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Mycoplasma pneumoniae Modulates STAT3-STAT6/EGFR-FOXA2
Signaling To Induce Overexpression of Airway Mucins
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Aberrant mucin secretion and accumulation in the airway lumen are clinical hallmarks associated with various lung diseases
such as asthma, chronic obstructive pulmonary disease, and cystic fibrosis. Mycoplasma pneumoniae, long appreciated as one of
the triggers of acute exacerbations of chronic pulmonary diseases, has recently been reported to promote excessive mucus secre-
tion. However, the mechanism of mucin overproduction induced by M. pneumoniae remains unclear. This study aimed to deter-

mine the mechanism by which M. pneumoniae induces mucus hypersecretion by using M. pneumoniae infection of mouse
lungs, human primary bronchial epithelial (NHBE) cells cultured at the air-liquid interface, and the conventionally cultured
airway epithelial NCI-H292 cell line. We demonstrated that M. pneumoniae induced the expression of mucins MUC5AC and
MUCS5B by activating the STAT6-STAT3 and epidermal growth factor receptor (EGFR) signal pathways, which in turn down-
regulated FOXA2, a transcriptional repressor of mucin biosynthesis. The upstream stimuli of these pathways, including inter-
leukin-4 (IL-4), IL-6, and IL-13, increased dramatically upon exposure to M. pneumoniae. Inhibition of the STAT6, STAT3, and
EGEFR signaling pathways significantly restored the expression of FOXA?2 and attenuated the expression of airway mucins
MUC5AC and MUCS5B. Collectively, these studies demonstrated that M. pneumoniae induces airway mucus hypersecretion by

modulating the STAT/EGFR-FOXAZ2 signaling pathways.

Airway mucus forms a protective coating that entraps foreign
particles and microbes, facilitating their clearance by muco-
ciliary transport. Mucus is composed mainly of mucin glycopro-
teins, water, ions, and cellular debris. Mucins are the major mac-
romolecular component of the mucus gel responsible for its
viscoelastic, rheological, and clearance properties. MUC5AC and
MUCSB are the major mucins of human airways (1-3). Although
a deficient mucous barrier intuitively leaves the lungs vulnerable
to injury, aberrant mucin secretion and accumulation contribute
significantly to the pathogenesis of airway diseases such as asthma,
chronic obstructive pulmonary disease (COPD), and cystic fibro-
sis (CF) (1-4). Mucus plugging in asthmatic and COPD lungs is a
major cause of airway narrowing and death (5, 6). Furthermore,
hypersecretion of MUCS5AC is detrimental during acute lung in-
jury (7).

The ability of microbial pathogens to induce mucus secretion
suggests that it is one of the mechanisms of infection-induced
exacerbation in airway diseases (8—11). M. pneumoniae is the most
common cause of community-acquired pneumonia. Moreover,
M. pneumoniae has long been recognized as a trigger of both
chronic infection and acute exacerbation in multiple chronic air-
way diseases, including asthma (12, 13). Several virulence mech-
anisms of M. pneumoniae are known, including cytoadherence
through a polar attachment organelle (14), generation of reactive
oxygen species (ROS) (15), and secretion of the community-ac-
quired respiratory distress syndrome (CARDS) toxin (16). Al-
though M. pneumoniae and CARDS toxin induce mucin expres-
sion (9, 10, 17), the signal pathways within the airway epithelium
that regulate the response to M. pneumoniae remain unknown.
Previously, we have shown that Pseudomonas aeruginosa induces
goblet cell hyperplasia and metaplasia (GCHM) and mucus hy-
persecretion by secreting the redox-active toxin pyocyanin, which
induces STAT6 and epidermal growth factor receptor (EGFR) sig-
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naling to inactivate FOXA2, a major transcriptional repressor of
GCHM and mucin biosynthesis (18, 19). Pyocyanin also redox
inactivates FOXA2 through posttranslational modifications, re-
sulting in the overexpression of mucins (20). Importantly, the
expression of FOXA?2 is depleted in the airways of bronchiectatic
and asthmatic patients, as well as in the ovalbumin-induced
mouse model of asthma (19, 21). In this study, we examined the
airway signaling mechanisms modulated by M. pneumoniae that
resulted in FOXA2 depletion and overexpression of mucins.

MATERIALS AND METHODS

M. pneumoniae preparation. M. pneumoniae strain M129 was cultured
in SP-4 broth medium at 37°C until the color of the medium changed to
peach yellow. M. pneumoniae cells were dislodged with a dish scraper and
suspended in sterile saline. The M. pneumoniae mixture was passed
through a 25-gauge needle 10 times. The stock was stored at —80°C. A
portion of the stock was serially diluted and plated onto pleuropneumo-
nia-like organism (PPLO) blood agar to determine the CFU count as
previously described (22). M. pneumoniae M129 grew slowly, yielding
extremely small colonies on PPLO blood agar after 7 days at 37°C. Plates
were then overlaid with blood agar, and 2 days later, colonies were visible
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as hemolytic plaques. The original stock was diluted to 1 X 10 cells/50-.1
aliquot and stored at —80°C. All subsequent experiments were performed
with aliquots of same frozen stock preparation.

Mouse handling and exposure to M. pneumoniae. Six-week-old
wild-type C57BL/6 mice (Harlan Sprague Dawley) and isogenic Stat6 ™/~
mice (Jackson Laboratory) were housed in positively ventilated microiso-
lator cages with automatic recirculating water that were located in a room
with laminar, high-efficiency particle accumulation-filtered air. The ani-
mals received autoclaved food, water, and bedding. Isoflurane-anesthe-
tized mice (groups of 12 to 20) were intranasally infected with M. pneu-
moniaeM129 (1 X 10® CFU in 50 pl) on day 0. Control mice were exposed
to 50 .l of phosphate-buffered saline (PBS). On day 3, mouse lungs were
collected for analyses. These animal studies were carried out in strict ac-
cordance with the Guide for the Care and Use of Laboratory Animals of
the National Institutes of Health. The protocol was approved by the In-
stitutional Animal Care and Use Committee at the University of Illinois at
Urbana-Champaign.

Cytokine analyses. The levels of interleukin-4 (IL-4), IL-6, and IL-13
in the bronchoalveolar lavage (BAL) fluid of mouse lungs were deter-
mined with specific enzyme-linked immunosorbent assay (ELISA) kits
according to the manufacturer’s protocols (R&D Systems) and by immu-
nohistochemistry (IHC) analysis.

Histopathology and IHC analyses. Mouse lungs were processed as
described previously (18, 20). Briefly, a cannula was inserted into the
trachea and the lungs were instilled with 10% neutral buffered formalin at
a constant pressure (25 cm H,0). The inflated lungs were fixed for 24 h,
embedded in paraffin wax, and sectioned. Paraffin-embedded sections
(~5-pm thickness) were stained with periodic acid-Schiff (PAS) reagent.
For IHC analyses, lung sections were stained with primary antibodies and
visualized with the ABC kit (Vector Labs). Quantitative analyses of lung
tissues stained with PAS and various antibodies were performed with
AxioVision release 4.8 software (Carl Zeiss).

Antibodies. The primary monoclonal and polyclonal antibodies used
and their dilutions for use in Western blotting (WB), IHC, and immuno-
fluorescence (IF) assays are described below. Antibodies to the following
were purchased from Santa Cruz Biotechnology: IL-4 (sc-73318; dilution
for IHC, 1:100), IL-13 (sc-1776; dilution for IHC, 1:100), MUCS5AC (sc-
71620; dilution for WB, 1:500; dilution for IHC, 1:100; dilution for IF
assays, 1:200), MUC5B (sc-20119; dilution for WB, 1:500; dilution for
THC, 1:200; dilution for IF assays, 1:100), FOXA2 (sc-101060; dilution for
WB, 1:1,000; dilution for THC, 1:500), EGFR (sc-03; dilution for WB,
1:500), p-EGFR (sc-101668; dilution for WB, 1:500), and H3 (sc-10809;
dilution for WB, 1:1,000). Antibodies to the following were purchased
from Cell Signaling Technology: p-STAT3 (4113; dilution for WB,
1:1,000), p-STAT®6 (9361; dilution for WB, 1:1,000), and glyceraldehyde
3-phosphate dehydrogenase (GAPDH) (2118; dilution for WB, 1:1,000).
Antibodies to the following were purchased from Abcam: IL-6 (ab6672;
dilution for WB, 1:500; dilution for IHC, 1:500), STAT3 (ab5073; dilution
for WB, 1:1,000), and STAT6 (ab44718; dilution for WB, 1:1,000).

Cell cultures. The human lung mucoepidermoid carcinoma cell line
NCI-H292 was purchased from the American Type Culture Collection
(ATCC; Manassas, VA). NCI-H292 cells were cultured in RPMI 1640
medium supplemented with 10% fetal bovine serum (Sigma) in a 5% CO,
incubator. After reaching 70% confluence, cells were serum starved for 24
h to synchronize the cell cycle and to return various signaling pathways
potentially activated by serum to basal levels before exposure to M. pneu-
moniae at the indicated multiplicity of infection (MOI) or to various in-
hibitors or transfection with small interfering RNA (siRNA). Control cells
were exposed to sterile PBS.

Normal human bronchial epithelial (NHBE) cells were purchased
from Lonza (Walkersville, MD) and cultured as we have previously de-
scribed (18, 20). Cells were thawed and passaged in 5% CO, at 37°C with
bronchial epithelial growth medium (BEGM) supplemented with growth
factors supplied in the SingleQuot kit (Lonza). Cells at passage 3 were
trypsinized and seeded onto Costar Transwell inserts with a 0.4-pum pore

December 2014 Volume 82 Number 12

FOXA2 Inhibition by Mycoplasma pneumoniae

A _  mucsAc 3 MUCSB
6 71arRT-PCR  « aRT-PCR
o5 )
2, 22
3 2
S 3 °
o k)
22 g
1
0 += 0 -
g ] g &
S Mi2o. S m129
(MO1) (MOI)
B Control 2 Control 25 50

Q 2
5 g
s =
I L
[a) [a)
%- %-
(.’) O
7 Densitometry
g 28 1 amucsac
e
< 2.1 {1 mMucCsB "
L
(3]
T 14 -
&
07 - |_l
0.0
Control
M129 (MOI)

FIG 1 M. pneumoniae induces the expression of MUC5AC and MUCSB in
NCI-H292 cells. (A) After an 18-h incubation with the indicated MOI of M.
pneumoniae M129, MUC5AC and MUC5B mRNA levels were determined by
qRT-PCR. (B) Mucins levels were determined by Western blotting and quan-
tified by densitometry. The qRT-PCR was performed in triplicate in three
independent experiments. Western blotting experiments were repeated three
times with similar results. Data for qRT-PCR and densitometry of Western
blot assays represent the means = the standard deviations from all three ex-
periments. *, P < 0.05 for comparison of M. pneumoniae-infected samples
with PBS controls. The statistical significance of differences between samples
in both panels A and B was determined by one-way ANOVA.

size (Corning) ata density of 1.5 X 10°/cm® in medium composed of 50%
bronchial epithelial basal medium and low-glucose 50% Dulbecco’s mod-
ified Eagle’s medium-F12 (Invitrogen) supplemented with the growth
factors provided in the SingleQuot kits and retinoic acid (50 nM). Once
the cells reached confluence (approximately 7 days after seeding, as deter-
mined by transepithelial electrical resistance measurements [data not
shown]), they were switched to an air-liquid interface (ALI) for an addi-
tional 2 weeks to achieve mucociliary differentiation. NHBE cells were
infected with M. pneumoniae M129 (MOI, 50:1), stained with anti-
MUCSAC and anti-MUCS5B antibodies, and visualized with an Alexa
Fluor 647-conjugated secondary antibody (red color) and an Alexa Fluor
488-conjugated secondary antibody (green color) under a confocal mi-
croscope, respectively. Nuclei were stained with 4',6-diamidino-2-phe-
nylindole (DAPI) (blue color). The percentage of MUC5AC or MUC5B
expression was calculated on the basis of the fluorescence signal of
MUCSAC or MUCSB divided by the total DAPI signal (blue). Fluores-
cence signals were quantified with the AxioVision release 4.8 software.
qRT-PCR. NCI-H292 cells were exposed to M. pneumoniae M129 at
the indicated MOI for 18 h. Total RNA was extracted with the RNeasy
minikit (Qiagen). Equal amounts of total RNA (3 g) were reverse tran-
scribed into cDNA with oligo(dT) primers and SuperScript III reverse
transcriptase (Invitrogen). The first-strand cDNA was then diluted and
used in each subsequent PCR. For quantitative real-time PCR (qRT-
PCR), 10 pl of ¢cDNA was used with 6-carboxyfluorescein-labeled
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FIG 2 M. pneumoniae induced the expression of MUC5AC and MUC5B in ALI cultures of NHBE cells. Differentiated NHBE cells were exposed to PBS or M.
pneumoniae M129 (MOI of 50:1) for 18 h. Mucins MUC5B and MUCS5AC were stained with specific primary antibodies and visualized with an Alexa Fluor
488-conjugated secondary antibody (green, MUC5B) or an Alexa Fluor 647-conjugated secondary antibody (red, MUC5AC). Nuclei were stained with DAPI
(blue). (A) Top-down images of stained cells. (B) Z-stack images of stained cells. Three independent experiments showed similar results. Typical strips of cells
are shown. The expression of MUC5B and MUC5AC from 10 representative strips was quantified with the AxioVision release 4.8 software. The statistical
significance of differences between samples was determined with the parametric Student ¢ test.

TagMan primers predesigned by Applied Biosystems on the basis of the
detected gene sequence and a 7900 HT real-time PCR system (Applied
Biosystems) according to the manufacturer’s protocol. The relative ex-
pression of the MUC5AC and MUCS5B genes was normalized to that of the
gene for GAPDH. The sequences of the primers used can be obtained from
Applied Biosystems under identification numbers Hs01370716_m1, Hs
00861588_m1, and Hs 99999905_m1, respectively.

Western blotting analyses. Western blot assays were performed with
total, nuclear (for FOXA2), or crude plasma membrane (for EGFR) pro-
teins of M. pneumoniae M129 or PBS-exposed NCI-292 cells after lysis by
the ProteoJET Mammalian Cell Lysis Reagent (Fermentas) (18). Equal
amounts of total protein per sample were separated by SDS-PAGE (8%
polyacrylamide) and transferred to polyvinylidene difluoride membranes
(Bio-Rad). Membranes were probed with the individual antibodies de-
scribed above. The immune complexes were visualized with the ECL
Western blotting detection system (Amersham Biosciences) and Kodak
BIOMAX (Kodak) X-ray film.

ROS assays. ROS levels in M. pneumoniae-infected (18 h) NCI-H292
cells were determined with the OxiSelect In Vitro ROS/RNS assay kit
according to the manufacturer’s protocols (Cell Biolabs).

Inhibitor studies. After reaching 70% confluence, NCI-H292 cells
were serum starved for 24 h and exposed to the indicated concentration of
the STAT6 inhibitor kaempferol (TOCRIS Bioscience), the STAT3 inhib-
itor IX Cpd188 (Calbiochem), or the EGFR inhibitor AG1478 (Calbi-
ochem). After 90 min, cells were exposed to the indicated MOI of M.
pneumoniae M129 or PBS for 18 h. The amount of FOXA2 within the
nuclei of NCI-H292 cells was determined with the anti-FOXA2 antibody.

siRNA studies. siRNAs against EGFR (6480S), STAT3 (6580S), and
STAT6 (6358S) and the random, nontargeting siRNA sequence (Signal-
Silence Control siRNA, unconjugated, 6568S, 6201S) were purchased
from Cell Signaling Technology. Serum-starved NCI-H292 cells were
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transfected with each siRNA at 100 nM with the Lipofectamine
RNAIMAX Transfection Reagent (Life Technologies 13778150) accord-
ing to the manufacturer’s protocols. After 48 h, transfected cells were
infected with M. pneumoniae M129 for 18 h at an MOI of 25. FOXA2
expression in these NCI-H292 cells was analyzed as described above.
Statistical analysis. Quantitative data were expressed as mean values *
standard errors. The statistical significance of differences between samples
with equal variances were determined with the parametric Student ¢ test
for two unpaired samples. For comparison of the means of groups of three
or more, data were analyzed for statistical significance by analysis of vari-
ance (ANOVA), followed by Tukey’s test for comparison of the means. A
significant difference was considered to be a P value of <0.05.

RESULTS

M. pneumoniae induces the expression of mucins in NCI-H292
cells. Mucin production is increased during pulmonary exacerba-
tion in asthma, CF, and COPD patients (1-6). We examined the
induction of the MUC5AC and MUCS5B genes by M. pneumoniae
in NCI-H292 cells. At MOIs of both 25:1 and 50:1, M. pneumoniae
M129 induced significantly higher transcription of the MUC5AC
and MUCS5B genes (Fig. 1A), as well as the expression of both
mucins, as determined by Western blot assays and densitometry
(Fig. 1B).

M. pneumoniae induces the expression of mucins in primary
human bronchial epithelial cells cultured at the ALI. Airway ep-
ithelial cells grown in ALI culture have emerged as a powerful tool
for the study of airway biology. For example, we have shown that
P. aeruginosa pyocyanin induces ALI cultures of NHBE cells to
secrete MUC5AC and MUCS5B, major mucins found in healthy
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FIG 3 Exposure to M. pneumoniae induces hypersecretion of MUC5AC and MUCSB in mouse airways. Lung sections from control PBS-treated or M.
pneumoniae-infected C57BL/6 mice (n = 12 to 20) were stained with PAS (A) or with a 3,3’-diaminobenzidine staining kit with an anti-MUCS5AC (B) or
anti-MUCS5B primary antibody (C). The conducting airways of control mice showed low or barely detectable numbers of goblet cells with basal levels of
MUC5AC and MUCS5B (A). M. pneumoniae-infected conducting airways showed GCHM with expression of MUC5AC (B) and MUCS5B (C). Semiquantitative
analysis of mucin-positive cells from 10 mouse lungs were performed with the AxioVision release 4.8 software. *, P < 0.05 for comparison of M. pneumoniae-
infected samples with PBS controls. The statistical significance of differences between samples was determined with the parametric Student ¢ test.

and diseased human airways (18, 20). We examined if M. pneu-
moniae M129 could induce the expression of MUC5AC and
MUCSB in an ALI culture of NHBE cells. Control NHBE cells
exposed to PBS expressed basal levels of mucins (Fig. 2A and B). In
contrast, after 18 h of infection with M. pneumoniae M129, NHBE
cells expressed 6.8- and 5-fold more of the mucins MUC5AC and
MUCSB, respectively (Fig. 2A and B). Collectively, these results
indicate that M. pneumoniae M129 induces MUC5AC and
MUCSB expression in ALI cultures of airway epithelial cells.

M. pneumoniae upregulates the expression of mucins in
mouse airways. We further confirmed the ability of M. pneu-
moniae to induce the expression of MUC5AC and MUCS5B in
mice. Mouse lungs exposed to PBS remained normal, with few
mucin-positive goblet cells and trace amounts of MUC5AC and
MUCSB (Fig. 3A). In contrast, after 3 days of infection with M.
pneumoniae M129, the conducting airways of mice developed
GCHM and mucus hypersecretion (Fig. 3A) and significantly
higher expression of the mucins MUC5AC (8.8-fold, Fig. 3B) and
MUCSB (9.4-fold, Fig. 3C). Together, both the in vivo and in vitro
data indicate that M. pneumoniae induces GCHM and mucin hy-
persecretion in airways.

M. pneumoniae inhibits the expression of FOXA2. FOXA2 is
atranscriptional repressor of GCHM and mucin biosynthesis. The
lungs of Foxa2 '~ mice develop airspace enlargement, GCHM,
increased mucin production, and neutrophilic infiltration (19).
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Analysis of lung tissues from patients with bronchopulmonary
dysplasia and bronchiectasis (19) and asthma (21) reveals a strong
inverse correlation between FOXA2 and GCHM protein levels.
Because M. pneumoniae infection induces the overexpression of
MUCS5AC and MUCS5B, we hypothesized that it impaired the ex-
pression of FOXA2. M. pneumoniae M129 induced dose-depen-
dent 38% (MOI of 25), 51% (MOI of 50), and 74% (MOI of 100)
inhibition, respectively, of FOXA2 expression in NCI-H292 cells
(Fig. 4A). Similarly, FOXA2 expression was significantly attenu-
ated in mouse airways infected with M. pneumoniae M129 (Fig.
4B). The conducting airways of PBS-exposed mice showed strong
expression of FOXA2 in the nuclei of epithelial cells lining the
large bronchi (Fig. 4B, left). In contrast, the expression of FOXA2
within the nuclei of goblet cells in M. pneumoniae M129-infected
airways was severely depleted (Fig. 4B, middle). Semiquantitative
analysis with the AxioVision release 4.8 software indicated that the
total number of FOXA2-positive cells was 86% lower in M. pneu-
moniae M129-infected airways than in control airways (Fig. 4B,
right). Collectively, our in vitro and in vivo experimental results
suggest that M. pneumoniae causes mucin hypersecretion by sup-
pressing the expression of FOXA2.

M. pneumoniae activates STAT3-STAT6 signaling pathways.
The IL-4/IL-13-STAT6 signaling pathway has been shown to in-
duce the expression of mucins (1, 3), in part by inhibiting the
expression of FOXA2 (18, 19, 23). Similarly, the IL-6-STAT3
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FIG 4 Exposure to M. pneumoniae inhibits FOXA2 expression. (A) Western
blotting and densitometry of FOXA2 in NCI-H292 cells 18 h after exposure to
PBS or M. pneumoniae M129 at the indicated MOI. Western blotting experi-
ments were repeated three times with similar results. Densitometry of Western
blot assays represents the mean = the standard deviation from all three exper-
iments. The statistical significance of differences between the densitometry of
Western blot assays was determined by one-way ANOVA. (B) Lung sections of
C57BL/6 mice after 3 days of exposure to PBS (control) or 1 X 10° CFU of M.
pneumoniae M129. Tissues were stained with anti-FOXA2 primary antibodies
and visualized with the ABC kit. FOXA2-positive cells from 10 mouse lungs
were quantified with the AxioVision release 4.8 software. ¥, P < 0.05 for com-
parison of M. pneumoniae-infected samples with PBS controls. The statistical
significance of differences between samples was determined with the paramet-
ric Student ¢ test.

pathway plays a role in a murine model of asthma mediated by
dust mites (24). STAT3 is also activated through ROS released
during exposure to lipid-associated membrane proteins from M.
pneumoniae (25). Thus, we examined the activation of STAT6 and
STAT3 by M. pneumoniae M129 in NCI-H292 cells. Western blot
analysis indicated that at an MOI of 50, the amounts of phosphor-
ylated STAT6 (Fig. 5A) and STAT3 (Fig. 5B) were significantly
elevated 5.5- and 8.4-fold, respectively, when cells were exposed to
increasing concentrations of M. pneumoniae M129. Consistent
with the data in Fig. 5, exposure to M. pneumoniae M129 but not
PBS significantly increased the levels of upstream Th2 cytokines
IL-4 and IL-13, which activate STAT6 (2.2- and 3.6-fold, respec-
tively, Fig. 6A and B), and IL-6, which activates STAT3 (2.6-fold,
Fig. 6C) in mouse lungs. In contrast, the levels of IL-4, IL-13, and
IL-6 were indistinguishable in the lungs of Stat6 '~ mice exposed
to PBS or M. pneumoniae M129. IHC analyses (arrows) of mouse
lungs further confirmed the ELISA results (Fig. 6A to C). Collec-
tively, both in vitro and in vivo results indicate that M. pneumoniae
infection activates STAT3 and STAT6. Because the level of IL-6 is
not upregulated in Stat6 '~ mice, this suggests that IL-6-activated
STAT3 may function within the STAT6 signaling pathway in re-
sponse to M. pneumoniae infection.

M. pneumoniae activates EGFR signaling. The EGFR signal-
ing pathway also activates mucin expression, partially through
induction by ROS (3, 18, 26). Activation of EGFR inhibits FOXA2
expression (18, 23). The ability of M. pneumoniae to induce ROS
production in airway epithelial cells is an important virulence
mechanism (27). We confirmed that M. pneumoniae M129 infec-
tion was accompanied by a dose-dependent increase in ROS for-
mation (Fig. 7A), as well as increased levels of phosphorylated
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FIG 5 M. pneumoniae infection activates the progoblet cell hyperplasia and
metaplasia STAT3 and STAT6 signaling pathways. After 18 h of exposure to M.
pneumoniae or PBS, phosphorylated STAT6 (A) and STAT3 (B) were detected
in NCI-H292 cells with specific anti-phospho antibodies. Western blotting
experiments were repeated three times with similar results. Densitometry of
Western blot assays represents the mean values = the standard deviations from
all three experiments. *, P < 0.05 for comparison of M. pneumoniae-infected
samples with PBS controls. The statistical significance of differences between
densitometry of Western blot assays in both panels A and B was determined by
one-way ANOVA.

EGFR, in NCI-H292 cells (Fig. 7B). Addition of glutathione
(GSH) attenuated EGFR activation, with corresponding restora-
tion of FOXA2 expression (Fig. 7C). Interestingly, even though
ROS was reported to induce STAT3 during exposure to lipid-
associated membrane proteins of M. pneumoniae (24), GSH did
not attenuate the ability of live M. pneumoniae M129 bacterial
cells to activate STAT3 (Fig. 7C). Together, these results indicate
that M. pneumoniae activates pro-GCHM and mucin biosynthesis
signaling pathways to inhibit FOXA2 expression.

Inhibition of STAT3, STAT6, and EGFR signaling pathways
attenuates FOXA?2 repression and mucin overproduction medi-
ated by M. pneumoniae. To confirm that M. pneumoniae inhibits
the expression of FOXA2 by activating STAT3, STAT6, and EGFR
signaling pathways, we examined the ability of the STAT3 inhibi-
tor IX Cpd188, the STAT6 inhibitor kaempferol, and the EGFR
inhibitor AG1478, respectively, to relieve repression of FOXA2.
Because a STAT6-specific inhibitor is not commercially available,
we used kaempferol, which inhibits the phosphorylation of
STATG6 by JAK3 (28). After an 18-h exposure to M. pneumoniae
M129, FOXA2 expression was 65% lower than that in cells ex-
posed to PBS (Fig. 8A). In contrast, the expression of FOXA2 was
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FIG 6 M. pneumoniaeinduces Th2 cytokine expression in mouse lungs. After 3 days of infection with 1 X 10® CFU of M. pneumoniae M 129, the lungs of C57BL/6
or Stat6 "/~ mice were sampled by collection of BAL fluid for cytokine determination. IL-4 (A), IL-13 (B), and IL-6 (C) were detected by ELISA (n = 10), as well
as by IHC staining (n = 5) with anti-IL-4, anti-IL-13, and anti-IL-6 antibodies. *, P < 0.05 for comparison of the cytokine levels of M. pneumoniae-infected
samples with those of PBS controls. The statistical significance of differences between samples was determined with the parametric Student ¢ test. WT, wild type.

significantly restored when NCI-H292 cells were treated with
kaempferol, AG1478, or Cpd188, respectively (Fig. 8A). Treat-
ment with inhibitors of STAT3, STAT6, or EGFR alone did not
negatively affect the expression of FOXA2 in the absence of infec-
tion with M. pneumoniae M129 (see Fig. S1 in the supplemental
material). To confirm the results described above, we examined
the expression of FOXA2 in NCI-H292 cells infected with M.
pneumoniae M129 in the presence or absence of gene silencing by
EGFR, STAT3, and STAT6 siRNAs. Control NCI-H292 cells that
were exposed to a random, nontargeting siRNA sequence showed
40% lower expression of FOXA2 (Fig. 8B, lane 2). In the absence
of infection with M. pneumoniae M129, silencing of EGFR,
STAT3, and STAT6 by individual siRNAs in NCI-H292 cells in-
creased the expression of FOXA2 (Fig. 8B, lanes 3, 5, and 7). Even
in the presence of M. pneumoniae M129 infection, inhibition of
EGFR, STAT3, and STAT6 by siRNA maintained significantly
higher levels of FOXA2 expression than in infected NCI-H292
cells treated with the random, nontargeting control siRNA se-
quence (Fig. 8B, compare lanes 4, 6, and 8 with lane 2). Impor-
tantly, Cpd188 also decreased the phosphorylation of STATS, sug-
gesting that STAT3 acts upstream of STAT6 during the
suppression of FOXA2 (Fig. 8C). Collectively, the data presented
in Fig. 5 to 8 indicate that M. pneumoniae infection activates
STATS3, STATS, and EGFR, which in turn suppresses FOXA2 ex-
pression and derepresses MUC5AC and MUCS5B expression.
Restoration of FOXA2 expression by STAT3, STAT6, and
EGEFR inhibitors suppresses mucin overexpression induced by
M. pneumonia. Next we examined whether restoration of FOXA2
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expression by kaempferol, AG1478, and Cpd188 could, in turn,
suppress the induction of mucin overexpression mediated by M.
pneumoniae. Exposure to M. pneumoniae M129 stimulated the
expression of MUC5AC and MUC5B in NCI-H292 cells 2.9- and
3-fold, respectively (Fig. 9A and B). Importantly, CpD188,
kaempferol, and AG1478 attenuated the induction of MUC5AC
and MUCS5B by M. pneumoniae M129 (Fig. 9A and B). These
results suggest that EGFR and STAT3-STAT6 signaling pathways
play prominent roles during the induction of mucin overexpres-
sion by M. pneumoniae infection.

DISCUSSION

M. pneumoniae is a common cause of respiratory tract infections
in children and adults of all ages. Evidence of M. pneumoniae’s role
in pulmonary diseases, especially asthma and COPD, is accumu-
lating (12, 13). Although respiratory viruses have been shown to
induce acute exacerbation of asthma (8, 11), M. pneumoniae may
also be involved, especially in the context of superinfection with
respiratory viruses (8, 13), and is capable of inducing mucin hy-
persecretion. However, with the exception of CARDS toxin, the
virulence factors and host signaling mechanisms that regulate mu-
cus hypersecretion during M. pneumoniae infection remain
largely undetermined. In the present study, we demonstrated that
M. pneumoniae induces mucin overproduction by activating both
the STAT3-STAT6 and EGFR signaling pathways, resulting in in-
hibition of the expression of FOXA2, a major transcriptional re-
pressor of GCHM and mucin biosynthesis. Our conclusions are
supported by several lines of experimental evidence. (i) Inhibition
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FIG 7 M. pneumoniae infection is accompanied by elevated levels of ROS and
activation of EGFR. (A) ROS levels in NCI-H292 cells infected with M. pneu-
moniae M129. Experiments were performed in triplicate three times with sim-
ilar results. The mean values *+ the standard deviations of one typical experi-
ment are shown. (B) Phosphorylated EGFR was detected in NCI-H292 cells
with an anti-phospho-EGFR antibody 18 h postinfection with M. pneumoniae
M129. The Western blotting experiments were repeated three times with sim-
ilar results. (C) GSH attenuates EGFR signaling and restored FOXA2 expres-
sion. Densitometry of Western blot assays represents the mean values * the
standard deviations of all three experiments. *, P < 0.05 for comparison of M.
pneumoniae-infected samples with PBS controls with the parametric Student
test. #, P < 0.05 for comparison of the levels of p-EGFR, FOXA2, and p-STAT3
in M. pneumoniae-infected, GSH-treated NCI-H292 cells with those in NCI-
H292 cells only infected with M. pneumoniae by one-way ANOVA. RFU, rel-
ative fluorescence units.

of FOXA2 expression is associated with increased expression of
MUCSAC and MUC5B in NCI-H292 cells and ALI cultures of
NHBE cells and mouse airways infected with M. pneumoniae. (ii)
Activated forms of STAT3, STAT6, and EGFR directly associated
with FOXA?2 inhibition increased in NCI-H292 cells infected with
M. pneumoniae. (iii) The upstream STAT3 and STAT6 stimuli
IL-6, IL-13, and IL-4 were elevated in mouse airways exposed to
M. pneumoniae, whereas the level of ROS, which activates EGFR,
increased in NCI-H292 cells exposed to M. pneumoniae. (iv)
STAT3, STAT6, and EGFR inhibitors abolished the repression of
FOXA2 and mucin overproduction mediated by M. pneumoniae.
Our study links M. pneumoniae infection with the induction and
modulation of cellular signaling mechanisms that regulate mucin
overexpression.

The regulatory roles of FOXA2 in GCHM and mucin produc-
tion have only become known in recent years. FOXA?2 is expressed
in the foregut endoderm and in subsets of respiratory epithelial
cells in fetal and adult lungs and regulates several genes that play
important roles in lung morphogenesis and homeostasis, includ-
ing Titfl, Sftpb, and Scgblal (19, 29-32). Selective deletion of the
Foxa2 gene in the respiratory epithelium causes airspace enlarge-
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ment, GCHM, excessive mucin production, and increased neu-
trophilic infiltration (19). The expression of FOXA2 was either
decreased or absent in the airways of experimental asthma by
ovalbumin sensitization (19, 21) and in lung tissues from patients
with a variety of pulmonary diseases (19, 21). In the present study,
we showed that M. pneumoniae infection severely depletes FOXA2
expression, which is associated with mucin overexpression, sug-
gesting that M. pneumoniae may be a contributing factor in
FOXA2 depletion, GCHM, and mucus hypersecretion during
lung infection.

Virulence components, including the P1 adhesin of the attach-
ment organelle and H,O, produced by M. pneumoniae, have been
implicated to stimulate the production of pro-GCHM Th2 cyto-
kine IL-4 (33, 34). Th2 cytokines, including IL-4 and IL-13, are
major stimuli of GCHM and mucin expression through the
STATG6 signaling pathway (3). In transgenic mice overexpressing
IL-4 or IL-13, expression of FOXA2 was decreased or absent in
airway epithelial cells, suggesting that both of these Th2 cytokines
downregulate FOXA2 (19). IL-6 is also able to upregulate mucin
secretion, partly through the activation of STAT3 (24). Our stud-
ies show that M. pneumoniae infection increased the expression of
IL-4/IL-13 and IL-6, leading to activation of STAT6 and STATS3,
respectively. The expression of IL-6, IL-4, and IL-13 was reduced
in the airways of Stat6™’~ mice infected with M. pneumoniae.
These observations were consistent with our previous finding that
the lungs of Stat6 '~ mice exposed to P. aeruginosa pyocyanin had
reduced expression of IL-4 and IL-13 (18, 35). There are at least
two possible explanations for these observations. (i) IL-4 and
IL-13 activate STAT6. In turn, STAT6 binds and activates the
transcription of these Th2 cytokine genes in a positive-feedback
loop manner (36, 37). (ii) Activated STAT6 also binds and acti-
vates the transcription of IL-4/IL-13 receptors, as shown in the
case of the gene for IL-13R2 (38). Thus, the loss of STAT6 in
Stat6 '~ mice may have interrupted the positive-feedback loop
required to further amplify the expression of Th2 cytokines, as
well as the receptors of these cytokines, which in turn reduced the
expression of these inflammatory mediators.

Additional evidence supporting the inhibition of FOXA2 by
STAT3 and STAT6 comes from the studies with specific inhibitors
and gene-silencing siRNA. Inhibition of STAT6 by kaempferol and
the STAT3 inhibitor IX Cpd188 rescued FOXA2 expression and
abolished mucin overexpression. Similarly, treatment with both
STAT3 and STAT6 siRNAs also derepressed FOXA2 expression.
Thus, it is likely that M. pneumoniae causes excessive mucin over-
expression by activating IL-4/IL-13-STAT6 and IL-6—STAT?3 sig-
naling, which downregulate the expression of FOXA2. Activated
STATS3 appears to function upstream of STAT6, because STAT3
inhibitor IX Cpd188 prevented the phosphorylation of STAT6 in
NCI-H292 cells infected with M. pneumoniae. Our finding is con-
sistent with a previous report (24) showing that activated STAT3
regulates the accumulation of Th2 cells and cytokines in a mouse
model of dust mite-mediated allergic asthma. Most recently, lip-
id-associated membrane proteins of M. pneumoniae have been
shown to activate STAT3 through ROS generation (25). However,
although M. pneumoniae M129 infection induces ROS formation
under our experimental conditions, ROS did not appear to acti-
vate STAT3 because GSH treatment did not reduce the activation
of the transcription factor. More investigations are needed to un-
derstand the interactions between ROS induction and the activa-
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FIG 9 Blockage of the STAT3-STAT6 and EGFR pathways attenuates
MUCS5AC and MUCSB expression induced by M. pneumoniae. (A) Expression
of MUC5AC and MUCSB in NCI-H292 cells after 18 h of infection with M.
pneumoniae M129 in the presence or absence of a STAT6, EGER, or STAT3
inhibitor. (B) Densitometry analysis of MUC5AC and MUC5B expression in
panel A. Western blotting experiments were repeated three times with similar
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determined by one-way ANOVA.
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tion of STAT3-STAT6 during M. pneumoniae infection-mediated
GCHM and mucin hypersecretion.

EGFR is another important modulator of mucin expression (1,
18, 26, 39). Zhen et al. have shown that IL-4/IL-13-STAT6 and
EGFR cause GCHM and mucus hypersecretion by independent
effects (23). IL-13—STAT6 induces a small set of genes that partic-
ipate in mucin biosynthesis and modifications. In contrast, EGFR
affects numerous genes involved in cell metabolism, survival,
transcription, and differentiation. Interestingly, activation of both
Stat6 and EGFR inhibits the expression of FOXA2. ROS are the
major activators of EGFR signaling during GCHM (26, 39-42).
Our data showed high levels of ROS in M. pneumoniae-infected
NCI-H292 cells, although we did not establish the ROS source.
AG1478, an inhibitor of EGFR, as well as the antioxidant GSH,
attenuated EGFR activation and restored FOXA2 expression.
AG1478 also attenuated mucin expression in M. pneumoniae-in-
fected NCI-H292 cells. Finally, it is also possible that ROS
produced by M. pneumoniae may lead to posttranslational modi-
fication and inactivation of FOXA2, as we observed with the re-
dox-active pyocyanin produced by P. aeruginosa (20). We are cur-
rently examining FOXA2 inactivation by ROS that are released
during M. pneumoniae infection.
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In summary, the present study shows that M. pneumoniae
causes mucin overproduction by inhibiting the transcriptional re-
pressor FOXAZ2. This inhibition is mediated through activation of
the IL-6—STATS3, IL-4/IL-13-STAT6, and ROS-EGFR signaling
pathways. Attenuation of these pro-GCHM pathways and main-
tenance of FOXA2 function in M. pneumoniae-infected airways
may improve the lung function of these patients.
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