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Abstract: Human epithelial mucin, the major glycoprotein component of mucus, plays a critical role in host innate
defense response against invading microbes by facilitating the mucociliary clearance. Excess mucin production,
however, overwhelms the mucociliary clearance, resulting in not only defective mucosal defense but also conduc-
tive hearing loss in the middle ear and mucus obstruction in the airway. Indeed, mucus overproduction is a hall-
mark of otitis media (OM) and chronic obstructive pulmonary diseases (COPD). Thus, tight regulation of mucin
production plays an important role in maintaining an appropriate balance between beneficial and detrimental
outcomes. We previously reported that Streptococcus pneumoniae (S. pneumoniae) up-regulates MUC5AC mucin
expression via a positive MAPK ERK1/2 and a negative JNK1/2 signaling pathway. However, the signaling com-
ponents including the up-stream activators and the down-stream transcription factors involved in these two path-
ways remain largely unknown. In the present study, we showed that positive regulation of MUC5AC mucin expres-
sion by ERK1/2 is dependent on Ras-Raf-1 signaling pathway, whereas the negative regulation of MUC5AC ex-
pression by JNK1/2 is dependent on MEKK3. Moreover, transcriptional factor AP-1 acts as a key regulator for
both of the positive and negative regulation of MUC5AC mucin expression as evidenced by mutagenesis analysis
of two AP-1 sites in the promoter region of human MUC5AC mucin gene. Ras-Rafl-ERK1/2-dependent AP-1 acti-
vation positively regulates MUC5AC mucin induction by S. pneumoniae, whereas MEKK3-JNK1/2-dependent AP-1
activation negatively regulates it. Therefore, our data unveiled a novel signaling mechanism underlying the tight
regulation of MUC5AC mucin induction by S. pneumoniae and may lead to the development of new therapeutic
strategy for reducing mucus overproduction in both OM and COPD.
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Introduction

Mucosal epithelial cells in the respiratory tract
act as the first line of host innate defense
against inhaled microbes by producing a range
of molecules for clearance. Respiratory de-

* These authors contributed equally to this work.

fense against infection involves a diverse and
complex system including mechanical barriers,
which limit exposure of the respiratory tract to
potential pathogenic organisms, the mucoci-
liary apparatus and cough reflexes, which work
to expel any microbes that may bypass the
initial defenses [1-3]. Human epithelial mucins
are high-molecular weight glycoproteins that
constitute the major component of mucus se-
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cretions in the middle ear, trachea, digestive
and reproductive tracts. Mucins play a critical
role in host innate defense response against
invading microbes by binding and trapping
inhaled infectious particles, including bacteria
and viruses, and facilitating the mucociliary
clearance. Therefore, appropriate induction of
mucin in infectious diseases represents an
important host innate defensive response to
microbes. However, excess mucin production,
mainly resulting from up-regulation of mucin
production, overwhelms the mucociliary clear-
ance, resulting in defective mucosal defense
and contributing to morbidity and mortality in
related diseases [4, 5]. Indeed, mucus over-
production is a hallmark of otitis media (OM)
and chronic obstructive pulmonary disease
(COPD), causing conductive hearing loss in the
middle ear and mucus obstruction in the air-
way, respectively [5-10]. Thus, tight regulation
of mucin production plays an important role in
maintaining an appropriate balance between
beneficial and detrimental outcomes. Howev-
er, the molecular mechanisms underlying tight
regulation of mucus production in infectious
diseases still remain largely unknown.

OM is the most common childhood infection
and the leading cause of conductive hearing
loss [11-13]. By 3 years of age, 80% of child-
ren have experienced at least one episode and
more then 40% have suffered recurrent infec-
tions. It causes a substantial burden on com-
munity health programs. Three bacterial pa-
thogens including Streptococcus pneumoniae
(S. pneumoniae), nontypeable Haemophilus
influenzae (NTHi), and Moraxella catarrhalis
account for the majority of OM [14, 15].
Among them, S. pneumoniae is the most
common bacterial pathogen causing OM, ac-
counting for approximately 40% of the epi-
sodes [16, 17]. Although two pneumococcal
vaccines have been recently developed using
capsular polysaccharide antigens of 7 or 23
different capsule serotypes, recent clinical
trials showed that these vaccines are unable
to provide effective protection against OM [18,
19]. Moreover, inappropriate antibiotic treat-
ment contributes to the worldwide emergence
of antibiotic-resistant strains of S. pneumo-
niae. Therefore, development of alternative
therapeutic strategies based on full under-
standing of the molecular pathogenesis of S.
pneumoniae-induced OM is urgently needed.
We previously reported that cytolytic toxin
pneumolysin, a 53-kDa protein produced by all
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clinical isolates of S. pneumoniae, acts as a
key virulence factor for respiratory infections
induced by S. pneumoniae including acute
lung injury (ALI), pneumonia, and OM [20-23].
Moreover, S. pneumoniae pneumolysin also
plays an important role in inducing MUC5AC
mucin in vitro and in vivo [20, 21]. S. pneumo-
niae up-regulates MUC5AC mucin expression
via a positive ERK1/2 MAPK and a negative
IJNK1/2 MAPK signaling pathways [20, 21].
However, the signaling components including
the up-stream activators and the down-stream
transcription factors involved in these two
pathways still remain largely unknown.

In the present study, we showed that positive
regulation of MUC5AC mucin expression by
ERK1/2 is dependent on Ras-Raf-1 signaling
pathway, whereas the negative regulation of
MUCS5AC expression by JNK1/2 is dependent
on MEKK3. Moreover, transcriptional factor
AP-1 acts as a key regulator for both of the
positive and negative regulation of MUC5AC
mucin expression. Ras-Raf1-ERK1/2-
dependent AP-1 activation positively regulates
MUC5AC mucin induction by S. pneumoniae,
whereas MEKK3-JNK1/2-dependent AP-1 acti-
vation negatively regulates it. Therefore, our
studies may bring new insights into the tight
regulation of MUC5AC mucin induction by S.
pneumoniae and may lead to the development
of new therapeutic strategy for reducing mu-
cus overproduction in both OM and COPD.

Materials and Methods
Bacterial culture and pneumolysin

Clinical isolate S. pneumoniae strain D39 was
used in this study. D39 isogenic pneumolysin-
deficient mutant (PLN) was developed through
insertion-duplication mutagenesis as de-
scribed previously [24, 25]. Bacteria were
grown on chocolate agar plate and in Todd-
Hewitt broth supplemented with 0.5% yeast
extract (THY) at 37°C in an atmosphere of 5%
CO2. Water-jacketed incubator. Crude extracts
of S. pneumoniae D39 and PLN were prepared
as described previously [20-23], stored at -
80°C, and used at the concentration of 5
pg/ml in all experiments, otherwise specifically
indicated in the figure legends. His6 tag-fused
pneumolysin was expressed and purified as
described previously [20, 21].

Mammalian cell culture
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All media described below were supplemented
with 10% fetal bovine serum (Sigma-Aldrich)
and Pen/Strep (100 units/ml penicillin and
0.1 mg/ml streptomycin; Gibco). Human mid-
dle ear epithelial HMEEC-1 cells were main-
tained in a 1:1 mixture of Bronchial Epithelial
Basal Medium (BMEM; Clonetics) and Dulbec-
co’s modified Eagle’s medium (DMEM; Gibco)
as described previously [23, 26-29]. Airway
epithelial A549 cells were maintained in F-12K
medium (Gibco). Human colon epithelial HM3
cells were maintained in DMEM H-21 (Univer-
sity of California Cell Culture Facility, San Fran-
cisco, CA) as described previously [23, 27-34].

RNA extraction and real-time quantitative RT-
PCR analysis for MUC5AC mucin gene

The total RNA was isolated using TRIzol (Invi-
trogen) and synthesis of complementary DNA
from total mMRNA was performed with Multi-
Scribe reverse transcriptase kit (TagMan RT
reagent, ABI) following manufacturer’s instruc-
tions. Real-time quantitative PCR (Q-PCR) reac-
tions were amplified and quantified using an
ABI 7500 sequence detector and manufactur-
er's software (ABI). Primers and probes for
human and mouse MUC5AC were described
previously [35-37]. Relative quantity of
MUC5AC mRNA was obtained using Compara-
tive threshold cycle (CT) method and norma-
lized using Predeveloped Tagman Assay Rea-
gent (PDAR) human cyclophilin and mouse
GAPDH for human MUC5AC and mouse
Mucbac, respectively.

Plasmids, Transfections and Luciferase assays

The expression plasmids ERK1DN (dominant-
negative mutant), ERK2DN, Raf-1DN, RasDN,
JNK1DN, JNK2DN, MEKK3DN were previously
described [35-40]. The reporter constructs, 5'-
flanking region of the human MUC5AC gene
were also previously described [35-37]. The
AP-1 mutants of MUC5AC-Luc constructs were
generated by replacing either the AP-1 site
with EcoRIl site (p3.7MUC5AC-dAP1mt-Luc,
p3.7MUCBAC-pAP1mt-Luc, pMUC5AC-dAP1mt-
300TK-Luc, and pMUC5AC-pAP1mMt-300TK-
Luc). All transient transfections were carried
out in triplicate using TransIT-LT1 reagent (Mi-
rus, Medison, WI) following the manufacturer’s
instruction. Transfected cells were pretreated
with or without chemical inhibitors including
PD98059 (CalBiochem) and SP600125 (A.G.
Scientific) for 1 hour followed by 5 hours incu-
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bation with S. pneumoniae lysates. Luciferase
activity was normalized with respect to f-
galactosidase activity using the Galacton-Plus
substrate system (Tropix) following manufac-
turer’s instruction. In all co-transfections with
expression plasmids of signaling molecules, an
empty vector was used as a control. Vehicle
control was treated as a MOCK treatment in
chemical inhibition experiments, and phos-
phate buffered saline (PBS) was used as a
control for S. pneumoniae lysates treatment.

Antibodies and Western blot analysis

Antibodies against phospho-ATF-2, ATF-2,
phospho-c-Jun, and c-Jun were purchased
from Cell Signaling (Beverly, MA). Phosphoryla-
tion of ATF-2 and c-Jun and expression of total
ATF-2 and c-Jun were detected by using Amer-
sham ECL Plus Western Blotting Detection
Reagents (GE Healthcare) following manufac-
turer’s Instruction.

Animal Experiments

C57BL/6 mice were purchased from National
Cancer Institute (NCI, NIH), and eight weeks-
old male mice were used in this study. Intra-
bulla inoculation of S. pneumoniae was con-
ducted using transtympanic membrane inocu-
lation method as described previously [20, 21,
23, 41]. The middle ears of anesthetized mice
were inoculated with 10 pl of S. pneumoniae
lysate (equivalent of 6.25 x 105 colony-forming
units in saline), and 10 pl of saline was inocu-
lated as a control. Low respiratory infection of
S. pneumoniae was conducted using intratra-
cheal inoculation method as described pre-
viously [22, 23, 27, 28, 31-33, 41]. Anesthe-
tized mice were intratracheally inoculated with
50 ul of S. pneumoniae lysate (equivalent of
6.25 x 105 colony-forming units in saline), and
50 ul of saline was inoculated as a control.
Bulla and lung tissues were dissected from
mice 9 hours and 6 hours after inoculation,
respectively, and then subjected to MUC5AC
MRNA expression analysis by Q-PCR. All animal
experiments were approved by the Institutional
Animal Care and Use Committee at the Univer-
sity of Rochester.

Statistical Analysis

Data were analyzed using Student’s t test, and
a value of p<0.05 was considered significant.
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Results and discussion

S. pneumoniae up-regulates of MUC5AC mu-
cin expression both in epithelial cells in vitro
and middle ear and lung tissues of mouse in
vivo

To identify the upstream activators and down-
stream transcriptional factors for positive and
negative regulation of MUC5AC mucin gene
expression by S. pneumoniae, we first as-
sessed the effect of S. pneumoniae on the
expression of MUC5AC in human respiratory
epithelial cells. As shown in Figure 1A,
MUC5AC mRNA expression was up-regulated
by S. pneumoniae D39 in airway epithelial
A549, 16HBE, and HMEEC-1 cells. Up-
regulation of MUC5AC was also induced by S.
pneumoniae strains 6B and R6 [20]. Because
transcriptional regulation plays an important

role in regulating the gene expression at the
MRNA steady-state level, we next sought to
determine if S. pneumoniae induces MUC5AC
MRNA by up-regulating its transcription using a
MUC5AC promoter-driven luciferase reporter
assay. As shown in Figure 1B, MUC5AC tran-
scription was markedly up-regulated by S.
pneumoniae in a dose-dependent manner in
HM3 cells. In addition, MUC5AC induction was
also observed in a variety of human epithelial
cells transiently transfected with a full length
MUC5AC promoter reporter construct (Figure
1C). To further determine if S. pneumoniae
also up-regulates MUCBAC expression in the
middle ear and lung tissues of mouse in vivo,
we assessed the effect of S. pneumoniae on
MUCS5AC expression at the mRNA level in the
mouse middle ear mucosa and lung tissue by
inoculating S. pneumoniae into the middle ear
of mouse via a trans-tympanic membrane and
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Figure 1. S. pneumoniae up-regulates MUC5AC mucin expression both in epithelial cells in vitro and middle
ear and lung tissues of mouse in vivo. A, Cells were treated with S. pneumoniae strain D39, and total RNA
was extracted from S. pneumoniae- or control-treated cells 5 hours after treatment. mMRNA expression levels
of MUC5AC mucin gene were measured by Q-PCR analysis. B, HM3 cells stably transfected with full size
MUCS5AC-Luc constructs were treated with S. pneumoniae strain D39 at various concentrations, and MUC5AC
transcription was measured 5 hours after treatment by performing luciferase analysis. C, Cells were trans-
fected with p3.7MUC5AC-Luc and treated with S. pneumoniae strain D39. MUC5AC transcription was meas-
ured 5 hours after S. pneumoniae or control treatment. D, C57BL/6 mice were inoculated with S. pneumo-
niae lysate into the middle ear via transtympanic membrane or into the lung via intratracheal inoculation.
Bulla were isolated from S. pneumoniae- or control-inoculated mice 9 hours after inoculation, and lung tis-
sues were dissected 6 hours after inoculation. Total RNA was extracted from the bulla and lung tissues, and
mRNA expression levels of MUC5AC mucin gene were measured by Q-PCR analysis. The values presented in A
- D are Mean + SD (n = 3). *, p<0.05 compared with CON.
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Figure 2. Ras-Raf-1 signaling cascade and MEKK3 act as upstream activator for ERK1/2-mediated positive
regulation and JNK1/2-mediated negative regulation of MUC5AC expression by S. pneumoniae, respectively.

A & B, HM3 cells were transfected with p3.7MUC5AC-Luc with or without DN mutant of Ras (RasDN) or Raf-1
(Raf-1DN), and treated with S. pneumoniae strain D39 (A) or purified pneumolysin (B). MUC5AC transcription
was measured 5 hours after S. pneumoniae or control treatment. C & D, HM3 cells were transfected with
p3.7MUC5AC-Luc with or without DN mutant of MEKK3 (MEKK3 DN), and treated with S. pneumoniae strain
D39 (C) or purified pneumolysin (D). MUC5AC transcription was measured 5 hours after S. pneumoniae or
control treatment. The values presented in A - D are Mean = SD (n = 3). *, p<0.05 compared with CON; **,

p<0.05 compared with S. pneumoniae treatment in Vector transfected cells.

the lower respiratory tract via a intratracheal
inoculation, respectively. As shown in Figure
1D, S. pneumoniae up-regulated MUC5AC at
the mRNA level in both mouse middle ear and
lung tissues. Taken together, our data indicate
that S. pneumoniae up-regulates MUC5AC
mucin gene expression in vitro and in vivo.

Ras-Raf-1 signaling cascade and MEKK3 act
as upstream activators for ERK1/2-mediated
positive regulation and JNK1/2-mediated neg-
ative regulation of MUC5AC expression by S.
pneumoniae, respectively

We previously reported that S. pneumoniae up-
regulates MUCS5AC mucin expression via a
positive ERK1/2 MAPK and a negative JNK1/2
MAPK signaling pathways [20, 21]. However,
the signaling components including up-stream
activators of ERK1/2 and JNK1/2 MAPKs in-
volved in S. pneumoniae-induced MUC5AC
transcription are still unclear. Ras-Raf-1 path-
way has been known as one of the major sig-
naling cascades upstream of ERK1/2 MAPK
pathway. [1, 42, 43]. To determine if this sig-
naling pathway is involved in MUC5AC tran-
scription, we next assessed the effect of block-
ing Ras-Raf-1 signaling on MUC5AC induction.
As shown in Figure 2A &2B, overexpression of
a dominant-negative (DN) mutant of either Ras
or Raf-1 inhibited MUCB5AC induction by S.
pneumoniae as well as pneumolysin, a key
pathogenic factor causing S. pneumoniae-
induced MUCH5AC up-regulation. It has been
recently shown that MEKK3 is an essential
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kinase transducing signals from the TLR4-
MyD88-IRAK1-TRAF6 complex to JNK but not
ERK [40]. Based on this recent report, we
sought to determine if MEKK3 also acts as an
up-stream activator of JNK1/2, thereby acting
as a negative regulator for S. pneumoniae-
induced MUC5AC expression in epithelial cells.
To determine if MEKK3 is involved in MUC5AC
transcription, we next assessed the effect of
blocking MEKK3 signaling on MUC5AC induc-
tion. As shown in Figure 2C & D, expressing a
DN mutant of MEKK3 (MEKK3 DN) enhanced
MUC5AC induction by S. pneumoniae (Figure
2C) or pneumolysin (Figure 2D). Taken togeth-
er, our data demonstrate that the Ras-Raf-1-
ERK1/2 MAPK signaling pathway acts as a
positive regulator for S. pneumoniae-induced
MUCBAC transcription, whereas MEKK3-
IJNK1/2 MAPK signaling pathway acts as a
negative regulator for it.

Two distinct AP-1 sites differentially regulate S.
pneumoniae-induced MUC5AC mucin tran-
scription

To define the downstream transcriptional fac-
tors mediating positive and negative regulation
of MUC5AC mucin gene expression by S.
pneumoniae, we next sought to define the S.
pneumoniae-response elements in the promo-
ter region of human MUC5AC gene. Analysis of
luciferase activity from a panel of deletion mu-
tants of MUC5AC promoter-luciferase reporter
gene revealed a S. pneumoniae-response
element between base pairs -3752/-3452

Am J Transl Res 2009:1(3):300-311
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Figure 3. Two distinct AP-1 sites differentially regulate S. pneumoniae-induced MUC5AC mucin transcription.

A, A549 cells were transfected with wild-type p3.7MUC5AC-Luc or truncated mutants of p3.7MUC5AC-Luc
(p3.4MUC5AC-Luc, p1.5MUC5AC-Luc, or pMUC5AC-300TK-Luc), and treated with S. pneumoniae strain D39.
MUCS5AC transcription was measured 5 hours after S. pneumoniae or control treatment. B, HM3 cells were
transfected with wild-type p3.7MUC5AC-Luc or mutants on either distal AP-1 site at -3576/-3570bp
(p3.7MUC5AC-dAPAmt-Luc) or proximal AP-1 site at -3535/-3529bp (p3.7MUC5AC-pAP1mt-Luc), and treated
with S. pneumoniae strain D39. MUC5AC transcription was measured 5 hours after S. pneumoniae or control
treatment. C, HM3 cells were transfected with wild-type pMUC5AC-300TK-Luc or mutants on either distal AP-1
site at -3576/-3570bp (PMUC5AC-dAP1mt-300TK-Luc) or proximal AP-1 site at -3535/-3529bp (PMUC5AC-
pAP1mt-300TK-Luc), and treated with S. pneumoniae strain D39. MUC5AC transcription was measured 5
hours after S. pneumoniae or control treatment. The values presented in A - C are Mean £ SD (n = 3). *,
p<0.05 compared with CON in wild-type reporter gene transfected cells; **, p<0.05 compared with S. pneu-
moniae treatment in wild-type reporter gene transfected cells; #, p>0.05 compared with S. pneumoniae

treatment in wild-type reporter gene transfected cells.

(Figure 3A). To determine whether this re-
sponse element is sufficient to mediate
MUC5AC induction, we made heterologus con-
structs in which MUC5AC promoter base pair -
3752/-3452 was subcloned upstream of the
thymidine kinase (TK) promoter (pMUCBAC-
300TK-Luc). The result shown in Figure 3A
indicates that the key response element in-
deed resides in the base pair -3752/-3452
region. Further sequence analysis of this func-
tional promoter region revealed that this re-
gion contains two AP-1 binding sites, one lo-
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cates between base pairs -3576/-3570, the
other locates between base pairs -3535/-
3529. We next investigated if activation of
these AP-1 sites is involved in S. pneumoniae-
induced MUC5AC transcription by performing
selective mutagenesis of the AP-1 binding
sites. The two MUC5AC AP-1 mutant promoter
constructs were obtained by replacing either
the AP-1 site with EcoRI site. As shown in Fig-
ure 3B, the mutant construct containing a mu-
tated AP-1 site located in the promoter region -
3576/-3570bp (distal AP-1; p3.7MUC5AC-

Am J Transl Res 2009:1(3):300-311
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Figure 4. Two distinct AP-1 sites in MUC5AC promoter region mediate the ERK-dependent positive and the
JNK-dependent negative regulation of MUC5AC induction, respectively. A, HM3 cells were treated with S.
pneumoniae strain D39, pneumolysin-deficient strain PLN, or purified pneumolysin, and expression levels of
total and phosphorylated ATF-2 and c-Jun were measured by western blotting analysis. B, HM3 cells were
transfected with pMUC5AC-300TK-Luc with or without DN mutants of ERK1/2 or JNK1/2, and treated with S.
pneumoniae strain D39. MUC5AC transcription was measured 5 hours after S. pneumoniae or control treat-
ment. C, HM3 cells were transfected with pMUC5AC-300TK-Luc or pMUC5AC-dAP1mt-300TK-Luc, and treated
with PD98059 for 1 hour followed by S. pneumoniae strain D39 treatment. MUC5AC transcription was meas-
ured 5 hours after S. pneumoniae or control treatment. D, HM3 cells were transfected with pMUC5AC-300TK-
Luc or pMUC5AC-pAP1mt-300TK-Luc, and treated with SP600125 for 1 hour followed by S. pneumoniae
strain D39 treatment. MUC5AC transcription was measured 5 hours after S. pneumoniae or control treat-
ment. Data in A are representative result from three independent experiments. The values presented in B - D
are Mean = SD (n = 3). *, p<0.05 compared with CON in vector transfected cells (B) or wild-type reporter gene
transfected cells (C & D); **, p<0.05 compared with S. pneumoniae treatment in vector transfected cells (B)
or wild-type reporter gene transfected cells (C & D); #, p>0.05 compared with S. pneumoniae treatment in
mutant reporter gene transfected cells (C & D).

dAP1mt-Luc) markedly reduced the respon-
siveness of MUCB5AC promoter construct to S.
pneumoniae. In contrast, the mutant construct
containing a mutated AP-1 site located in -
3535/-3529bp (proximal AP-1; p3.7MUCHAC-
pAP1mt-Luc) enhanced the responsiveness of
MUC5AC promoter construct to S. pneumo-
niae. Similar results were also observed in
cells treated with pneumolysin (data not
shown). Consistent with these findings, muta-
tion in distal AP-1 site of pMUC5AC-300TK-Luc
(PMUCHAC-dAP1mt-300TK-Luc) resulted in
markedly reduced responsiveness to S. pneu-
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moniae, whereas mutation in proximal AP-1
site  of pMUCBH5AC-300TK-Luc (pMUC5AC-
pAP1mt-300TK-Luc) showed enhanced res-
ponsiveness to S. pneumoniae (Figure 3C).
Indeed, S. pneumoniae greatly increased AP-1-
driven luciferase activity in multiple epithelial
cells (data not shown). Collectively, these re-
sults demonstrate that AP-1 activation is re-
quired for S. pneumoniae-induced MUC5AC
transcription and two distinct AP-1 sites are
differentially involved in mediating positive and
negative regulations of MUC5AC transcription
by S. pneumoniae.
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Two distinct AP-1 sites in MUC5AC promoter
region mediate the ERK-dependent positive
and the JNK-dependent negative regulation of
MUCS5AC induction, respectively

Although we identified that two distinct AP-1
sites in MUC5AC promoter region are differen-
tially involved in positive and negative regula-
tion of MUCBAC transcription by S. pneumo-
niae, it is still unclear how these two distinct
AP-1 sites differentially regulate S. pneumo-
niae-induced MUCBAC induction. Interestingly,
as assessed by Western blotting analysis,
phosphorylation of ATF-2, one of the down-
stream targets of ERK1/2, and phosphoryla-
tion of c-Jun, one of the downstream targets of
INK1/2, were observed in cells treated with
either S. pneumoniae wild-type strain D39 or
pneumolysin but not in cells treated with
pneumolysin-deficient mutant strain PLN (Fig-
ure 4A). Given the facts that AP-1 can be acti-
vated by ERK and JNK pathways, and our data
already indicated that ERK and JNK are diffe-
rentially involved in MUCS5AC induction by S.
pneumoniae [1, 20, 21, 42, 44], we therefore
investigated whether the two distinct AP-1
sites mediate the ERK1/2-dependent positive
and the JNK1/2-dendent negative regulation
of MUC5AC induction by S. pneumoniae, re-
spectively. We first assessed the effect of
blocking ERK and JNK signaling on MUC5AC
induction by accessing the effects of DN mu-
tants of ERK1/2 and JNK1/2 in MUC5AC in-
duction by S. pneumoniae. As shown in Figure
4B, overexpression of DN mutant of either
ERK1 or ERK2 inhibited MUC5AC induction by
S. pneumoniae, whereas overexpression of DN
mutant of either JNK1 or JNK2 enhanced it.
Consistent with these findings, pretreatment
with PD98059, a specific inhibitor for ERK1/2
MAPK, inhibited MUC5AC induction by S.
pneumoniae, whereas pretreatment with
SP600125, a specific inhibitor for JNK1/2
MAPK, enhanced MUC5AC induction by S.
pneumoniae (data not shown). To further de-
termine whether distal AP-1 site (-3576/-
3570bp) mediates ERK1/2-mediated positive
regulation of S. pneumoniae-induced MUC5AC
transcription, we accessed the effect of
PD98059 on S. pneumoniae-induced MUC5AC
induction in cells transfected with either wild-
type MUC5AC reporter gene or mutant contain-
ing mutation at distal AP-1 site (pMUC5AC-
dAP1mt-300TK-Luc). As shown in Figure 4C, S.
pneumoniae-induced MUC5AC induction was
inhibited by pre-treatment with PD98059 in
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cells transfected with wild-type MUC5AC re-
porter gene. However, PD98059 pretreatment
did not show further inhibitory effect in cells
transfected with pMUC5AC-dAP1mt-300TK-
Luc. Next, to determine whether proximal AP-1
site  (-3535/-3529bp) mediates JNK1/2-
mediated negative regulation of S. pneumo-
niae-induced MUCHAC transcription, we ac-
cessed the effect of SP600125 on S. pneu-
moniae-induced MUC5AC induction in cells
transfected with either wild-type MUC5AC re-
porter gene or mutant containing mutation at
proximal AP-1 site (pMUC5AC-pAP1mt-300TK-
Luc). As shown in Figure 4D, S. pneumoniae-
induced MUC5AC induction was enhanced by
pre-treatment with SP600125 in cells trans-
fected with wild-type MUC5AC reporter gene.
However, SP600125 pretreatment did not
show any further enhancing effect in cells
transfected with pMUC5AC-pAP1mt-300TK-
Luc. Collectively, these data indicate that two
distinct AP-1 sites in MUC5AC promoter diffe-
rentially mediate S. pneumoniae-induced
MUCS5AC transcription in epithelial cells. The
distal AP-1 (-3576/-3570bp) mediates the
positive regulation of S. pneumoniae-induced
MUCS5AC up-regulation via ERK1/2 MAPK sig-
naling pathway, whereas the proximal AP-1 (-
3535/-3529bp) mediates the negative regula-
tion of MUC5AC induction via JNK1/2 MAPK
signaling pathway.

Overproduction of mucin is hallmark of respi-
ratory bacterial infectious disease [3, 4, 45,
46]. It causes mucus obstruction in the airway
in COPD and conductive hearing loss in the
middle ear in OM. To date, 20 mucin genes
have been identified [45, 47]. Among these, at
least MUC2, MUC5AC and MUC5B have been
shown to play an important role in the patho-
genesis of respiratory infectious disease [45,
47]. We recently reported that S. pneumoniae,
the most common bacterial isolate in OM in
children [16, 17], greatly up-regulates
MUC5AC expression [20, 21]. However, the
precise molecular mechanisms underlying S.
pneumoniae-induced MUC5AC up-regulation
still remains largely unknown. Given the fact
that currently available vaccines for S. pneu-
moniae are unable to provide effective protec-
tion against OM [18, 19], and inappropriate
antibiotic treatment of OM contributes signifi-
cantly to the worldwide emergence of antibiot-
ic-resistant strains of S. pneumoniae, there is
an urgent need for developing novel therapeu-
tic agents for the treatment of S. pneumoniae-
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S. pneumoniae

Pneumolysin 4

Figure 5. Schematic diagram
representing tight regulation of S.
pneumoniae-induced MUC5AC mu-
cin transcription via positive regula-
tion by Ras-Raf-1-MEK1/2-ERK1/2-
dependent AP-1 activation and neg-
ative regulation by MEKK3-JNKK1/
2-INK1/2-dependent AP-1 activa-
tion. Abbreviations: S. pneumoniae,
Streptococcus pneumoniae; IRAK,
interleukin-1-receptor-associated

kinase; TRAF6, TNF receptor-
associated factor 6; MEK, MAPK/
ERK kinase; ERK, extracellular sig-
nal regulated kinase; MEKKS3,
MAPK/ERK kinase kinase 3; JNKK,
c-Jun N-terminal kinase kinase; JNK,
c-Jun N-terminal kinase; ATF-2, acti-
vating transcription factor-2; AP-1,

Positive Negative

activating protein-1.

Mucin Overproduction

e

Conductive hearing loss
Defective mucociliary clearance

induced OM based on full understanding of
the molecular pathogenesis of OM, in particu-
lar S. pneumoniae-induced mucus overproduc-
tion. Previously, two MAPKs ERK1/2 and
JNK1/2 have been identified as key signaling
molecules mediating S. pneumoniae-induced
MUCS5AC expression, one as a positive regula-
tor and the other as a negative regulator, re-
spectively [20, 21]. However, the up-stream
activators and down-stream transcriptional
factors mediating these two MAPKs-mediated
regulation of MUCS5AC expression were un-
known. In the present study (Fig. 5), we found
that Ras-Raf-1 signaling cascade acts as an
up-stream activator for ERK1/2 MAPK, thereby
mediating the positive regulation of S. pneu-
moniae-induced MUC5AC transcription. In con-
trast, MEKK3 acts as an up-stream activator
for INK1/2 MAPK, thereby mediating the neg-
ative regulation of S. pneumoniae-induced
MUCS5AC transcription. Finally, two distinct AP-
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1 sites in the MUC5AC promoter region me-
diate the ERK-dependent positive and the JNK-
dependent negative regulation of MUC5AC
induction, respectively. Thus, the present study
unveiled a novel signaling mechanism underly-
ing the tight regulation of MUC5AC mucin in-
duction by S. pneumoniae and may lead to the
development of new therapeutic strategy for
reducing mucus overproduction in both OM
and COPD. Future studies will focus on devel-
oping novel therapeutic agents for treating
these diseases.
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