Journal of Cellular Biochemistry 111:476-487 (2010)

Activation of c-Myb Transcription Factor Is Critical for
PMA-Induced Lysozyme Expression in Airway Epithelial Cells
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ABSTRACT

Lysozyme is a major component of airway epithelial secretions, acts as cationic anti-microbial protein for innate immunity. Although
lysozyme plays an important role in airway defense and is a key component of airway secretions under inflammatory conditions, little is
understood about the regulation of its expression and the associated signaling pathway. We wanted to examine whether Phorbol 12-myristate
13-acetate (PMA), one of PKC activators, treatment of the airway epithelial cell line NCI-H292 increases lysozyme gene expression. In this
study, we sought to determine which signal molecules are involved in PMA-induced lysozyme gene expression. We found that PKC and
mitogen-activating protein/ERK2 kinase are essential for PMA-induced lysozyme expression and also mediate the PMA-induced activation of
c-Myb protein. We identified a proximal region of the lysozyme promoter essential for promoter activity containing c-Myb transcription
factor binding site. Additionally, by site-directed promoter mutagenesis, we identified that c-Myb preferred the CAA motif of the —85/—73
region of the lysozyme promoter. Finally, we showed that overexpression of c-Myb without PMA treatment increased the lysozyme promoter
activity and protein expression. From these results, we conclude that PMA induces overexpression of lysozyme via ERK1/2 MAP kinase—

c-Myb signaling pathways in NCI-H292 cells. J. Cell. Biochem. 111: 476-487, 2010. © 2010 Wiley-Liss, Inc.
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A irway mucosal epithelium presents a critical first line
of innate host defense against microbial invader

through their secretions which have a number of anti-microbial
factors such as lysozyme [Niyonsaba and Ogawa, 2005; Sagel
et al., 2009]. Lysozyme acts as a cationic anti-microbial protein by
degrading the cell wall of microbial cells through hydrolysis of the
linkage between N-acetylmuramic acid and N-acetylglucosamine
[Niyonsaba and Ogawa, 2005]. In a state of chronic airway
inflammation, goblet cell hyperplasia, and nasal total secretion
correlates with an increase in mucus and lysozyme products [Cardell
et al., 1999; Vermeer et al., 2003].

The molecular mechanisms of lysozyme expression remain
unclear, although several reports have identified stimulators of
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lysozyme secretion, activity, and gene expression. Studies of
macrophages or monocytes have shown that lipopolysaccharide
(LPS) and cytokines, including interferon-gamma (IFN-v), tumor
necrosis factor alpha (TNF-a), and colony-stimulating factor 1
(CSF-1), significantly induce lysozyme activity or gene expression
[Pitzurra et al., 1989; Lewis et al., 1990; Lefevre et al., 2008]. One
of the most important molecules that can induce the activation of
lysozyme by cytokines and LPS is protein kinase C (PKC). Studies
examining the regulation of these stimuli have implicated PKC as an
important mediator in inflammation or differentiation signaling.
The translocation or activation of PKC isoforms is regulated by
IFN-vy [Bouillon and Audette, 1993], CSF-1 [Junttila et al., 2003],
TNF-a [Suzuki et al., 2001; Chang and Tepperman, 2003], and LPS
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[Comalada et al., 2003; Lee et al., 2008]. PKC plays critical roles in
cellular processes for cytokines, growth factors, and hormones
[Redig and Platanias, 2007]. Moreover, PKC isoforms are pharma-
cologically activated by phorbol esters such as phorbol 12-myristate
13-acetate (PMA) that can substitute for diacylglycerol, the
endogenous PKC activator [Steinberg, 2008]. PMA reportedly
functions as a tumor promoter by modulating diverse cellular
responses, including gene transcription, cellular growth and
differentiation, programmed cell death, immune response, and
receptor desensitization [Nagle and Blumberg, 1980; Park et al.,
2002]. PMA also enhances the release of lysozyme from
cytochalasin B-treated human [Goldstein et al., 1975], or rat
polymorphonuclear leukocytes (PMNs) [Dahm and Roth, 1990].
Although the regulation of lysozyme activity has previously been
explored, the transcriptional mechanisms that underlie lysozyme
expression during airway inflammation are not fully understood.
We used PMA to induce lysozyme expression in a human airway
epithelial cell line in an effort to identify the transcriptional
activation of lysozyme by PKC in the human airway. We sought to
investigate the mediators and region of the lysozyme promoter that
regulate lysozyme transcription activity. We found that PMA
stimulated lysozyme expression in NCI-H292 cells through
activation of PKC. Lysozyme up-regulation required activation of
extracellular signal-regulated kinase mitogen-activated protein
kinase 2 (ERK2 MAPK), and nuclear transcription factor c-Myb.
Specifically, the proximal promoter region contained a consensus
c-Myb binding site and was required for c-Myb to transactivate the
lysozyme promoter. We also confirmed that c-Myb is an important
factor in the induction of lysozyme transcriptional activity without
PMA treatment.

Given that lysozyme is essential for the innate immunity of the
airway epithelium, understanding the signal transduction pathway
for PMA-induced lysozyme expression would yield important clues
about the secretory defense function of airway epithelial cells.

MATERIALS

Anti-PKC antibody (sc-17804) was purchased from Santa Cruz
Biotechnology (Santa Cruz, CA). Anti-phospho-p44/42 MAP kinase
(Thr202/Tyr204), anti-phospho-p38 MAP kinase (Thr180/Tyr182),
and anti-phospho-SAPK/c-Jun NH,-terminal kinase MAP kinase
(Thr183/Tyr185) antibodies were purchased from Cell Signaling
(Beverly, MA). Anti-human lysozyme antibody was purchased from
ADbD Serotec (Oxford, UK). PD98059 and anti-a-tubulin antibody
were purchased from Calbiochem (San Diego, CA). Anti-c-Myb
antibody was purchased from Abcam (Cambridge, UK).

CELL CULTURES

The human mucoepidermoid pulmonary carcinoma cell line NCI-
H292 was purchased from the American Type Culture Collection
(CRL-1848, Manassas, VA) and cultured in RPMI 1640 (Invitrogen)
supplemented with 10% fetal bovine serum (FBS) (Invitrogen) in the
presence of penicillin-streptomycin (Invitrogen) at 37°C in a 5% CO,
humidified chamber.

TREATMENT OF CELLS WITH PMA

NCI-H292 cells were seeded into six-well plates, cultured for 24 h to
confluency, and serum starved in RPMI-1640 with 0.2% FBS for
24 h. Serum-starved medium was used throughout the experiments.
Cells were treated with PMA (Sigma-Aldrich, St. Louis, MO) as
indicated in each experiment. For the inhibition studies, cells were
pretreated with media-containing inhibitors for 30 min before it was
replaced with control or PMA-containing medium. After 24 h, cells
were collected to measure lysozyme expression.

RNA ISOLATION AND POLYMERASE CHAIN REACTION (PCR)

Total RNA was extracted from cells using TRIzol® reagent
(Invitrogen) following the manufacturer’s instructions. Reverse
transcription reactions were performed with 3 ug of total RNA,
random hexamers primers (Applied Biosystems, Foster City, CA),
AMV reverse transcriptase (Applied Biosystems), and RNase
inhibitor (Applied Biosystems) in a final volume of 25 pl. The
reverse transcription step ran for 30 min at 42°C and 5 min at 95°C.
PCR was performed with a MyCycler (Bio-Rad).

REAL-TIME QUANTITATIVE PCR

Real-time PCR was performed using an Applied Biosystems 7300
Fast Real-Time PCR system with SYBR Green PCR Core Reagents
(Applied Biosystems). Reactions were performed in a total volume of
20 wl which included 10 pl of 2XSYBR Green PCR Master Mix,
300 nM of each primer, and 1 pl of previously reverse-transcribed
cDNA template. The following primers were used: lysozyme,
forward 5'-TGCTGGAGACAGAAGCACTG-3’ and reverse 5'-GGA-
GTTACACTCCACAACCTTG-3'; and PB2-microglobulin, used as a
reference for normalization, forward 5'-CGCTCCGTGGCCTTAGC-3’
and reverse 5'-GAGTACGCTGG ATAGCCTCCA-3'. The thermocycler
parameters were 95°C for 10 min, followed by 40 cycles of 95°C for
15s and 60°C for 1 min. All reactions were performed in triplicate.
The relative quantity of lysozyme mRNA was obtained using the
comparative cycle threshold method and was normalized using
32-microglobulin as an endogenous control.

WESTERN BLOT ANALYSIS

NCI-H292 cells were seeded into six-well plates and cultured for 24 h
before serum starvation. After starving in 0.2% FBS medium for
24 h, cells were treated with PMA and harvested with 2x lysis buffer
(250 nM Tris-Cl, pH 6.5, 2% SDS, 4% B-mercaptoethanol, 0.02%
bromphenol blue, and 10% glycerol). Samples (cell lysates) were
resuspended in SDS-PAGE sample buffer (50 mM Tris-HCl, pH 6.0,
10% glycerol, 29 SDS, 100mM B-mercaptoethanol, and 0.1%
bromphenol blue), boiled for 10 min, and analyzed on SDS-PAGE
gels. Resolved proteins were transferred to a polyvinylidene
difluoride membrane (Millipore). Blots were blocked with 5%
skimmed milk in Tris-buffered saline (TBS, 50 mM Tris-Cl, pH 7.5,
and 150 mM NaCl) for 1h at room temperature and then incubated
overnight with primary antibodies (1:1,000) in 0.5% Tween-20 in
TBS (TTBS). After thorough washing with TTBS, the blots were
further incubated for 1h at room temperature with horseradish
peroxidase-conjugated secondary antibodies (1:2,000) (Cell
Signaling) in TTBS and then visualized by ECL (Amersham
Biosciences).
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c-Myb AND ERK1/2 siRNA PREPARATION AND TRANSFECTION
c-Myb siRNA oligonucleotides (Stealth™ siRNA) were synthesized
by Invitrogen. We screened c-Myb mRNA (GenBank M15024) and
selected potential siRNA sequences with high values of knock-down
probability. The siRNA sequences in M15024 started at bases 292
(5'-CAGATGACTGGAAAGTTATTGCCAA-3'). Stealth RNAi nega-
tive control duplex (Medium GC, Invitrogen) was used as a siRNA
negative control. siPKC (catalog no.sc-29449), siERK1 (catalog no.
sc-29307), siERK2 (catalog no. sc-35335), and the siRNA negative
control (scrambled sequence, catalog no. sc-37007) were purchased
from Santa Cruz Biotechnology. siRNA transfection into NCI-H292
cells was carried out with LipofectamineTM 2000 (Medium GC,
Invitrogen) according to the manufacturer’s instructions. NCI-H292
cells were seeded into six-well plates 1 day before transfection and
co-transfected with 15 nM of each siRNA when the cells reached 30—
50% confluence.

CONSTRUCTION OF LYSOZYME PROMOTER
pGL3-LYZ deletion mutants covering the promoter regions of
lysozyme were generated by PCR using pairs of primers bearing
specific restriction sites. Different sizes of primer pairs were used to
construct the 5 deletion mutant. —1531/+26 forward (CAGTT-
CACCACAACCTC CGCQ), —519/+26 forward (TCTAGAGTAAGAA-
ACTAGCT), —350/4-26 forward (TGTTACTCAA AAATCACAGCTQ),
—241/+26 forward (GTGCTATGCCCCAATTCTTC), —121/+26 for-
ward (GAGTCAGTGGATCAATAGACAG), —91/+26 forward (TTCC-
ACACAACTGAAAGGGTGG), —63/+26 forward (CAAACCACAAG-
GGGAAGAAGG), —40/+426 forward (GTTAAAAGATGTTAA ATAC-
TGGGGC(), and —20/+ —26 forward (GGGGCCAGCTCACCCTGG)
with Xhol sites and reverse primer (GCACTCTGACCTAGCAGTCA)
with HindlIII sites were used to amplify the 5" flanking region of
lysozyme gene. The PCR product was ligated into pGEM® —T Easy
Vector (Promega, Madison, WI). The recombinant plasmid DNA was
isolated, cut with Xhol (Promega) and HindIII (Promega), and cloned
into the equivalent site of pGL3-basic vector (Promega). All of the
constructs were then sequenced.

To determine the location of the c-Myb response element on the
5 flanking region of the lysozyme gene, three mutation constructs
were generated using mutated oligonucleotides (mutation I: TTC-
CACATGGCTGAAAGGGTGG, mutation II: TTCCACACAACTGAAA-
GGGT GG, and mutation III: TTCCACACAACTGAAAGGGTGG) by
PCR. The amplified fragment was digested with Xhol and HindIIl and
then cloned into the pGL3-basic vector (Promega). All of the
constructs were sequenced.

CONSTRUCTION OF c-Myb EXPRESSION PLASMID

The expression vector for c-Myb, pcDNA5-cMyb, was constructed
by ligation of human c-Myb cDNA into pcDNA5 (Invitrogen). The
c-Myb cDNA region was amplified by PCR from a c-Myb cDNA
clone (imaGenes, Berlin, Germany). Primers containing a
Notl restriction site and Kozak sequence at the 5 end and a
Xhol restriction site at the 3’ end were used to create full-length
c-Myb cDNA. The primer sequences used were forward, 5-GG-
CCGCGGCCGCGCCATGGC CCGAAGAC CCCG-3/, and reverse, 5'-C-
CGGCTCGAG T CACATGACCAGCGT CCGGG-3'.

TRANSIENT TRANSFECTION AND LUCIFERASE ANALYSIS

We previously described the creation of constructs with a deleted
promoter of the lysozyme gene. NCI-H292 cells were transiently
transfected with pGL3-basic, pGL3-LYZ (—1531/+26), pGL3-LYZ
(—519/+26), pGL3-LYZ (—350/+26), pGL3-LYZ (—241/+26),
pGL3-LYZ (—121/426), mutation I, II, and III constructs using
FuGENES transfection reagent (Roche Applied Science) according to
the manufacturer’s instructions, incubated for 48h, treated with
10ng/ml of PMA for 24 h, harvested, and assayed for luciferase
activity using a luciferase assay system (Promega) according to the
manufacturer’s instructions. B-Galactosidase activity was also
assayed to standardize sample transfection efficiencies. To confirm
that the luciferase activity of each construct was from PMA, we
assayed the activity of each construct in the absence of PMA.

CHROMATIN IMMUNOPRECIPITATION (ChiP) ASSAY

Approximately 2 x 10° NCI-H292 cells in 150-mm dishes were
treated with PBS containing 1% formaldehyde for 10 min, washed
twice with PBS, and fixed with 125 mM glycine at room temperature
for 5 min. The cells were rinsed twice with PBS and resuspended in
1ml of solution A (10 mM HEPES, pH 6.5, 0.25% Triton X-100,
10 mM EDTA, and 0.5 mM EGTA) by pipetting. After a short spin
(5min at 3,000 rpm), the pellets were resuspended in solution B
(1omM HEPES, pH 6.5, 200mM NaCl, 1 mM EDTA, and 0.5 mM
EGTA) containing protease inhibitors by vigorous pipetting to
extract nuclear proteins. After centrifugation at 4,000 rpm for 5 min,
the nuclear pellets were resuspended in immunoprecipitation buffer
(10 mM EDTA, 50 mM Tris-HCl, pH 8.1, 1% SDS, and 0.5% Empigen
BB) containing protease inhibitors and sonicated to break the
chromatin into fragments with an average length of 0.5-1kb. The
following antibodies were used in the assay: 1 and 2 pg of anti-
cMyb antibody and 2 g of normal mouse IgG as a negative control.
The putative c-Myb site (— 117 to —45) and control site (an upstream
site in the lysozyme promoter, —5030/—4954) were used for ChIP
analysis. The c-Myb site primer sequences used were forward,
CAGTGGATCAATAGACAGTTCCTG, and reverse, TTCTTC CCCTTG-
TGGTTTGG, and control site forward, ACTTCTCTCTTAGAGTCC-
CCTT, and reverse, GAACTCAAAGGAAACAGAGGC.

ELECTROMOBILITY SHIFT ANALYSIS

Nuclear extracts were prepared using the NucBuster protein
extraction kit (Novagen). Briefly, cells were washed with ice-cold
phosphate-buffered saline and pelleted, then resuspended in
NucBuster reagent containing protease inhibitors at 150 pl
NucBuster reagent 1 per 50 ul packed cell volume. Intact nuclei
were separated from the cytoplasmic fraction by centrifugation and
nuclear proteins were collected following addition of 75ul of
NucBuster reagent 2. Nuclear extracts were stored at —70°C. For the
electromobility shift assay, oligonucleotides corresponding to the c-
Myb sequence (5'-TGTTTTCCACACAACTG AAAGGGTGGAGCC-3")
and mutant c-Myb sequence (5'-TGTTTTCCACATGGTCAAAAGG
GTGGAGCC-3’) were synthesized, annealed, and end-labeled with
[y-32P] ATP using T4-polynucleotidekinase (Promega). Ten micro-
grams of nuclear extract were incubated at room temperature for
30min with the >?P-labeled c-Myb probes in binding buffer
(Promega). Oligo-nuclear protein complexes were separated from
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the probes by electrophoresis through 6% non-denaturing poly-
acrylamide gels in 0.5x Tris borate~-EDTA (TBE) buffer. Supershift
experiments were conducted using 2 ng of anti-phospho-cMyb
antibody (Millipore). The gels were dried and autoradiographed
using an intensifying screen at —70°C.

STATISTICAL ANALYSIS

The data are presented as the means+SD of at least three
independent experiments. Where appropriate, statistical differences
were assessed by Wilcoxon Mann-Whitney tests. A P-value <0.05
was considered statistically significant.

PMA UP-REGULATES LYSOZYME EXPRESSION IN NCI-H292 CELLS
PMA is known to be one of the PKC activators. PKC activation has
been suggested as one of the major pathways involved in
inflammation. To determine whether PMA can induce lysozyme
expression within cells, we carried out real-time PCR and Western
blot analysis on NCI-H292 cells treated with PMA. Cells were treated
with 2-50 ng/ml PMA for 24 h. PMA induced both lysozyme gene
and protein expression in a dose-dependent manner (Fig. 1A,C).
Real-time PCR revealed that PMA increased mRNA levels with
a peak at 10 ng/ml. Based on this observation, 10 ng/ml of PMA
was used for all subsequent experiments. In addition, to determine

Normalized relative LYZ gene 3>

expression (fold over basal)

c 2 5 10 20

PMA { ng/m2)

PMA {ng/mil)

C 2 5 10 20
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a-tubulin ﬁ

Fig. 1.

whether PMA-induced lysozyme expression in a time-dependent
manner, we examined lysozyme gene and protein expression at
different time points (Fig. 1B,D). Stimulation with 10 ng/ml of PMA
led to a significant time-dependent increase with a peak at 6-24h
after PMA stimulation.

INVOLVEMENT OF ERK2 MAPK IN PMA-INDUCED

LYSOZYME EXPRESSION

Previous report have demonstrated that PKC isoforms are upstream
of MAPK signaling cascades and trigger cellular response and
cell proliferation in a variety of mammalian tissues or cells
including bone marrow-derived mast cells [Kanashiro and
Khalil, 1998; Redig and Platanias, 2007]. We investigated which
MAPK subfamily members are activated by PMA. As shown in
Figure 2A, phospho-ERK1/2 MAPK was maximally activated at
10 min and decreased after 30 min of PMA treatment, but phospho-
JNK and phospho-p38 were not induced. PMA-treated A549 cells
were used as positive controls for p38 activation.

To examine the involvement of ERK1/2 in PMA-induced
lysozyme expression, cells were exposed to PD98059 (a MEK1
inhibitor) prior to PMA treatment. Pretreatment with PD98059 for
1 h clearly inhibited PMA-induced ERK1/2 MAPK and significantly
suppressed PMA-induced lysozyme expression (Fig. 2B). To identify
the molecules involved in the upstream signaling of ERK1/2 MAPK
in PMA-induced lysozyme gene expression, we investigated the role
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Effects of PMA on lysozyme gene expression in NCI-H292 cells. Confluent cells were treated with increasing doses of PMA (2, 5, 10, and 20 ng/ml) for 24 h (A,C) or

PMA (10 ng/ml) for 1, 3, 6, 12, and 24 h (B,D). Total RNA was prepared and subjected to quantitative real-time PCR with beta2-microglobulin (32-M) as an internal control
(A.B). Total cell lysates were collected for lysozyme Western blot analysis (C,D). “P< 0.05 compared to control (DMSO). Data are presented as mean =+ SD values of three
independent experiments. Figures are representative of three independent experiments.
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PMA induces lysozyme gene expression by ERK MAP kinase signaling. Confluent cells were treated with PMA for the indicated periods of time (5, 10, 30, and 60 min),

and 30 p.g/lane of total cell lysate protein was subjected to Western blot analysis. The blotted proteins were probed with antibodies against phosphorylated or non-
phosphorylated forms of MAP kinases (ERK1/2, JNK, and p38) and a-tubulin (as a control) as indicated (A). Confluent cells were pretreated for 1 h with PD98059 (40 uM) and
RO-31-8220 (5 .M), and then stimulated with PMA for 10 min (to detect the phosphorylation of ERK1/2) or 24 h (to detect lysozyme) prior to the collection of cell lysate
for Western blot analysis (B). Cells were transiently transfected with siPKC and control siRNA (siCon) and stimulated with PMA for 10 min (to detect the phosphorylation of
ERK1/2) or 24 h (to detect lysozyme) prior to Western blot analysis (C). Cells were transiently transfected with siERK1, siERK2, siERK1/2, and control siRNA (siCon) and
stimulated with PMA for 10 min (to detect the phosphorylation of ERK1/2) or 24 h (to detect lysozyme) prior to Western blot analysis (D). The figures shown are representative

of three independent experiments.

of PKC in initiating PMA-induced lysozyme expression. PMA has
been reported to induce PKC activation in several cell types and is
known to regulate ERK1/2 activity [Lee et al., 2002; Hewson et al.,
2004]. To determine the role of PKC, cells were pretreated with
10 M RO-31-8220 (a PKC inhibitor) for 1h before PMA
stimulation, followed by Western blotting (Fig. 2B). RO-31-8220
significantly inhibited PMA-induced ERK1/2 phosphorylation and
lysozyme expression. These results indicate that PMA-induced
ERK1/2 phosphorylation and lysozyme expression occur via PKC
activation.

To further confirm the PD98059 and R0O-31-8220 results, cells
were transiently transfected with ERK1, ERK2, PKC, or control
siRNAs (Fig. 2C,D). Western blot analysis showed that ERK1 and
ERK2 siRNA constructs clearly inhibited ERK1 or ERK2 MAPK, and
PKC siRNA constructs also inhibited PKC indicating that all siRNAs
worked well. In addition, PKC and ERK2 siRNA, but not ERK1 siRNA,

significantly suppressed PMA-induced lysozyme expression. These
results demonstrate that PKC and ERK2 MAPK are essential for
PMA-induced lysozyme expression.

PMA-INDUCED c-Myb ACTIVATION MEDIATES LYSOZYME

TRANSCRIPTION VIA THE CIS-ACTING c-Myb REGULATORY MOTIF
To identify the PMA-response region within the lysozyme promoter,
cells were transiently transfected with various deletion mutants and
treated with PMA for 24 h. PMA increased luciferase activity three-
to fivefold for all promoter constructs, indicating that the —121/4-26
region of lysozyme promoter may be necessary for response to PMA
(Fig. 3A). To further study the potential transcription factors
involved in PMA-induced lysozyme expression, the lysozyme
promoter region (—121/—1) was analyzed for putative transcrip-
tion factor binding sites using the PATCH™ database (http://
gene-regulation.com) and Genomatix/MatInspector database (http://
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Fig. 3. PMA-induced c-Myb activation mediates lysozyme transcription via the cis-acting c-Myb regulatory motif. Cells were transiently transfected with various lysozyme
promoter luciferase reporter constructs and stimulated with PMA for 24 h. Luciferase activity was then measured in PMA-treated or -untreated cells. P < 0.05 compared with
untreated construct. Values shown are means + SD of experiments performed three times. Two putative transcription factor sites (c-Myb and GATA) on the lysozyme promoter
(—121/—1) were identified, and each core motif was indicated (B). Cells were transiently transfected with several lysozyme promoter constructs and stimulated with PMA for
24 h. Cell lysates were harvested and reporter assays were performed. “P< 0.05 compared with —121/+26 reporter construct (C). Site-directed selective mutagenesis was
performed to construct c-Myb binding site mutants as indicated. Values shown are means & SD of experiments performed three times. “*P< 0.05 compared with wild-type
reporter construct (D). All luciferase activities are shown after correction for transfection efficiency using the 3-galactosidase activity of the cell lysates. The figures shown are

representative of three independent experiments.

genomatix.de). Two putative transcription factor sites (c-Myb and
GATA) on the lysozyme promoter (—121/—1) were identified
(Fig. 3B). We performed an additional lysozyme luciferase
assay using deletion mutants within the —121/426 region. PMA
selectively increased the luciferase activity of the —91/+4-26 region
of the lysozyme promoter (Fig. 3C). The PMA-induced luciferase
activity of the —63/+26 region was lower than that of the —91/+26
region, indicating that the —91/—63 region of the lysozyme
promoter may be necessary for its response to PMA. As shown in

Figure 3B, the —91/—63 region contains a c-Myb putative site. To
further investigate whether c-Myb might act as a cis-element,
three constructs for selective mutagenesis of the c-Myb binding
site were generated. The promoter constructs of mutants I and III
decreased the responsiveness relative to the wild-type lysozyme
promoter construct (Fig. 3D). These results suggest that c-Myb
in the regulatory region of the lysozyme promoter may be critical
for PMA-induced up-regulation of lysozyme transcriptional
activity.
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PKC, ERK1/2, AND c-Myb ARE ESSENTIAL FOR PMA-MEDIATED
LYSOZYME PROMOTER ACTIVITY

To determine whether c-Myb plays a role in lysozyme expression,
cells were transiently transfected with c-Myb siRNA or control
siRNA. The effects of the siRNA were analyzed by Western blot
analysis (Fig. 4A). c-Myb siRNA suppressed PMA-induced lysozyme
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expression, indicating that c-Myb is required for PMA-induced
lysozyme expression. To determine the role of PKC and ERK1/2 in
c-Myb expression, cells were transiently transfected with PKC and
ERK1 or ERK2 siRNA (Fig. 4B,C). Western blot analysis showed that
PKC and ERK2 siRNA, but not ERK1 siRNA, significantly suppressed
PMA-induced c-Myb expression. Taken together, these data indicate
that PKC and ERK2 MAPK are essential for PMA-induced lysozyme
expression via c-Myb.

To investigate whether lysozyme promoter activity is affected
by PKC and ERK1/2, we transfected cells with the —91/+26
construct and exposed them to R0318220 and PD98059 for 1h
prior to PMA treatment. Pretreatment with R0318220 and PD98059
significantly suppressed PMA-induced lysozyme promoter acti-
vity (Fig. 4D). Next, to further investigate the role of ERK1/2 and
c-Myb in lysozyme promoter, cells were co-transfected the
—91/+26 construct and siERK1, siERK2, or sicMyb. The activity
of the —91/+26 construct decreased considerably in the presence of
siERK2 or siCMyb (Fig. 4E). However, the activity of the —91/4-26
construct was not decreased with the siERK1. These results suggest
that the activity of the —91/+26 construct is mainly regulated by
ERK2 or c-Myb.

c-Myb BINDING TO THE LYSOZYME PROMOTER IN

RESPONSE TO PMA

To analyze the DNA binding activity of PMA-activated c-Myb,
we performed an EMSA assay using the nuclear extracts of
PMA-treated NCI-H292 cells (Fig. 5A). The activities of lysozyme-
specific c-Myb oligonucleotides increased remarkably in response to
PMA. To identify specific c-Myb binding complexes, competition
and supershift analyses were performed using 50-, and 100-fold
excesses of mnon-radiolabeled (cold) c-Myb oligonucleotide or
mutant c-Myb oligonucleotide, and anti-phospho-cMyb antibody.
The specific band was found to be selectively inhibited by a
consensus c-Myb competitor or anti-cMyb antibody. However, the
specific band was not inhibited by mutant oligonucleotide or rabbit
IgG. These results indicate that activated c-Myb binds to a cis-acting
element in the lysozyme promoter. Consistent with this conclusion,
the binding of c-Myb to the lysozyme promoter was further
confirmed by ChIP assay.

Fig. 4. PKC, ERK1/2, and c-Myb are essential for PMA-mediated lysozyme
promoter activity. Cells were transiently transfected with a c-Myb siRNA
construct. Cells were serum starved overnight and then treated with PMA for
24 h, after which cell lysates were harvested for Western blot analysis (A). Cells
were transiently transfected with siPKC (B) and ERK1 or ERK2 siRNA (C) and
stimulated with PMA for 24 h prior to Western blot analysis. Cells were
transiently transfected with a —91/+26 lysozyme promoter construct. Cells
were serum starved overnight, pretreated with R0318220 and PD98059, and
then stimulated with PMA for 24 h. Luciferase activity was then measured in
PMA-treated and -untreated cells (D). “*P< 0.05 compared with PMA treat-
ment. Cells were transiently transfected with a —91/+26 lysozyme promoter
construct in combination with siRNA constructs for PKC, ERK1, ERK2, or
c-Myb. Cells were stimulated with PMA for 24 h. Luciferase activity was then
measured in PMA-treated and -untreated cells (E). “P< 0.05 compared with
control siRNA treated by PMA. Values shown are means + SD of experiments
performed three times.
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c-Myb binding to the lysozyme promoter in response to PMA. Nuclear protein extract from PMA-treated NCI-H292 cells was subjected to an electromobility shift

assay. Nuclear proteins were incubated with wild-type lysozyme probe, 50- or 100-fold excesses of cold probe, 100-fold excesses of mutant cold probe, and anti-phospho-c-
Myb antibody (1 and 2 p.g) or control IgG (2 j.g) before the electromobility shift assay. The labeled nuclear proteins were separated by electrophoresis on 6% polyacrylamide
gels, and the gels were dried and exposed to autoradiography at —70°C (A). Chromatin prepared from PMA-treated cells (6, 12, and 24 h) was immunoprecipitated using anti-c-
Myb antibodies or normal mouse IgG (control). The immunoprecipitated chromatin was analyzed with PCR using primers specific to the indicated site. Input chromatin
represents a portion of the sonicated chromatin before immunoprecipitation (B). Cells were transfected with c-Myb or control siRNA and stimulated with PMA for 24 h. Cross-
linked protein-DNA complexes were immunoprecipitated using anti-c-Myb antibody or normal mouse IgG. The immunoprecipitated chromatin was analyzed with PCR using
primers specific to the indicated site. Input chromatin represents a portion of the sonicated chromatin before immunoprecipitation (C). The figures shown are representative of

three independent experiments.

We further investigated which regions (transcription factor
binding sites) of the lysozyme gene promoter were activated at
different time points by PMA-induced c-Myb. Since regions —85 to
73 contain putative c-Myb binding sites, we performed ChIP assays
using specific primers (—117/—45) for PCR. We also used the region

—5030/—4954 as a negative control. The ChIP assays clearly showed
that stimulation with PMA led to a significant increase lysozyme
promoter binding activity with a peak at 24 h after PMA stimulation
(Fig. 5B). Anti-rabbit IgG, the negative control, did not yield any
signals, confirming the assay specificity. Input chromatins were also
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used in these assays to indicate that equal amounts of cell lysates
were used from PMA-treated cells. In addition, we examined
the activity of c-Myb in the lysozyme promoter with sicMyb
knocked down in cells. Twenty-four hours after transfection with
c-Myb siRNA or control siRNA, cells were treated with PMA for 24 h.
After purification of DNA in the immunoprecipitate, the abundance
of genomic DNA containing a promoter was determined by
PCR amplification using sequence-specific primer pairs. The ChIP
assays clearly showed that c-Myb directly bound to the lysozyme
promoter (—117/—45). When c-Myb expression was knocked
down by sicMyb, but not control siRNA, the recruitment of
c-Myb on —117/—45 site was reduced. Based on these results, we
conclude that PMA-induced c-Myb protein is strongly recruited to
the chromatin regions of the c-Myb binding site of the lysozyme
promoter.

c-Myb OVEREXPRESSION UP-REGULATES LYSOZYME

EXPRESSION IN NCI-H292 CELLS

To examine the functional role of c-Myb in lysozyme expression,
we used wild-type c-Myb expression vectors in NCI-H292 cells.
Efficient transfection of constitutively active c-Myb expression was
confirmed by detection of wild-type c-Myb proteins. Overexpres-
sion of the wild-type c-Myb affected the level of lysozyme
expression, suggesting that c-Myb activity was required for
lysozyme expression (Fig. 6A). Next, we examined the functional
effects of c-Myb on lysozyme gene promoter activity. To investigate
whether c-Myb overexpression mediates lysozyme promoter
activity, we co-transfected cells with the —91/+26 construct as a
wild-type, a —20/+26 construct that did not contain a c-Myb site, or
mutant constructs (M1, M2, and M3) as site-directed mutations of
the c-Myb site with wild-type c-Myb expression vectors. The
activity of the —91/+26 and M2 construct increased when paired
with wild-type c-Myb, but the activity of the —20/+26, M1, and M3
constructs were not affected by wild-type c-Myb. These results
suggest that the activity of the —91/426 construct was mainly
regulated by c-Myb.

To analyze the DNA binding activity of c-Myb overexpression, we
performed an EMSA assay using the nuclear extracts of c-Myb
overexpressed NCI-H292 cells (Fig. 6C). The activities of lysozyme-
specific c-Myb oligonucleotides remarkably increased in response to
c-Myb. However, the specific band was selectively inhibited by a
consensus c-Myb competitor or anti-cMyb antibody. The specific
band was not affected by mutant oligonucleotide or rabbit IgG. In
addition, we further confirmed this conclusion by ChIP assay. We
investigated which regions (transcription factor binding sites) of the
lysozyme gene promoter were activated at different time points by
c-Myb. The ChIP assays clearly showed that C-Myb overexpression
led to a significant increase (with a peak at 8 h after pcDNA5-cMyb
transfection) (Fig. 6D). Anti-rabbit IgG, the negative control, did not
yield any signals, indicating the assay specificity. Input chromatins
were also used in these assays to indicate that equal amounts of cell
lysates were used. Taken together, these findings suggest that c-Myb
protein is strongly recruited to the chromatin regions of the c-Myb
binding site of the lysozyme promoter to augment lysozyme
transcriptional activation.

Lysozyme, an important anti-microbial peptide derived from serous
cells and the surface epithelium [Dubin et al., 2004]. It is expressed
constitutively in a variety of cells and tissues [Niyonsaba and
Ogawa, 2005]. The predominant localization of lysozyme in immune
cells, including monocytes, macrophages, and leukocytes, as well as
mucosal surfaces and secretions, implies an important role for
lysozyme in the prevention of infection [Dommett et al., 2005].
Epithelial cells are one important cellular source of lysozyme
[Niyonsaba and Ogawa, 2005]. In a previous study, we showed that
lysozyme is expressed in human nasal epithelium and that lysozyme
accumulates in retinoic acid-deficient human tracheobronchial
epithelial cells [Yoon et al., 1999; Kim et al., 2000].

To further extend our study, we investigated the transcriptional
mechanism of lysozyme expression in a human airway epithelia cell
line (NCI-H292) using PMA, a potent PKC activator. NCI-H292 is
widely used as a model for airway epithelial cells because the cells
retain their mucoepidermoid structural characteristics in culture. In
our experience, we have obtained the same results using NCI-H292
cells or nasal epithelial cells. Furthermore, siRNA or plasmid
transfection efficiency in primary nasal epithelial cells is very low.
For these reasons, we selected NCI-H292 cells as a model of the
human airway epithelial cell system.

Previous reports have demonstrated a critical role for PKC-
mediated activation of the MAPK signaling pathway in cellular
responses or cell proliferation [Kanashiro and Khalil, 1998; Redig
and Platanias, 2007] but the exact order of events leading to
lysozyme expression has not been elucidated. Using inhibitors and
siRNA assays, we demonstrated that PMA-induced ERK1/2
phosphorylation was controlled by PKC. The specific knock down
of ERK2 revealed the important role of ERK2 in PMA-induced
lysozyme expression and c-Myb transcription factor activation,
whereas ERK1 did not play a major role in lysozyme expression
(Fig. 4E). Although ERK1 and ERK2 are the main isoforms of MAPK
and these two kinases have similar functions, divergent roles for
ERK1 and ERK2 have been shown in previous reports. Erk1 ~/~ mice
are viable and fertile, whereas Erk2 ™/~ mice experience embryonic
lethality [Pages et al., 1999]. PKC stimulation is involved in ERK2
activation in fetal cerebral arteries, but ERK1 activation in adult
cerebral arteries [Goyal et al., 2009]. In addition, Warren et al.
reported that Erk1 is dispensable, but Erk2 required, for CD8 T cell
activation [D’Souza et al., 2008]. A recent study further proposed
that ERK1 antagonizes the positive signaling provided by ERK2 in
Ras-mediated signaling [Vantaggiato et al., 2006]. The different
effects of ERK1 and ERK2 on signaling may be due to functional and
quantitative differences or to the significant role in their regulation
[Vantaggiato et al., 2006; D’Souza et al., 2008].

To date, the signal molecules involved in the signaling of PMA-
induced lysozyme expression have not been reported. In addition,
there is very little information about which transcription factors are
involved in lysozyme gene regulation. Our transient transfection
analysis indicated that the presence of a cis-regulatory element in
the 5’ flanking region of the lysozyme promoter could potentially
influence lysozyme expression in human airway epithelial cells.
The —85/—73 region of the lysozyme promoter was involved in the
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expression vectors for the indicated times, and total cell lysates were collected for c-Myb and lysozyme Western blot analysis (A). Cells were transiently transfected with a
—20/+26, —91/+26, mutation |, Il, and Il reporter constructs in combination with either c-Myb expression vector or basic vector. Cell lysates were harvested and reporter
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wild-type lysozyme probe, 50- or 100-fold excesses of cold probe, 100-fold excesses of mutant cold probe, and anti-phospho-c-Myb antibody (2 j.g) or control 19G (2 pg)
before the electromobility shift assay. The labeled nuclear proteins were separated by electrophoresis on 6% polyacrylamide gels, and the gels were dried and exposed to
autoradiography at —70°C (C). Chromatin prepared from c-Myb-transfected cells (2, 4, 8, and 12 h) was immunoprecipitated using anti-c-Myb antibodies or normal mouse IgG
(control). The immunoprecipitated chromatin was analyzed with PCR using primers specific to the indicated site. Input chromatin represents a portion of the sonicated
chromatin before immunoprecipitation (D). “NS" indicates a non-specific complex.
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response to PMA and c-Myb was important for lysozyme up-
regulation. c-Myb is a transcriptional activator that contains three
functional domains, including an amino-terminal DNA binding
region, centrally located acidic transcriptional activation region,
and a carboxyl-terminal negative regulatory domain [Biedenkapp
et al., 1988; Ness et al., 1989; Sakura et al., 1989; Dubendorff et al.,
1992]. We found that the PMA-induced c-Myb had both DNA
binding and transcriptional activity in the —85/—73 region. In
addition, specific c-Myb knock down with siRNA completely
blocked PMA-induced lysozyme expression. To examine whether
c-Myb overexpression mediates transcription and translation of
lysozyme without PMA treatment, we constructed a pcDNA5-cMyb
expression vector. Overexpressing c-Myb significantly increased
lysozyme promoter activity as well as protein expression (Fig. 6).
Interestingly, we found that c-Myb both with and without PMA
treatment employed the same mechanisms for increasing lysozyme
promoter activity. Taken together, these results indicate that c-Myb
activity could regulate lysozyme expression in human airway
epithelial cells. NCI-H292 cell line has been widely used for airway
disease studies because it has similar characteristics to nasal human
normal epithelial (NHNE) cells. We have shown that the results in
both NHNE and NCI-H292 cells were the same [Song et al., 2008;
Choi et al., 2009]. Therefore, we expect that the results from the NCI-
H292 cells might represent the same pattern in NHNE cells. Further
work is necessary to explore these regulatory mechanisms.

In summary, we demonstrated that treatment of NCI-H292 cells
with PMA results in activation of PKC, stimulating ERK2 MAPK
signaling and up-regulating lysozyme expression. c-Myb is also
required for transcriptional mechanisms that mediate lysozyme up-
regulation. Further studies are needed to assess the roles of c-Myb in
the regulation of endogenous lysozyme and interaction with other
transcription factors in normal human airway cells.
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