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ABSTRACT
173-estradiol induceMUCS5B gene expression through Ras/Raf-ERK MAP

kinase-RSK1-CREB activation in human airway epitialells

Y 00-Sam Chung

Department of Medicine

The Graduate School, Yonsei University

(Directed by Professor Jeong-Gweon Lee)

MUCS5B is a major mucin of the human respiratorgtrand it is not clear how
MUCSB expression is regulated in various airway diseadas goal of this study was
to determine the mechanisms by which E2 inddE&€5B gene expression in airway
epithelial cells. It was found that fstradiol (E2), a sex hormone, stimulate
MUCSB gene overexpression by interaction with estrogeeptora (ER a) and by
acting through ERK-MAP kinase (MAPK). Co-treatmevith E2 and ER antagonist

ICI 182,780 blocked both E2-induced ERK-MAPK activa and MUC5B gene



expression. It was also found that the activatiop9® ribosomal S 6 protein kinase 1
(RSK1), cAMP-response element-binding protein (CRREBd cAMP-response
element (CRE) (-956 region of théUC5B promoter) responsive signaling cascades
via ERK-MAPK are crucial at the mediatidlUC5B gene expression. This study
further showed that CREB was recruited to CRE togetwith CREB- binding
protein (CBP) and steroid receptor coactivator-R@SL). This coincided with
increased histone H3 acetylation (AcH3) and updHamn of MUCS5B gene
expression. Taken together, these studies giveiaaiai insights into the molecular
mechanism of hormone-induceMUCS5B gene expression and enhance our

understanding of abnormal mucin secretion in respda hormonal imbalances.

Key words : MUC5B, estradiol, signal pathway, MAiRdse
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I.INTRODUCTION

Mechanicochemical proteins produced by airway efiih cells are essential
components of airway mucus, which plays an impoéntale in protecting the airway
from bacterial and viral attacks. Mucin hypersdorets commonly observed in many
respiratory diseases, such as rhinitis, sinustigis media, nasal allergy, chronic
bronchitis, and cystic fibrosis To date, twenty distinct mucin genes have been
identified: MUC1°, MUC2’, MUC3?, MUC4°, MUC5AC"™, MUC5B", MUC6",

MUC7", MUCs8", MUC9", MUC10'®, MUC11", MUC12", MUC13'®, MUC15",



MUC16%, MUC17%, MUC18”, MUC19%, and MUC20*. Of these, MUC5AC and
MUCS5B have been shown to be major components of respjratecretiond> 2
Expression of such mucin genes is increased bwyrmflatory mediators, such as
LPS’, TNF-0®® IL-18?® and neutrophil elastase (NE)In addition to such
inflammatory mediators, it is known that the sexrhone estrogen also induces
glandular hyperplasia and increases mucus in thal naucosd>>"

MUCS5B is one of the major mucins secreted fromhttman airway submucosal
glands. In chronic airway diseases, increases inirmsecretion could be achieved
through marked enlargement of the submucosal glamompanied by increases in
the number of cells involved in MUC5B synthe¥isCurrently, there are a few reports
suggesting that estrogen may be involved MUC5B gene expression in the
endocervix®. However, the precise mechanism has not beennieten.

Many estrogenic actions are mediated by inthaleel estrogen receptors (ERS)
that function as ligand-activated transcriptiontdéas to regulate the expression of
estrogen-responsive gerl@sE2 rapidly activates adenylate cyclase, increasing
intracellular levels of active phospholipase C enerate inositol 1,4,5-triphosphate

and diacylglycerol, stimulating nitric oxide syn#gato generate nitric oxide and

activating the extracellular signal-regulated kandd2 (ERK1/2) mitogen-activated



protein kinase (MAPK) pathway*” The molecular mechanisms of receptor
medicated signaling pathway are not fully underdtoo

The goal of this study was to elucidate detailshef mechanism by which E2
inducesMUCBEB gene expression in airway epithelial cells. Thigdgtrevealed that
ERK MAPK was essential for E2-induc&tlJC5B gene expression in human airway
epithelial cells, and that p90 ribosomal S 6 protéhase 1 (RSK1) mediated the E2-
induced phosphorylation of the cAMP response elérbamding (CREB) protein. In
addition, the transcription activities &iUC5B promoter regions showed that the

CRE in theMUCS5B promoter is important for E2-induc&tlUC5B gene expression.



[I. MATERIALSAND METHODS

1. Reagents

ICI 182,780 was obtained from Tocris (Ellisville,Qyl USA). PD98059
and antie-tubulin antibody were purchased from Calbiochean(Biego, CA,
USA). Anti-phospho p44/42 MAP kinase (Thr-202/T¥42 p-ERK1/2), anti-
p44/42 MAP kinase (ERK1/2), anti-phospho-p38 MARdde (Thr-180/Tyr-
182), anti-phospho-SAPK/c-Jun Miterminal kinase MAP kinase (Thr-
183/Tyr-185), anti-phospho-RSK1 (Ser-380), anti-RE3, anti-phospho-
CREB (Ser-133), anti-CREB, anti-phospho-BR{Ser-118), and anti-ER-
(62A3) antibodies were purchased from Cell Sigmpliechnology (Beverly,
MA, USA). Anti-CBP, anti-SRC-1, anti-H3, and antcA3 antibodies were
purchased from Upstate Biotechnology (Lake Plaiid, USA). The cDNA
construct expressing a dominant-negative versioRas (Ras-N17) and Rafl
was kindly provided by Dr. H. Kim (University of Kea, Seoul, Korea).

2. Cdll culture

Epithelia were isolated from scrapingstleé inferior turbinate of healthy

adult volunteers. None die volunteers had any history of allergic symptoms



nasal polypspr asthma. They did not have a history of smoking did not
take any medicines for the past 6 months. The ve&rs' permissioand the
approval from the Institutional Review Board at ¥einiversity College of
Medicine were obtained for the usetlod specimens. The epithelial cells from
the turbinates werereated with 1% pronase (Type XIV protease, Sigma-
Aldrich ChemicalCo., St. Louis, MO, USA) for 18 to 20 h at 4 °C. fBamove
fibroblastsendothelial cells, and myoepithelial cells, isofhtells werglaced

in a plastic dish and cultured for 1 h at 37 I%0lated epithelial clusters were
divided into single cellby incubating them with 0.25% trypsin/EDTA for 5
min. Passage-2, normal human nasal epithelial (NH¢lEs were seeded in
0.5 ml of culture medium onto 24.5-mt45-um pore size Transwell clear
culture inserts (Corning Inc., Corning, NY, US&glls were cultured in a 1:1
mixture of bronchial epitheligell growth medium (Clonetics, San Diego, CA,
USA) and Dulbecco's modified Eagle's medifinvitrogen, San Diego, CA,
USA) containing supplements described previotisi@ultures were grown
submerged, and culture medium whanged on the first day and every other
day thereafter. The human lung mucoepidermoid cansa cell line, NCI-

H292, was purchased from the American Type CulDodlection (ATCC,



CRL-1848, Manassas, VA, USA) and cultured in RPMéQAQInvitrogen)
supplemented with 10% fetal bovine serum (FBS,ttogen) in the presence
of penicillin-streptomycin at 37C in a 5% CQ humidified chamber. DLD-1
cells were also obtained from ATCC (CCL-221). Fbeaperiments involving
cell culture, phenol-red free RPMI-1640 (Invitrogesupplemented with 5%
dextran/charcoal-treated FBS (Hyclone, Logan, USAlUwas used.

3. RT-PCR

Total RNA was isolated using TRIzol (Invitrogen)ofin NHNE cells
treated with E2 (1& M). cDNA was synthesized with random hexamers
(PerkinElmer Life Sciences, Boston, MA, USA and Re®pplied science,
Indianapolis, IN, USA) using Moloney murine leuk@miirus-reverse
transcriptase (PerkinElmer Life Sciences). Oligdeotide primers for PCR
were designed based on the GenB¥nkequence oMUCS5B (GenBank"
accession no. AJ012453; primer CTGCGAGACCGAGGTCAACATC; '3
primer TGGGCAGCAGGAGCACGGAG). The following PCR abtions
used involved 35 cycles: denaturation at®4or 30 s, annealing at 58 for

30 s, and polymerization at 72 for 30 s. The oligonucleotide primers 62-

microglobulin (used as a control gene for the RRP@ere designed based on



the GenBanKR' human sequence (GenBakaccession no. XM007650, 5
primer CTCGCGCTACTCTCTTTCTGG; '3 primer GCTTACATGTCT
CGATCCCACTTAA). PCR conditions used involved 23 leg as follows:
denaturation at 94 for 30 s, annealing at 56 for 30 s, and polymerization
at 72 C for 30 s. The PCR products were run in a 1.5% asgaigel and
visualized with ethidium bromide under a transillnator.

4. Real-time quantitative PCR

Primers and probes were designed using the Perk@ELife Science
Primer Expres® software purchased from PE Biosystems. Commercial
reagents (TagMan PCR Universal PCR master mix, RESy&tems) and
conditions were applied according to the manufactsir protocol. Three
microgram of cDNA (reverse transcription mixtureligonucleotides at a final
concentration of 800 nM for each primer, and 200 Té¢Man hybridization
probe were used in a 2B-volume. The probe for real-time PCR was labeled
with carboxylfluorescein (FAM) at the '-Bnd and with the quencher
carboxytetramethylrhodamine (TAMRA) at theehd. The following primers
and TagMan  probes were used:MUC5B, forward (5

CTACCTGGACAACCACTACTGC-3), reverse B



TGGTGACAGTGAGGACGATATCC-3) and TagMan probe (FAM-
CTGCCACTGCCGCTGCCGCC-TAMRA), 2-microglobulin  (B2M),
forward (B-CGCTCCGTGGCCTTAGC-3, reverse 5
GAGTACGCTGGATAGCCTCCA-3 and TagMan probe (FAM-
TGCTCGCGCTACTCTCTCTTTCTGGC-TAMRA). Real-time PCR wva
performed on a PE Biosystems ABI PRIBM 300 sequence detection system
(Foster City, CA, USA). The thermocycler parameteese 50C for 2 min
and 95T for 10 min followed by 40 cycles of 98 for 15 s and 60C for 1
min. All reactions were performed in triplicate. eltrelative quantity of
MUC5B mRNA was determined using a comparative threshathod, and
the results normalized againg82-microglobulin as an internal control. Data
were analyzed using the Studentest for paired and unpaired values.

5. Western blot analysis

NCI-H292 or NHNE cells were grown to confluencesiwell plates. After
treatment with 18 M E2, the cells were lysed in1ysis buffer (125 mM Tris,
pH 7.8, 10 mM EDTA, 10 mM DTT, 50% glycerol, anditdh® X-100).
Equal amounts of whole cell lysates were resolved @6 SDS-PAGE and

transferred to a polyvinylidene difluoride membrghallipore, Billerica, MA,

10



USA). The membrane was blocked with 5% skim milkTirs-buffered saline
(TBS, 50 mM Tris-Cl, pH 7.5 and 150 mM NaCl) fohzt room temperature,
followed by overnight incubation with primary ardities in TBS-T (0.5%
Tween 20 in TBS). After washing with TBS-T, the tslavere incubated with
anti-rabbit or anti-mouse antibody (Cell Signalifechnology) in TBS-T for 1
h at room temperature and visualized with ECL reagéanta Cruz
Biotechnology, Inc., Santa Cruz, CA).

6. Immunodetection and quantitation of MUC5B mucin secretion

The immuno-dot blotting assay for detection of angllular mucin
produced by cultured cells has been described queli in detaif® In brief,
after treatment with E2, cultured cells were lysedlx lysis buffer. Equal
amounts of whole cell lysates were applied to eooéllulose membrane (Bio-
RAD Laboratories, Hercules, CA, USA). The membrames blocked with 5%
skim milk in Tris-buffered saline (TBS, 50 mM Ti&; pH 7.5 and 150 mM
NacCl) for 2 h at room temperature, followed by awght incubation with anti-
human MUCS5B antibody (1:200, Santa Cruz Biotechggldnc.) in TBS-T
(0.5% Tween 20 in TBS). After washing with TBS-fietblots were incubated

with horseradish peroxidase-conjugated goat antisedgG in TBS-T for 1 h

11



at room temperature and the signal detected by snenhemiluminescence
(ECL kit, Santa Cruz Biotechnology, Inc.). The datre represented as mean
+ standard deviation (SD) of triplicate from the sagxperiment.

7. Immunofluorescence microscopy

For the histological study, cells were washed thie®s with PBS and
fixed in 3% paraformaldehyde solution [3% (wt/v@iaraformaldehyde, 0.1
mM CaCl and 0.1 mM MgGl, pH 7.4, in PBS] for 10 min. The cells were
washed three times with PBS, permeabilized in OT286n® X-100/PBS for 5
min, and washed three times with PBS. The cellewleen blocked with 10%
normal goat serum (Jackson Immuno Research labs \West Grove, PA,
USA) for 1 h, and washed with PBS. EBRwas detected using the ER-
phospho-ER%, polyclonal antibody (1:75, Cell Signaling Techwmgy), and
incubated for 24 h at@, followed by washes in PBS. The aforementioned
procedure was repeated with an appropriate fluenessothiocyanate (FITC)-
conjugated secondary antibody (1:100, Jackson InonResearch labs Inc).
Cell nuclei were stained with 4,6-diamidino-2-phiémyole (DAPI), and the
coverslips were mounted on slides with Vectashiétdinting Medium (Vector

Larboratories, Inc., Burlingame, CA, USA) and exaea using a Zeiss LSM

12



510 confocal microscope (Carl Zeiss, Inc., ThornayddY, USA).
8. Transient transfection and luciferase analysis
NCI-H292 cells were transiently transfected withLi3&asic (Promega,
Madison, WI, USA), pGL3-MUC5B (-1329/+92), pGL3-MBB (-956/+92),
and pGL3-MUCS5B (-649/+92) constructs using the FNGE Transfection
Reagent (Roche Applied Science, Indianapolis, INBAY according to the
manufacturer’s instructions, incubated for 24 @ated with 1 M E2 for 24 h,
harvested, and assayed for luciferase activityguie luciferase assay system
(Promega, Madison, WI, USA) according to the maciwfieer’s instructions3-
galactosidase activity was also assayed to stardashmple transfection
efficiencies. To confirm that the luciferase adgiviof each construct was
caused by E2, the activity of each construct waayesl in the absence of E2.
9. Small interfering RNA (sSIRNA) treatment
The role of ERK1/2 in mediating the estrogen effagas examined using
ERK1-siRNA (siERK1) or ERK2-siRNA (siERK2) to silea the ERK1 or
ERK2 gene. The siERK1 (Santa Cruz Biotechnology, #t-29307), siERK2
(Santa Cruz Biotechnology, Inc. sc-35335), and diRlNA negative control

(Santa Cruz Biotechnology, Inc. sc-37007) were udéak role of RSK1 in

13



mediating the estrogen effects was examined usBIg1IRsiRNA (siRSK1) to
silence the RSK1 gene. The siRSK1 gene sequencel usaes
AAUUGUCUCCUUUAC CACGUAGCCG, and siRSK1 (Stedith human
CREB gene Acc no. NM001006665) was chemically sgsitted by Invitrogen
Research. The role of CREB in mediating the estragjéects was examined
using CREB-siRNA (siCREB) to silence the CREB gefiee siCREB gene
sequence used was UUACAGCUGCAUCUCCACUCUGCUG, atizREB
(Stealtd™, human CREB gene Acc no. NM134442.2) was chenyicall
synthesized by Invitrogen Research. The siRNA regatontrol (StealtH”,
12935-300, Invitrogen) was used. NCI-H292 cells eveeeded the night
before transfection at a density of 30-50% conftgerby the time of
transfection. Forty nanomol of siERK1/2, siRSK1CREB and siRNA
negative control were used for transfection usingofectamine 2000
(Invitrogen) according to the manufacturer’s instions. Transfected cells
were maintained in culture for 3 days before hdimgsand further analyses.
The efficiency of the siRNA knockdown was deterninigy Western blot
analysis with the appropriate antibodies.

10. Chl P Assays

14



For ChIP assays, chromatin was isolated as desceilsewheré’ In brief,
approximately 10° NCI-H292 cells in 150-mm dishes were treated MBS
containing 1% formaldehyde for 10 min, washed twidth PBS, and fixed
with 125 mM glycine at room temperature for 5 milie cells were rinsed
twice with PBS and resuspended in 1 ml of solufAqi0 mM HEPES, pH 6.5,
0.25% Triton X-100, 10 mM EDTA, 0.5 mM EGTA) by @fing. After a short
spin (5 min at 3000 rpm), the pellets were resudeérin solution B (10 mM
HEPES, pH 6.5, 200 mM NaCl, 1 mM EDTA, 0.5 mM EGTé&gntaining
protease inhibitors, by vigorous pipetting to estrauclear proteins. After
centrifuging at 4,000 rpm for 5 min, the nuclealigie were resuspended in
immunoprecipitation buffer (10 mM EDTA, 50 mM Tr4$€l, pH 8.1, 1% SDS,
0.5% Empigen BB) containing protease inhibitors] aonicated to break the
chromatin into fragments with an average lengtlD.&6f1 kb. The following
antibodies were used in the assapgaf anti-phospho- CREB (Ser-133), anti-
CBP, anti-H3, and anti-AcH3 antibodies an@i@ of rabbit IgG as a negative
control. The CRE (-956 to -753) primers used fotFCénalysis are as follows:
forward (B-ACGCGTGAGGTATTGCAGCGCGGACG-3 and reverse (5

GGTTGAGGAAGCAGCTGCTC-3, with the PCR product being 203 bp.

15



The primers for the negative controls (-3960 to68)7were designed to
amplify the DNA fragment upstream of the CRE eletndorward (B-
CCAGGCACTGGCTCTGAGA-3 and reverse (5

GAGGGTCCCATCGTGTGAC-3, yielding a PCR product of 199 bp.

16



1. RESULTS

1. E2 induces MUCB5B gene expression and MUC5B protein secretion

To determine whether E2 can indubBJC5B gene expression within

NHNE cells, RT-PCR was carried out after treatihg tells with various
concentrations of E2. As the dose of E2 was ine@&®m 10° to 10° M, the
level of MUC5B gene expression and intracellular MUC5B proteipresgsion
were gradually increased. As shown in Fig. 1A an&EBat a concentration of
10° M significantly elevatedMUC5B geneexpression and MUC5B protein
(3.0-fold increase). Accordingly, fOM E2 was used for all subsequent
experiments. To determine whether E2 indubBdiC5B gene expression in a
time-dependent manndUCEB gene expression was examined after exposure
to 10°M E2 for various periods. The level MUCS5B gene expression and
MUCS5B protein expression were increased in a timgetident manner (Fig.
1C and D) and reached a peak after a 24 hr exptsi2 (3.1-fold increase).
Accordingly, all subsequent experiments were tcbéde 24 h.

E2 is known to rapidly induce cytoplasmic signangduction pathways,
resulting in the phosphorylation of target proteft¥

2. E2 increases ERa Ser- 118 phosphorylation

17



Activation of Serl118 in the N-terminal activatioanttion 1 domain of
ERa is related to the phosphorylation of MAPK.E2 rapidly induced
phosphorylation of ER Ser-118 in NHNE cells, with a peak in detectable p
ERa between 5 to 20 min after the introduction of ERj( 2A). To determine
whether ICI 182,780, a specific BRand ER antagonist, inhibited ER
Ser118 phosphorylation, NHNE cells were treatedh wigM I1C1 182,780. ICI
182,780 inhibited ER Ser-118 phosphorylation induced by E2 (Fig. 2BJ an
suppressed E2-induc&JC5B gene expression and p-ERK1/2 activation (Fig.
2C), indicating that E2-induceddUC5B gene expression was ERnediated.
As shown by immunofluorescence staining in NHNHscgtig. 2D), phospho-
ERa Serl18 was distributed equally in the cytoplasm #re nucleus in the
resting state, while phospho-EFRSer118 re-localized to the cytoplasm and cell
membrane upon treatment with E2. These resultsestigipat E2 induces
MUCSB gene expression by ERand pERK1/2, implicating their involvement

in E2-inducedVIUC5B gene expression.

18
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Fig. 1. Effect of E2 orMUCS5B gene expression and intracellular MUC5B
mucoprotein in NHNE cells. Cells were treated wih (10'°, 10°, and 10
M) for 24 h (A, B) or treated with E2 (£M) for 0, 3, 6, 12, and 24 h (C, D).
Cell lysates were harvested for RT-PCR or immunbflot analysis. Total
RNA was isolated, and RT-PCR was performed usirg ghecific primers
described in (A, C) “Experimental Procedures.” Aeglial amounts of whole
cell lysates were processed for immuno-dot blotyasigas described in (B, D)
“Experimental Procedures.” Expression @P-microglobulin f2M) was

analyzed as a control.
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Fig. 2. Effect of 1C1182,780 oMUCSB gene expression in NHNE cells. Cells
were treated with E2 (10M) for 5, 10, 20, 30, and 60 min, and total cell
lysates were processed for Western blot analysiessribed in “Experimental
Procedures.”a-tubulin was used as an internal control (A). Cellsre

pretreated for 1 h with fM 1CI1182,780 and stimulated for 10 min with E2
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prior to the collection of cell lysates for Westdaot analysisa-tubulin was
used as an internal control (B). Pretreated cefieevstimulated for 24 h with
E2 prior to collection for real-time quantitativ€R (C, upper panel) or for 10
min prior to Western blot analysis (C, lower pan&he cellular localization of
the ERx in NHNE was analyzed by immunofluorescence (D).@ilata shown
are a representative experiment repeated at least times with less than 10%

variation.
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3. E2 induces MUCS5B gene expression via ERK1/2 MAPK signaling

To investigate which MAPK signal pathway was adeebby E2 in NHNE
cells and NCI-H292 cells, Western blot analysis wadormed using phospho
antibodies. As shown in Fig. 3A, E2 activated ERKMAPK in both NHNE
cells and NCI-H292 cells (data not shown) with akpactivation at 10 min.
However, activations of phospho-p38 or -c-Jun,Xtminal kinase were not
detected.

To investigate the possible involvement of the ERKMAPK pathway in
E2-inducedMUCS5B gene expression, the real-time PCR was perfornigd w
pretreatment with 3@M PD98059 for 1 h. PD98059 inhibiteadUC5B gene
expression and p-ERK1/2 activation (Fig. 3B). Thessults indicate that the
activation of ERK1/2 MAPK is closely related to EflucedMUCSB gene
expression. For further confirmation, the NCI-H2@2Is were transfected with
SiRNA ERK1, siRNA ERK2 or siRNA negative controlhd siRNA ERK1 or
SiRNA ERK2 transfection was found to suppress ER:ged ERK1 or ERK2
MAPK activity and E2-inducedMUC5B gene expression (Fig. 3C). These
results indicate that the activation of ERK1/2 MARK essential for E2-

inducedMUCSB gene expression in NCI-H292 cells.
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4. Effect of Ras DN and Raf DN on E2-induced MUCBEB gene expression

Ras and Raf are upstream targets of activated MEAPRo examine
whether the Ras/Raf/MAPK pathway plays a role iriitRicedMUC5B gene
expression, cells were transiently transfected wdthstructs encoding Ras DN
(Ras N17) or Rafl DN (crafl, a kinase-defectiverfaf Rafl). The transient
overexpression of Ras or Rafl DN suppressed thiaditized ERK1/2 MAPK
phosphorylation, and E2-inducédUC5B gene expression (Fig. 4A and B).
These results suggest that the activation of ERKIAPK by E2 occurs via a
Ras/Raf-dependent pathway to inddE/C5B gene expression in NCI-H292

cells.
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NHNE cells. The cells were treated with E2 M) for 10, 20, 30 40, and 60
min, and total cell lysates were processed for ®astlot analysis as
described in “Experimental Proceduresi*tubulin was used as an internal
control (A). NHNE cells were pretreated for 1 hiwB0uM PD98059 and

stimulated for 24 h with E2 prior to collection aftal RNA for real-time
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quantitative PCR (B, upper panel). Pretreated gadiee stimulated for 10 min
with E2 prior to the collection of cell lysates f@vestern blot analysis (B,
lower panel). NCI-H292 cells were transfected wsiERK1 (40 nM), and

SiERK2 (40 nM) or siRNA negative control (40 nM)dastimulated with E2

for 24 h prior to real-time quantitative PCR (C,pep panel) or for 10 min
prior to Western blot analysis (C, lower panel).eTHata shown are a
representative experiment repeated at least tlimees twith less than 10%

variation.
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5. RSK1 isrequired for E2-induced MUC5B gene expression

To identify the molecules involved in the down-sire signaling of
ERK1/2 MAPK in E2-inducedMUCS5B gene expression, RSK1 and MSK1
which are substrates of CREHE® were examined. The phosphorylation of
RSK1 by E2 peaked at 10 min and decreased by 6Gaften E2 stimulation
(Fig. 5A). E2 did not affect phosphorylation of MSKdata not shown). These
results suggest that RSK1 acts as a downstrearalisignmediator of ERK1/2
MAPK. To determine whether RSK1 plays an importasie in E2-induced
MUCSB gene expression, an RSK1 silencing study was peed, as RSK1 is
a mediator of cytokine-induced CREB phosphorylatbiser 133. Three days
after transfection, cells were collected, and fifieces of siRNA were analyzed
by Western blot analysis. siRNA specific for RSKfpgressed the levels of p-
RSK1 (Fig. 5B), while the siRNA negative controketed no effect. Knocking
down RSK1 led to a decreased level of M&C5B gene expression as
assessed by quantitative real-time PCR, while ggative control showed no
effect (Fig. 5B). These results indicate that RS&K&an essential downstream

mediator of ERK MAPK signaling for E2-induc&UC5B gene expression.
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6. Effect of CREB on E2-induced MUC5B gene expression

To determine if CREB plays a role in E2-indud@dC5B gene expression,
Western blot analysis was performed using an @mtispho-CREB antibody.
The phosphorylation of CREB by E2 peaked at 20 amd decreased at 40
min (Fig. 6A). To test the role of CREB in trangtional regulation by E2,
siRNA was used to knock down CREB in NCI-H292 cellbree days after
transfection, cells were collected, and the effeétsiRNA were analyzed by
Western blot analysis. siRNA specific for CREB siggsed the levels of p-
CREB (Fig. 6B), while the siRNA negative controbeted no effect. Knocking
down CREB led to a decreased level of ti&JC5B gene expression as
assessed by quantitative real-time PCR, while ggative control showed no
effect (Fig. 6B). These results indicate that atton of CREB is essential for

E2-inducedMUCSB gene expression by ERK MAPK and RSK1.
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7. CRE isrequired for E2-induced MUC5B transcription

Various promoter deletion clones, such as -9569, and -649 to +92,
were constructed based on the -1329 to +92 clor@-He92 cells were
transiently transfected with these constructs aeatéd with E2 (18M) for 24
h. As shown in Fig. 7A, E2 selectively increasedl lticiferase activity of the -
956 to -649 region of th®IUC5B promoter. However, its effect was reduced
on fragments covering the -649 to +92 region, sstygg that the -956 to -649
region of theMUCB5B promoter is required for responding to E2.

Although it has been clearly established that CRitils to theMUCS5B

promoterin vitro,***’

to investigate whether the CRE is required fogeting
CREB to theMUCS5B promoter by E2, ChIP assays were carried out using
SiRNA against CREB. Three days later, the cellsewvtezated with or without
E2 for 20 min and processed for ChIP using an @mispho-CREB antibody,
and the purified genomic DNA was amplified with rpgrs specific to the
MUCS5B promoter (-956/-649). CREB led to an increasénaliinding of CRE
to the MUC5B promoter. However, the binding of CREB was ab@dshy

treatment with CREB siRNA, confirming the effectidss and specificity of

the siRNA (Fig. 7B). These data suggests that CRiEBs to the CRE on the
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MUCS5B promoter, and that CRE is critical for the up-fegjon of MUC5B

transcriptional activity by E2.
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Fig. 7. CRE is required for E2-induc&tlJC5B transcription. NCI-H292 cells
were transiently transfected with varioM&JC5B promoter luciferase reporter
constructs, and stimulated with E2 for 24 h. Lueée activity was then
measured in E2-treated or -untreated cells. Théfehase activities were
corrected for transfection efficiency using fBeyalactosidase activity of the

cell lysates to standardize the values. The vailesvn are meas SD of



experiments performed in triplicate (A). The ChBE3ays were performed with
cells transfected with siRNA CREB or siRNA negatisantrol, then treated
with E2 (10°M) for 20 min. The cells were immunoprecipitatedngsCREB
antibody or control 1gG that either amplified thdREB binding flanking
region inMUCS5B promoter (CRE site) or a region further upstreaat ttoes
not contain a CREB binding site (non-CRE site) (B5, goat antirabbit IgG
(negative control for ChIP). The data shown are@easentative experiment

repeated at least three times with less than 10%atican.

34



8. E2 induces the recruitment of coactivatorsto MUCS5B promoter

Activation of gene expression involves recruitmentaactivator proteins
that function as bridging factors connecting segaespecific transcription
factors to the basal transcription machirf&A.Thus, to determine whether E2
treatment led to recruitment of coactivators to @REB, cells were treated
with or without E2 for 20 min and processed for Ehking antibodies against
CBP, SRC-1, H3, and AcH3. As shown in Fig. 8, EBatment increased the
recruitment of CBP and SRC-1, and increased H3yktiein to theMUCS5B
promoter. These data showed a good correlationdagtwthe increase in CBP
and SRC-1 recruitment and increase of CREB indlgeH2. Taken together,
these results indicate that E2 activates CREB ¢rgt®nal activity by

increasing the recruitment of CBP and SRC-1 tdMREC5B promoter.
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IV. DISCUSSION

Airway inflammation and mucus hypersecretion armiemn features of
various airway diseases, such as rhinosinusitigyres chronic obstructive
pulmonary disease (COPD), and cystic fibrd$isMUC5AC andMUCSB are
the major genes expressed in the human airway, thed glycoprotein
products are the most abundant in mucus secreéfidhdn the normal
distribution pattern of the airway epithelium, MUGS is produced by goblet
cells, while MUC5B is usually produced in the sulbwsal glands®
Interestingly, Cheret al.>* reported that, in addition to the expression by
submucosal glands, MUC5B could be expressed bwacrrdirway epithelial
cells in airway tissue sections obtained from pasievith COPD and asthma.
In various chronic airway diseases, MUC5B is preserthe most tenacious
portions of the mucu¥>* As such, MUC5B may be the most important mucin
associated with mucus viscosity. Therefore, the esuhr mechanism of
MUCS5B secretion regulated by inflammatory cytokir@shormones in the
airway is very important, and the understandinghef mechanism may offer
new therapeutic strategies for inhibiting airwayamsi hypersecretion.

However, the molecular mechanism by whMiVC5B is up-regulated by
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17B-estradiol (E2) remains poorly understood. In 8tigdy, the involvement of
E2 in the up-regulation dIUC5B gene expression in human airway epithelial
cells was investigated.

Although previous work otMUCS5AC gene expression showed that cytokines
such as ILB and TNFa activate at least two MAP kinases, ERK and p38
MAP kinasé’, E2 was shown in this study to only activate ERK&Mkinase

in MUCS5B gene expression. Recently, Chetrel.> also reported that IL-17
inducedMUCS5B gene expression through Janus kinases (JAK) 2ERK
MAP kinase in human, monkey, and mouse airway ¢issMUC5B gene
expression was increased by defensin or uridirig@hosphate (UTP) through
ERK1/2 MAP kinase pathway:>’ These finding support the notion that ERK
MAP kinase is an important signaling moleculdMC5B gene expression.

In the present study, the downstream signaling cutds of ERK MAP
kinase were investigated. RSK1 and CREB were ifiedtias essential
downstream molecules of ERK MAP kinase activatiorER-inducedViUC5B
gene expression. RSK1 is known to be regulated BAPKIERK and is
currently the best candidate for mediation of cyieknduced CREB

phosphorylation at SEF.***%*°Recently, Songt al.* reported that IL-f§ and
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TNF-a inducedMUCBAC gene expression through CREB phosphorylation in
primary human nasal epithelial cells and NCI-H2@8sc In addition, Cheet
al.** reported that CREB activation is required for PGiiilicedMUC8 gene
expression. These findings support this study @REB activation is involved
in the downstream signaling of ERK MAPK and RSKA E2-inducedVMUC5B
gene expression. Gerritsegt al.*° reported that p300 and CBP act as
coactivators of p65 transactivation as well as SR@F- p160 and may play
important roles in the cytokine-induced expressainvarious immune and
inflammatiory genes. These findings suggest thaEBRay interact directly or
indirectly with other transcription factor(s), anghat non-DNA binding
transcriptional coactivators, such as p300, CBH, @RC-1 which are thought
to function as bridging proteins between DNA-birglifactors and the basal
transcription factors, play a role as integratorsliwerse signaling pathways
affectingMUC5B gene expression.

Interestingly, Van Seuningeet al.*® reported that co-transfection of Spi
with fragment 1896 (-956/-1) led to an increaséMfC5B gene expression in
mucus-secreting LS173T and Caco-2 cells, suggesiaigSpl may also be an

important transcription factor.
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The results indicate that the -956/-753 regionhaf MUC5B promoter is
critical for E2-inducedVIUC5B gene expression. In this region of tl&C5B
promoter, there are two possible CREB binding siteshe -922 and -901
region, and since the sequence of these two siteiglentical, it can be inferred
that both of these sites are important for E2-irediMUCS5B gene expression.

In summary, this study demonstrated that the Rd=R& MAPK-RSK1-
CREB cascade is essential for E2-induclUC5B gene expression.
Furthermore, E2 may facilitate the recruitment &RFCand SRC-1 to CREB,
leading to the up-regulation dIUC5B gene expression in human airway
epithelial cells (Fig. 9). This is the first study report E2-inducedMUC5B

gene expression occurring by non-genomic action.
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V. CONCLUSION

This study demonstrated that ERK MAPK is esserital E2-induced
MUCS5B gene expression in human airway epithelial cedisd that p90
ribosomal S 6 protein kinase 1 (RSK1l) mediate th@-infuced
phosphorylation of the cAMP response element bmmd@REB) protein. In
addition, the CRE in theVlUC5B promoter is important for E2-induced

MUCS5B gene expression.
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The abbreviations used are: E2, 17-Estradiol; ERKiracellular signal-
regulated kinase; MAPK, mitogen-activated proteimake; RSK1, p90
ribosomal S 6 protein kinase; CREB, CRE bindingtgirp DN, dominant

negative; siRNA, small interfering RNA.
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Abstract in Korean

7| E=AT Ao A 17p-estradiol o] &gt
MUCSB =t ddo] Aadd d=

MUCSB = At SF7lolA Fe o A& dhfoly o
ZN1E=AgA 2 wde xEVAS o dEAd dA B £
ATolA = estradiol o] AW 7]H S Fste] AbE AT A E

NCI-H292 A|¥o|Ax MUCSB #Ax 2dS FEsteEx Polr izt
3}3 Tt} 17p-estradiol (E2 AT EZE S 2 estrogen receptos. (ERw)<}

ZA3%tsle] ERK-MAP kinase (MAPKE %3}l MUCSB 734 2Hd&

A=3keh E2 9 7 ER 2@AQ) ICI 182, 7802 Foldtd E2 o]
o9& ¢E5H= ERK-MAPK A3 MUCSB S-H Aol wrao] m%

o7



AA A E2 = F2 MAP kinases p38 ¥ IJNK & A3 A 7]A
gororl ERK12 & ZAIAFHIL MEKL Z3A9 PD98059 =

Fol8toS wl E20] 93 ERK1/2Z4 3 MUC5B mRNA W& o] =

—r

AR A E3 SIRNA & ERK1 o]t} ERK2 & knockdown A A<

o] E2 o] ©]8 ERK1, ERK2 ¢ @437 MUC5B mRNA #do] &

—r

A E At Ras ¢ Raf ¢ dominant-negative construck transient
transfection A 71 Ao A= E2 o] 23 ERK1/2 ©] 277 MUC5B
mMRNA & o] 25 A5 9t} siRNA Z RSK12 knockdown*] &
 E2°] 2] MUC5B mRNA 2@ o] A= Utt. siRNA = CREB&
knockdownr] Z1& ® E2¢] gk MUC5B mRNA @ o] A& At}
A= MUC5B promoter constructs #|2}sle] luciferase assay=
Al8E A3t -956bp o4 -649bp Alolo] EA|EE= cAMP-response
element (CRE) site’} ERK-MAPK £ %3} MUCSB 3%} 2ol

F o

rr

Ae & + 3o E2 & AFsile W CREB ©] -
956bp °l 4] -753bp Al°]2] MUCSB promotor o Z&3st= ZS ChIP
assays £3dlo] 2% 4 9¢ltlh. CREBS %3t CRE siteo] CREB-
binding protein (CBP)¥} steroid receptor coactivator-1 (SRGIHL) 7

ZA3tsle] histone acetrylation?} MUC5B 42 wag Z7FA| F T
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kx| 17B-estradiol = 7] X=/3] M| 320l 4| estrogen receptor, Ras, Raf,
MEK1, ERK1/2 MAPK, RSK1Z 4137} Ag%n CREB©°] CBP, SRC-

1 3 &7 MUC5B promoter o A3ste] MUCSB +AA #d S

S ea=
) Al 5] = MUCS5B, estradiol, MAP kinase}l & &
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