked in bold typeface).

prepared from 2 mg of total RNA with
Moloney murine leukemia virus (MoMLV)-
reverse transcriptase (Promega, Inc.) by
oligo-dT primers for 90 minutes at 42°C
in a 20-ml reaction solution, and was then
further diluted to 100 pl with water for the
following procedures: 2 pl of diluted cDNA
was analyzed using the SYBR Green PCR
Master Mix in a Veriti Thermal Cycler

(Thermo Fisher) according to the
manufacturer’s protocol. Primers (Table 2)
were used at 0.2 mM. The relative
amount of mRNA in each sample was
calculated based on the AACt method
using the housekeeping gene GAPDH

or actin. The purity of the amplified
product was determined from a single
peak of a dissociation curve. Results were
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Figure 1. Differential gene expression in an ovalbumin (OVA)-induced mouse model of asthma.
Mice were challenged with OVA or PBS control. As described in MetHops, after completion of the
experiment, the mice were killed and lung tissues were harvested. Total RNA was extracted

and subjected to gPCR analysis. Lung tissues were also preserved, fixed, and subjected to
immunofluorescence staining. (A) Scgb1al mRNA was measured by gPCR analysis in mouse lung.
(B) Scgb1al protein was measured by immunofluorescence in mouse airway tissue sections using
a specific anti-Scgb1al antibody (green). Blue: DAPI staining for the cell nuclei. (C) FoxA2 mRNA
was measured by gPCR analysis in mouse lung. (D) Mucbac mRNA was measured by gPCR analysis
in mouse lung. Data shown are mean * SEM; *P < 0.05 and *P < 0.05; OVA versus control
(Con); n=6.
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Figure 2. Exacerbated inflammation and airway hyperreactivity in Scgb7a7 knockout (KO) mice. Both wild-type (WT) and Scgb7al KO mice
were challenged with OVA or with PBS control. (A) Lung resistance in response to increased doses of methacholine challenge was measured using the
flexiVent system. (B) A differential cell count was performed to quantify BAL cells. *P < 0.05 WT OVA versus WT PBS. $p < 0.05 Scgb1a1 KO OVA versus

WT OVA. n=6.

calculated as fold induction over control
(49).

Western Blot Analysis

Total cellular protein was collected from
HBEC:s, fractionated on an SDS-PAGE gel,
and transferred to a nitrocellulose
membrane. The membrane was then
incubated with anti-FOXA2 antibody (Santa
Cruz Biotechnology) to quantify the protein
expression of FOXA2. Equal protein load
was confirmed using the staining of anti-
actin antibody (Santa Cruz Biotechnology).

Immunofluorescence

For mouse tissue staining, the tissues
were fixed in 4% paraformaldehyde and
embedded in paraffin. Sections were
incubated with anti-MUC5AC antibody
(Thermo Scientific) or anti-SCGB1A1
antibody (R&D Systems) overnight

at 4°C. For cell staining, HBECs were
fixed with 4% paraformaldehyde. Then,
the fixed cells were permeated with
Triton X-100. Intracellular MUC5AC

or SCGB1AL1 protein was determined by
immunofluorescence staining using anti-
MUCS5AC or anti-SCGB1A1 antibody,
respectively. Then, Alexa 488 (green)- or
Alex 594 (red)-conjugated secondary
antibody (Thermo Fisher) was used to
obtain fluorescence images. The images
were acquired by confocal microscopy
(LSM 510 Meta; Carl Zeiss). For
quantification, images from five random
view areas were taken for each biological
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replicate. Positively stained areas were measured
using Image] (https://imagej.nih.gov/ij/).

Transfection of HBECs with
Electroporation

For transfection of HBECs, 951 bp of WT
human SCGB1A1 promoter (—945 to +6)
was amplified and cloned into a pGL3
luciferase reporter vector (Promega). A
putative FOXA2 binding site (—193 to
—157) was predicted based on previously
described methods (50, 51) and a mutated
SCGB1A1 promoter (mutant) luciferase
reporter was created by deleting this site.
The entire open reading frame of human
FOXA2 was cloned into pcDNA3.1
(Promega). Transfection of human HBECs
was performed using the Lonza 4D-
Nucleofector system. HBECS were pelleted
(200 g, 2 min) and resuspended in 100 pl of
prewarmed electroporation buffer. The
Lonza P3 Primary Cell 4D-Nucleofector X
Kit was used according to the manufacturer’s
instructions. For the promoter assay, we
used 3 pg of SCGB1A1 promoter

(WT or mutant) reporter gene, 3 g

of FOXA2, and 0.6 pg of Renilla luciferase
control reporter. For FOXA2 overexpression,
we used 3 pg of FOXA2. After transfection,
the HBECS were resuspended and

seeded at 37°C and 5% CO, for further
analysis.

siRNA
An siRNA sequence (CCATGAACATGTC
GTCGTA) against FOXA2 was synthesized

by Sigma-Aldrich. siRNA was transfected
into the cells using the Lipofectamine
2000 (Invitrogen) according to the
manufacturer’s suggested protocol.

Statistical Analysis for Experimental
Samples

Experimental groups were compared
using a two-sided Student’s t test, with the
significance level set at P < 0.05. When
the data were not distributed normally,
significance was assessed with the Wilcoxon
rank-sum test, and P < 0.05 was considered
significant.

Results

SCGB1A1 Expression Was Reduced

in Epithelial Cells from Subjects with
Asthma

We hypothesized that low levels of
SCGBI1AL1 in BAL from individuals with
asthma may be caused by reduced
transcription of the SCGB1A1 gene.
Although no report has been published
specifically about SCGB1A1 gene expression
in individuals with asthma, the GEO
database contains data from several well-
controlled studies on epithelial gene
profiling in human asthma. Thus,
reanalyzing these datasets, instead of
directly collecting clinical samples and
measuring SCGB1A1 transcripts, may be a
more efficient approach. In this analysis, we
focused on gene expression profiles from

American Journal of Respiratory Cell and Molecular Biology Volume 60 Number 6 | June 2019
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brushed HBECs. Some other studies
using samples from BAL cells or biopsies
were skipped because of the significant
contamination from nonepithelial cell types.
Three datasets were identified from the
GEO database and subjected to reanalysis
and later meta-analysis (with adjusted
P < 0.01 as the cutoff). As shown in
Table 3, SCGB1A1 mRNA expression was
significantly reduced by ~53% (effect size:
—1.10 at log2 scale) in epithelial cells from
subjects with asthma as compared with
those from healthy control subjects. In
contrast, the major airway epithelial mucin
gene MUC5AC was highly elevated by
approximately twofold (effect size: —1.00 at
log2 scale).

Decreased steady-state mRNA levels
often indicate reduced transcription.
A few transcription factors (TFs) (e.g.,
FOXA1, A2, A3, SPDEF, TTF1/NKX2-1,
CEBPA, CEBPB, and CEBPD) were
previously reported to be involved in the
transcriptional control of SCGB1ALl in a
H441 cell line (52, 53). Thus, we decided to
test these TFs by meta-analyses (adjusted
P < 0.01 as cutoff) of the same datasets.
Only FOXA2 (decreased by ~32%) and
FOXA3 (increased by ~38%) were
differentially expressed between individuals
with asthma and healthy control subjects
(Table 3). The positive correlation between
FOXA3 and MUCS5AC is consistent with
a previous report that FOXA3 positively
regulated mucin and mucous cell metaplasia
in response to T-helper cell type 2 (Th2)
cytokines (54). Likewise, the positive
correlation between FOXA2 and SCGB1A1
implies that FOXA2 may positively
regulate SCGB1A1, and the reduction of
FOXA2 in asthma may be responsible for
decreased SCGB1A1 expression.

Scgb1al Was Downregulated in the
Mouse Model of Asthma, and Lack of
SCGB1A1 Was Associated with an
Exacerbated Asthmatic Phenotype

To further demonstrate the causality
between asthmatic phenotypes and Scgblal
reduction, we used an OVA-induced mouse
model of asthma. Indeed, we found that
Scgblal mRNA (Figure 1A) and protein
(immunofluorescence staining shown in
Figure 1B) were significantly reduced in the
mice challenged with OVA as compared
with the control mice. Additionally, FoxA2
expression was decreased (Figure 1C)

and Mucbac expression was increased
(Figure 1D) in OV A-treated mice. These

data were consistent with the findings in
human asthma (Table 3).

To further characterize the impact of
Scgblal deficiency in the lung, we tested
Scgblal-KO mice. Wang and colleagues
previously studied a different line of
Scgblal-KO mice on a 129] background in
an OVA model (55). However, the 129]
mouse strain is resistant to OVA challenge
and has limited airway hyperreactivity
(AHR), which is characteristic of asthma,
in response to OVA exposure (56).
Accordingly, the AHR in the study by
Wang and colleagues was fairly moderate,
as the authors pointed out (55). Thus, we
decided to retest the OVA challenge in our
KO model with the OVA-susceptible
C57/B6 strain (56). Indeed, OVA induced
robust increases of AHR in response
to increasing doses of methacholine,
and the lack of Scgblal exacerbated
AHR (Figure 2A). Additionally, OVA
challenge significantly enhanced airway
inflammation, as demonstrated by
increased infiltration of neutrophils,
eosinophils, and lymphocytes in WT mice,
and the number of inflammatory cells was
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further increased in the KO mice (Figure 2B).
Thus, Scgblal appears to play an
antiinflammatory role in defending against
asthma pathogenesis.

SCGB1A1 Was Downregulated by
Treatment with Th2 Cytokines

Because one of major characteristics of
asthma is a Th2-dominant inflammatory
response, we tested whether hallmark Th2
cytokines (e.g., IL-4 and IL-13) could repress
SCGBI1AL. Indeed, treatment with IL-4 or
IL-13 downregulated mRNAs of SCGB1A1
(Figure 3A) and FOXA?2 (Figure 3B) in
primary HBECs. In contrast, the same
treatments significantly elevated the
mRNAs of MUC5AC (Figure 3C) and
FOXA3 (Figure 3D). These results were
consistent with the findings in human
asthma (Table 3) and in our mouse
model (Figure 1). To confirm the mRNA
data in Figure 3, we further measured
protein production in HBECs after IL-13
treatment. IL-13 treatment greatly reduced
the protein production of SCGB1A1
(immunofluorescence staining shown in
Figures 4B, 4E, and 4G) and FOXA2
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Figure 3. Differential epithelial gene expression in response to IL-4 or IL-13 treatment. Human
bronchial epithelial cells (HBECs) were treated with IL-4, I1L-13, or solvent Con for 3 days. Total
RNA was collected and subjected to gPCR analysis for (A) SCGB1A1, (B) FOXA2, (C) MUC5AC,
and (D) FOXA3. Data shown are mean =+ SD; *P < 0.05 and *P < 0.05; treatment versus Con;

n=4.
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(Western blot analysis shown in

Figure 4H), whereas MUC5AC protein
was increased under the same
circumstance (Figures 4A, 4D, and 4G).
Interestingly, SCGB1A1 and MUC5AC
were coexpressed in a small set of
epithelial cells (shown as yellow staining in
Figures 4C and 4F). These data strongly
suggest that Th2 cytokines, which are
abundantly present in asthmatic airways,
are responsible for reduced expression of
SCGBIAL.

G
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SCGB1A1 Was Downregulated by
Human RV

RV infection causes asthma exacerbations
and severe asthma. Because the samples
in our meta-analysis were collected from
subjects with severe asthma, we tested the
impact of RV infection on SCGB1A1l. RV
infection of HBECs caused severe repression
of SCGB1AL1 (Figure 5A) and FOXA2
expression (Figure 5B), but it increased
MUCS5AC (Figure 5C) and FOXA3
(Figure 5D). In this system, no Th2

C F

control IL13
FOXA2 -

ACTIN . —

Figure 4. Differential epithelial protein production in response to IL-13 treatment. (A-F) HBECs were
treated with IL-13 (D-F) or solvent control (A—C) for 3 days. Cells were fixed and subjected to

immunofluorescence imaging for MUC5AC (A and D, green) and SCGB1A1 (B and E, red). C and F

are merged images. Blue: nuclear staining with DAPI. (G) Image quantification from six biological
replicates of MUC5AC (A and D) or SCGB1A1 (B and E) expression in response to IL-13 treatment.
*P < 0.05 and *P < 0.05; n =6. (H) Representative image from Western blot analysis of FOXA2
protein after IL-13 treatment. Actin was used as a loading control.
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cytokines were detected (data not shown).
Thus, RV infection repressed SCGB1A1
expression independently of Th2 cytokines,
and likely through a common mechanism
with Th2 cytokines by FOXA?2 inhibition
(Figures 3B and 4H).

FOXAZ2 Is the Key TF that Drives
SCGB1A1 Expression

Considering the remarkably correlated
findings of FOXA2 and SCGB1Al
expression in three separate models (human
asthma, mouse OVA model, and primary
cell culture), we suspected that the reduction
of FOXA2 in these systems was likely
responsible for the decreased expression of
SCGB1Al. Because previous studies of
transcriptional control of SCGB1A1 were
based on artificial promoter constructs in
cell lines (52, 53), it is still unknown
whether FOXA?2 is able to drive SCGB1A1
gene expression in primary human airway
epithelial cells. By using a highly efficient
electroporation system, we were able to
induce high levels of FOXA2 expression
in HBECs (Figure 6A). The increase in
FOXA2 increased endogenous mRNA
abundance by more than fivefold (Figure 6B)
and WT SCGB1A1 promoter activity

by more than threefold (Figure 6C).
Importantly, FOXA2 overexpression failed to
stimulate a mutant SCGB1A1 promoter
without a FOXA2 binding site (Figure 6C),
confirming the role of FOXA2 as a key

TF in driving SCGB1AL1 gene expression.
Because SCGB1ALl is the hallmark of club
cells, we tested another club cell marker,
CYP2F2, and found that it was not affected
by FOXA2 overexpression (data not shown).
Furthermore, siRNA knockdown of

FOXA2 (Figure 6D) markedly reduced

the baseline expression of SCGB1A1 to
<26% of that of the control (Figure 6E).
Additionally, we performed rescue
experiments on IL-13- or RV-induced
SCGBI1AL1 repression. FOXA2 overexpression
overrode IL-13-induced repression of
SCGBI1A1 by lowering the repression
percentage from a substantial —78%

to a mere —24% (Figure 6F).

Likewise, FOXA2 overexpression also
rescued RV16-induced repression of
SCGB1A1 by lowering the repression
percentage from a significant —86% to
—20% (Figure 6G). Taken together, these
findings indicate that the reduced
expression of FOXA2 was causally
responsible for the low level of SCGB1A1
in asthma.

American Journal of Respiratory Cell and Molecular Biology Volume 60 Number 6 | June 2019



ORIGINAL RESEARCH

A
1.5 -
c Il CON
S
2 I RV16
2510+
o
©
o<
L3
X0
550.5-
3
S #
0.0 -
CON RV16
C
59 mCcoN
5 I RV16 *
5 41 1
S T
©
.503_
X
K=NO)
= 0
g¢
n o
O 4]
o)
E j
0- '
CON RV16

B
1.5+
W CON
5 I RV16
B
25104
£a
<
ie]
29
o 9
§ <>3 0.5 -
o #
0.0 -
CON RV16
D
257 mCON
RV16 *
5 20/ ©
o
s I
Eg 1.5 -
X5,
5 1.0
<3
S o05-
o )
0.0 - ;
CON RV16

Figure 5. Differential epithelial gene expression in response to rhinovirus 16 (RV16) infection. HBECs
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analysis for (A) SCGB1A1, (B) FOXA2, (C) MUC5AC, and (D) FOXAS. Data shown are mean = SD. *P <

0.05 and *P < 0.05; RV versus Con; n=4.

Discussion

Circulating SCGB1A1 has frequently been
used as a biomarker to monitor lung injury
caused by various diseases or environmental
exposures (1, 2, 5). Paradoxically, decreases,
rather than increases, of SCGB1A1 have
been consistently observed to associate
with chronic airway diseases such as
COPD (16-25) and asthma (20, 28; 31—
33). These findings do not support the
previous notion that circulating SCGB1A1
is part of leaked proteins from injured
lungs, as this scenario predicts increases,
rather than decreases, of circulating
SCGBI1AL. The inverse relationship between
the level of SCGB1A1 and COPD severity
suggests that SCGB1A1 may be protective
against COPD pathogenesis, and this
notion was recently supported by two related
studies using animal models of smoke-
induced COPD (26, 27). In asthmatic
airways, the proportion of SCGB1A1-
positive epithelial cells was found to be
reduced (32, 57). Thus, either outright cell
death of SCGB1A1-expressing cells or
downregulation of epithelial SCGB1A1
protein, and therefore less cellular staining,

may be the culprit in this decrease.
Excessive epithelial cell death (e.g.,
apoptosis and pyroptosis) has been
proposed to be responsible for asthma
pathogenesis by remodeling the airway and
leading to clinical symptoms such as
reversible expiratory airflow limitation

and AHR (58, 59). However, the
nondiscriminatory nature of cell death
cannot account for the preferential reduction
of SCGB1Al-expressing cells. Thus, cellular
SCGB1A1 downregulation is most likely
responsible for this reduction in asthmatic
airways. In this study, for the first time,

we provide evidence that the decrease

of SCGB1AL1 transcripts (i.e., mRNA) is
responsible for its protein reduction. This
phenomenon was seen in three independent
models (human subjects, an in vivo animal
model, and an in vitro primary cell culture
model). Steady-state mRNA is usually
controlled by a balance of transcription and
mRNA stability. We cannot completely
exclude the possibility that decreased mRNA
stability may also contribute to the decrease
of SCGB1Al1 transcripts. However, the
reduction of transcription is at least partly
responsible, as FOXA2, a key TF, was found

Zhu, An, Ran, et al.: SCGB1A1 Downregulation by FOXA2 in Asthma

to be essential for the transcription of
SCGBI1Al, and FOXA2 expression was also
reduced in asthma.

Among numerous pathogenic
components for asthma, we tested two
major players—Th2 cytokines and RV
infection—for their effects on SCGB1Al
reduction. Th2 cytokines are classical
players in regulating the “Th2-high” asthma
endotype (60, 61), and human RV is the
major contributor to asthma exacerbations
and severe asthma (62, 63). We have
demonstrated the causal link between Th2
cytokines/RV and SCGB1A1 reduction
in asthmatic airways. Although the
downstream signaling pathways induced by
Th2 cytokines (mainly JAK-STAT6) (64)
and by RV infection (mainly IFN-STAT1)
(65) are largely nonoverlapping, their
effects on SCGB1A1 reduction appear
to converge on downregulation of the
common TF, FOXA2. Our findings are
similar to a previous report demonstrating
FOXA2 as the common regulator of human
mucin gene stimulation by Th2 cytokine
treatment or by epidermal growth factor
receptor activation (66). The difference
between this study and the previous one is
that we found that FOXA2 was a negative
regulator of human mucin genes but a
positive regulator of SCGB1AI.

FOXA2 belongs to the forkhead box
family of TFs, the dysregulation of which
is associated with respiratory illnesses,
congenital disorders, diabetes mellitus,
and carcinogenesis (67). FOXA1 and A3
were responsible for airway mucous cell
development in the healthy lung, and for
mucous cell metaplasia in chronic airway
diseases. In all of our models, FOXA3 was
associated with MUC5AC gene expression,
a hallmark mucin gene of mucous cells.
FOXA2 was shown to repress mucin gene
expression (68). Thus, FOXA2 may behave
as a molecular switch to turn on SCGB1A1
but turn off mucin genes such as MUC5AC.
In a previous study using an OVA model
with a short exposure protocol, Muc5ac
expression was found in a subset of
SCGB1A1-expressing cells (69). In that
study, SCGB1A1-expressing cells were
not reduced. Because the duration and
frequency of OVA exposure determine
the strength of asthmatic phenotypes,
the lack of a SCGB1A1 reduction might
be associated with the mild nature of
such a short exposure. However, this
model provided a unique window into an
intermediate state in which epithelial cells
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Figure 6. Genetic manipulation of FOXA2 altered SCGB1A1 expression. (A) FOXA2 expression plasmid or its vector control was delivered into HBECs
via electroporation, and the cells were then analyzed for FOXA2 expression by gPCR. (B) Endogenous SCGB1A1 expression was measured in the cells
with FOXA2 overexpression or with vector control. (C) WT or mutated (mutant) SCGB1A1 promoter luciferase reporter was delivered into HBECs via
electroporation with FOXA2 or with its vector control. Promoter activity was analyzed by luciferase assay. *P < 0.05. Cells electroporated with WT
promoter + FOXA2 versus cells electroporated with WT promoter + vector. n = 4. P < 0.05. Cells electroporated with WT promoter + FOXA2 versus cells
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transitioned from SCGB1A1 expression to
MUCS5AC expression without an overall
reduction in SCGB1Al. The longer
exposure in our model may represent the
severe form of the asthmatic phenotype,
which is associated with a significant
SCGB1AL1 reduction. This is consistent with
our meta-analysis of human data, in which
a significant reduction of SCGB1A1 was
only found in samples from subjects with
severe asthma. However, further studies
are needed to elucidate the molecular and
cellular mechanisms of this switch.
Because SCGB1ALl is increasingly
emerging as a protector against various
chronic airway diseases, our finding suggests
that SCGB1A1 replacement/augmentation
may be an effective therapy for asthma,
particularly severe asthma. Interestingly, in
a previous study, Scgblal restoration in KO
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mice was shown to repress expression of
Th2 cytokines (e.g., IL-4, IL-5, and IL-13)
without affecting the levels of Th1 cytokines
(e.g., IFN-v) (15), supporting the potential
therapeutic application of SCGB1A1 in
asthma. Unfortunately, a gene therapy
approach using liposome-delivered
SCGB1A1 DNA, which is not feasible as an
asthma therapy, was used in that study. A
medical-grade recombinant SCGB1A1 has
been used in a clinical trial in premature
infants with respiratory distress syndrome
(70), and it will be interesting to examine its
effect in asthma. An alternative approach to
enhance SCGB1A1 may be to modulate its
native production. We recently reported
that retinoids were able to significantly
upregulate SCGB1A1 both in vitro and in
human subjects (71). In the present study,
we further show that FOXA?2 is required for

SCGB1AL1 transcription and its reduction is
responsible for the decrease of SCGB1A1 in
asthma. Interestingly, retinoic acid-binding
elements were previously predicted in the
promoter of FOXA2 (72). We speculate
that retinoids may regulate SCGB1A1
indirectly through FOXA2, providing

a novel approach to treat asthma by
indirectly elevating SCGB1A1. This, in turn,
could potentially boost antiinflammatory
effects in the airway.

One limitation of this study is that our
search was not exhaustive. We do not know
all the components in asthmatic airways that
are responsible for an SCGB1A1 reduction.
The existence of positive factors that
increase SCGB1A1 production is also
possible. The strength and duration of net
negative factors likely dominate in asthmatic
airways over time. On the other hand,
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whether there are other TFs in addition to
FOXA2, and whether a post-transcriptional
mechanism is involved remain unclear.
Furthermore, the downstream pathways
induced by IL-13 treatment or by RV
infection that converge on FOXA2
downregulation are also unclear. Future

studies in these areas are urgently needed
to completely elucidate the molecular
mechanism underlying the SCGB1A1
reduction in asthma.

In conclusion, SCGB1A1 was found
to be significantly reduced in asthmatic
airways, likely by the action of Th2 cytokines

and/or RV infection. At the molecular level,
this reduction was mediated by the
downregulation of FOXA2, an essential

TF for SCGB1A1 expression. l

Author disclosures are available with the text
of this article at www.atsjournals.org.
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