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TheCritical role of Nox4 in oxidative stress-induced MUC5AC

overexpression in normal human nasal epithdial cells

Ju hyun Jeon

Department of Medicine
The Graduate School, Yonsel University

(Directed by Professor Joo-Heon Yoon)

Mucus hypersecretion is a prominent manifestationpatients with chronic
inflammatory airway diseases, and MUCS5AC is a maioway mucin. It is well
known that reactive oxygen species (ROS) may belwed in the pathogenesis of
various inflammatory airway diseases. The purpdsthie study was to identify
which secreted mucin genes are induced by exogemgregen peroxide (JD.)
and the mechanism by which these genes are upateduih normal human nasal
epithelial (NHNE) cells. Exogenous ,8, induced the ligand-independent
activation of epidermal growth factor receptors HR} and subsequent activation
of ERK1 MAP kinase, resulting in induction of intelular HO, generation.
Through this signal pathway, exogenoufkmarkedly induced overexpression of
only MUC5AC gene. In addition, Nox4, a subtype of non-phagocMADPH
oxidase, was found to play a key role in intradeHuH,O, generation and

exogenous kD,—~inducedVIUC5AC gene expression in NHNE cells.

Key words: hydrogen peroxid®]UCS5AC; EGFR; Nox4
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I. INTRODUCTION

Mucin hypersecretion is commonly observed in regpily diseases such as
rhinitis, sinusitis, otitis media, nasal allergiranic bronchitis and cystic fibross
¥ To date, 20 different mucin genes have been ifitshtand subdivided into two
groups, the membrane-bound and secreted muMbEC5AC, MUCS5B, MUCS,
MUC7 and MUC19 are the secreted muciff$). MUC5AC and5B are the major
secreted mucins, highly expressed in the gobldés oflhuman airway epithelium
and the submucosal glarfdis®.

Oxidative injury triggered by either inhaled or &y generated reactive oxygen
species (ROS), elicits an inflammatory response taat profoundly impair the

structural integrity and biological properties abbchial epitheliun® °**2 There



are several potential sources of ROS in most deltdding nicotinamide adenine
dinucleotide phosphate (NAD(P)H) oxidase, xanthimédase, uncoupled nitric
oxide (NO) synthase and the mitochondrial respiyattain reaction. Exogenously,
ROS can be produced in response to a variety ohaadtular stimuli such as air
pollutants or cigarette smoking. A large numbessifdies have demonstrated that
ROS, such as hydrogen peroxide,@), superoxide anion (), and hydroxyl
radical, play a role in the progression of manyvair diseases and mucin gene
expression in human airway epithelial ceffé **¥ The mechanism of @,
generation has been studied extensively in phagoogtls, in which @ is produced
via the one-electron reduction of By the multicomponent NADPH oxidase (Nox)
system™®). In contrast, the mechanism behingOpgeneration in non-phagocytic
cells remains unclear but evidence suggests tleatyhktem responsible for,®,
generation in non-phagocytic cells is structurahd genetically distinct from, but
functionally similar to, the Nox system of phagasy('® ') To date, seven
homologs of gi*"*(Nox2), the core component of Nox, have been ifiedtiin
various non-phagocytic cells (Nox1, Nox3, Nox4, HpxDuoxl and Duox2).
Recently, Duox1 was identified in normal human loigal epithelial cells and
shown to generate RG% ' Nox4 is highly expressed in endothelial c&tsbut
there have been few reports about its expressiaimray epithelium.

The regulation of gene expression by oxidativesstisvolves numerous signaling



pathways, including MAP kinase, triggered by reoepyrosine kinases such as
epidermal growth factor receptor (EGFR) 2 ?? Aside from ligand-dependent
activation, EGFR activation may be caused by owidastress that is induced by
activated neutrophils or exogenoug and this activation of EGFR may result in
stimulation of mucin synthesis in NCI-H292 céftd*.

In the present study, we first, examined which eteck mucin genes were induced
by exogenous D, in NHNE cells, includingMlUC5AC, MUC5B, MUC6, MUC7
andMUCI19. Second, we examined the signal pathway resp@n&blup-regulating
these genes and confirmed that EGFR and ERK1/2 MiARse were associated
with H,O, stimulation in NHNE cells. Finally, we investigateahd measured
intracellular HO, generation after the stimulation of exogenous didastress and
examined which Nox subtype was involved in the gretous generation of,8,in
NHNE cells.

We found that exogenous ,®, specifically induced onlyMUCS5AC gene
expression in a dose and time-dependent mannersgtinrthe ligand-independent
activation of EGFR and phosphorylation of ERK1 MARase. Exogenous B,
did not induceMUC5B, MUC6, MUC7 or MUC19 expression Additionally,
exogenous kD, induced intracellular kD, generatiorithrough Nox4, one homolog
of gp’*P"* andinhibition of this intracellular KO, generation suppressédUC5AC

gene overexpression. This study provides the nesighits that exogenous.,®,



generates intracellular,B®,and that Nox4 may play critical roles at the dowaesih
of EGFR and ERK1 MAP kinase in ROS-induddtdd C5AC gene overexpression in

chronic airway diseases.



II. MATERIALSAND METHODS

1. Materials

Hydrogen peroxide (kD,) was purchased from Sigma Aldrich (St. Louis, MO).
Anti-phospho-EGFR (Tyr1068), EGFR antibody, antbgbho-p44/42 MAP kinase
(Thr202/Tyr204), anti-total ERK MAP kinase, antiggpho-p38 MAP kinase
(Thr180/Tyrl82), and anti-phospho-SAPK/JNK MAP Idea (Thrl83/Tyr185)
antibodies were purchased from Cell Signaling (Bgy®&1A). Anti-Nox4 antibody
and ERK1 and ERK2 siRNA were purchased from Sama ®iothechnology
(Santa Cruz, CA, USA). Anti-tubulin antibody and GM6001 were purchased from
Calbiochem (San Diego, CA, USA). Control siRNA @uoble RNA) for Nox4 was
purchased from Dharmacon (Dharmacon Cat# D-00121200 and siRNA for

Nox4 was provided by Dr. Yun Soo Bae (Ewha Womans |\ 5eoul, Korea).

2. Cdl culture

After the approval of the study protocol by thetibosional Review Board of the
Yonsei University College of Medicine, we obtairtbd nasal mucosa samples from
the middle turbinate of healthy patients. Normaimhaun nasal epithelial (NHNE)
cells were cultured as described previou$fy?? In brief, NHNE cells (1 X
10°cells/culture) were seeded in 0.5 ml of culture imedonto a 24.5 mm, 0.45 um-
pore size, transwell-clear (Costar Co, Cambridgd, MSA) culture insert. Cells

were cultured in a 1:1 mixture of basal epithetygbwth medium (BEGM) and



Dulbecco’s Modified Eagle’s Medium (DMEM), contang all the supplements
described previousl{f”. Cultures were grown while submerged for the firste
days, during which time the culture medium was geanon day 1 and every other
day thereafter. The ALI was created on day 9 byoséng the apical medium and
feeding the cultures from only the basal compartm&he culture medium was
changed daily after creation of the ALL.

The human lung mucoepidermoid carcinoma cell IN€J-H292 was purchased
from the American Type Culture Collection (CRL-1848anassas, VA). These
cells were cultured in RPMI 1640 (Invitrogen) sugpented with 10% fetal bovine
serum (FBS) and penicillin/streptomycin at 39°Giihumidified chamber with 5%
CO2. Cells were grown to confluence in 6-well ptagEalcon, Flanklin Lakes, NJ).
For deprivation, confluent cells were washed twigd phosphate-buffered saline

(PBS) and recultured in RPMI 1640 with 0.2% FBSléprive them of seruf®.

3. Experimental conditions

H,O, was diluted in PBS to stock concentrations of T80, 500 and 1000 mM.
The HO, stocks were further diluted in TBE to experimem@ahcentrations of 100,
250, 500 and 100QM. NHNE cells were treated with B, (100, 250, 500, and
1000uM) for 2, 4, 8, 12, and 24 hrs for dose- and tirepehdent studies, and the
expression ofMUC5AC, MUC5B, MUC6, MUC7, and MUC19 were evaluated

using reverse transcriptase PCR (RT-PCR). For wedtiot or intracellular KO,



assays, cells were treated with 280 H,0O, for 5, 10, 30, 60, 120, and 180 min

4. RT-PCR
Total RNA was isolated from NHNE cells treated witbO, (100, 250, 500, and

1000uM) using TRIzol (Invitrogen). cDNA was synthesizetth random hexamer
primers (PerkinElmer Life Sciences and Roche Apgpl&cience) using Molony
murine leukemia virus-reverse transcriptase (P&lkimer Life Sciences).
Oligonucleotide PCR primers were designed basedhenMUC5AC, MUCSB,
MUC6, MUC7, and MUC19 Genbank TM sequences and Nox subunit sequences
(Table 1, 2). We used comparative kinetic analigsisompare mRNA levels of each
gene for each set of culture conditions describredipusly®. PCR products were
resolved on 2% agarose gels (FMC, Rockland, ME)asdalized with ethidium
bromide under a transilluminator. When reversesttaptase was omitted, no PCR
products were observed, confirming that the amplifpeoducts were from mRNA
and not genomic DNA contamination. The specific Hfiaption of target genes was
confirmed by sequencing the PCR products (dsDNAI&€RBequencing System;

GibcoBRL, Rockville, MD).



Table 1. Polymerase chain reaction (PCR) experiahergonditions and
oligonucleotide sequences.

Product Cycle Annealing Primer Oligonucleotide Sequence
Temp (°C)
MUC5AC 32 60 Forward CGA CAA CTACTT CTG CGG TGC
Reverse GCACTC ATC CTT CCT GTC GTT
MUC5B 35 55 Forward CTG CGA GAC CGA GGT CAACATC
Reverse TGG GCA GCA GGA GCA CGG AG
MUC6 35 55 Forward TCA CCT ATC ACC ACACAAC
Reverse GGA GAA GAA GGA AAAAGA G
MUC7 35 55 Forward CCA CAC CTAATT CTT CCC
Reverse CTATTG CTC CAC CAT GTC
MUC19 30 55 Forward TTT AGA GGC ACT GGG ACC AC
Reverse ACC ATT GCC CAA AGAAGT TG
*B2-M 23 55 Forward CTCGCCCTACTCTCTCTTTCTGG

Reverse GCTTACATGTCTCGATCCCACTTAA

B2-M : 2 microglobulin



Table 2. Polymerase chain reaction (PCR) experiaheonditions and

oligonucleotide sequences.

Product Sze Cycle Annealing Primer Oligonucleotide Sequence
(bp) Temp (C)
Noxl 400 35 60 Forward GTA CAAATT CCAGTG TGCAGACCAC
Reverse CAG ACT GGA ATATCG GTG ACA GCA
Nox2 550 35 55 Forward GGAGTT TCAAGATGC GTG GAAACTA
Reverse GCC AGA CTC AGA GTT GGA GAT GCT
Nox3 457 35 55 Forward ATG AAC ACC TCT GGG GTC AGC TGA
Reverse GGATCG GAG TCACTCCCTTCG CTG
Nox4 285 32 55 Forward CTC AGC GGA ATC AAT CAG CTG TG
Reverse AGA GGAACACGACAATCAGCCTTAG
Nox5 238 35 55 Forward ATC AAG CGG CCCCCTTTTTTT CAC
Reverse CTC ATT GTC ACA CTC CTC GAC AGC
Duoxl 106 32 55 Forward CGA CAT TGAGAC TGAGTT GA
Reverse CTG GAATGACGTTACCTTCT
Duox2 181 32 55 Forward CTC TCT GGAGTG GTG GCCTATT

Reverse GGA CCTGCAGACACCTGTCT

5. Real time-PCR

Primers and probes were designed with PerkinElmiée Sciences Prime
Expresg) software and purchased from PE Biosystems. Coniahereagents
(Tagman PCR Universal PCR Master Mix, PerkinElmie ISciences) were used
according to the manufacturer’s protocol. 1 pg DNé& (reverse transcription
mixture), oligonucleotide primers at a final contation of 800 nM and 200 nM

TagMan hybridization probes were incubated in al 5lume. The real time-PCR

10



probe was labeled with carboxyfluoroscein (FAM)tta 5’ end and the quencher
carboxytetramethylrhodamine (TAMRA) at the 3’ enthe MUCS5AC andp2-
microglobulin primers and TagMan probe used areria=d in Table 3. Real time-
PCR was performed using a PerkinElmer Life Sciendéd PRISM” 7700
Sequence Detection System. The parameters wé@fé02 min, 95C for 10 min,
followed by 40 cycles of 9& for 15 sec and 6C for 1 min. The relative
MUCS5AC mRNA quantity was obtained using a comparativelecyitbreshold

method and was normalizedg®-microglobulin as an endogenous control.

Table 3. Experimental primer and Tagman oligonudaeosequences used in real-

time PCR.

Product Primer Oligonuclectide Sequence

MUC5AC Forward 5'-CAGCCACGTCCCCTTCAATA-3
Reverse 5-ACCGCATTTGGGCATCC-3
Tagman probe 6FAM-CCACCTCCGAGCCCGTCACTGAG-TAMRA
*B2-M Forward 5'-CGCTCCGTGGCCTTAGC-3
Reverse 5-GAGTACGCTGGATAGCCTCCA-3’
Tagman probe 6FAM-TGCTCGCGCGCTACTCTCTCTTTCTGGC-TAMRA

2-M : B2 microglobulin

11



6. Western blot analysis

NHNE cells were grown to confluence in 6-well ptatéfter treatment with 250
uM H,0, for 5, 10, 30, or 60 min, the cells were lysedwaX lysis buffer (250 mM
Tris-Cl (pH6.5), 2% SDS, 4%-mercaptoethanol, 0.02% bromphenol blue, 10%
glycerol). Equal amounts of whole cell lysate warsolved using 10% SDS-PAGE
and transferred to a PVDF membrane in Tris-buffex@the (TBS; 50 mM Tris-Cl
(pH 7.5), 150 mM NacCl) for 90 or 180 min at roommfeerature. The blot was
incubated overnight with primary antibody in TTBB5% Tween 20 in TBS). After
washing with TTBS, the blot was incubated for 1tlam temperature with anti-
rabbit or anti-mouse antibody (Cell signaling) ifBS and visualized using the

ECL system (Amersham, Little Chalfont, UK).

7. Cdl trnsfection with ERKI or ERK2 isRNA

Specific siRNA (Santa Cruz) against ERK1 and ERK3wsed to suppress their
respective expressions. The transfection rates RIKIEor ERK2 siRNA were
verified to be over 90% in NCI-H292 cells. 1ug oéch siRNA and 4
Lipofectamine were mixed with RPMI without serundaantibiotics respectively,
and then transfection was performed onto 6-well -N@92 cell plates. This
procedure did not affect cell viability and afte8 #rs of transfection, cellular
deprivation was performed according to usual metffddrhe same procedure was

performed withcontrol siRNA (Santa Cruz, sc-37007)

12



8. Intracdlular H,O, assay

Intracellular ROS production was assessed as epday Ohba et al (25). The
100 =Q2 dishes of confluent cells were stimulated witfOH (250 uM) for 30, 60,
120, and 180 min, washed with modified Eagle’s med{HBSS) without phenol
red and incubated for 10 min in the dark in Krelisgr solution containing pM
2', 7’-dichlorofluorescin diacetate (DCFH-DA). DCFBIA is a non-polar compound
that readily diffuses into cells, where it is hylgaed to the non-fluorescent polar
derivative DCFH and trapped within the céifd In the presence of a proper oxidant,
this compound is converted into 2'7'-dichlorofluscin (DCF) by intracellular
esterases and then oxidized to the highly fluorgs2&’-DCF by HO,. Culture
dishes were viewed on a Zeiss Axiovert 135 invertaitroscope (confocal
microscope) equipped with an x20 Neofluor objectwe Zeiss LSM 410 confocal
attachment. DCF fluorescence was measured at datéo@ wavelength of 488nm
and emission at 515-540nm. Seven fields of eadhw&re randomly selected and
the fluorescence intensity was then measured bl Zass vision system (KS400,
version 3.0). The relative fluorescence intensigswaken as the average of the
seven values and then, the mean relative fluorescariensities were compared

with each groups. All experiments were repeatddat three times.

9. Immunocytochemistry and immunofluorescence studies

Cytospin slides for immunostaining, were made oe tecond day after

13



confluency using NHNE cells and immunostaining \wasformed using anti-Nox4
antibody. The samples were fixed and incubated wathbit anti-Nox4 antibody
(diluted 1:100 in the PBS) overnight afC4 The samples were then washed
repeatedly with PBS and incubated with a seconddiyC-conjugated affinity-
purified goat anti-rabbit IgG (1:250) for 1 hr aiom temperature. After extensive
washing, glass cover slides were mounted and exawiith a confocal microscope.
The same procedures were performed using non-inzadninouse IgG (purified

IgG, Sigma) instead of primary antibody as a negatontrol.

10. Satistical analysis

Data are expressed as meanstandard deviation (SD). At least three separate
experiments were performed for each measurememtt different cell lines or
different NHNE cells. Differences between treatmgnbups were assessed by
analysis of variance (ANOVA) with post hoc test.ffBiences were considered

statistically significant gb < 0.05.

14



1. RESULTS

1. Hy0, induces MUCSAC gene expression in a dose and time-dependent
manner, but not MUC5B, MUC6, MUC7 or MUC19 expression

To examine which secreted mucin genes could becadlbby exogenous B,,
RT-PCR was performed after treating cells (1 %mo with H,O, (100, 250, 500,
and 100QuM) for 24 hrs.MUC5AC mRNA levels increased after,®, treatment
in a dose-dependent manner, MIC5B, MUC6, MUC7, and MUC19 mRNA
levels did not (Figure 1A). This showed that amaegreted mucin genes,
exogenous kD, specifically inducesMUC5AC gene expression. Real-time PCR
revealed thaMUCS5AC gene expression was significantly higher afteattrent
with 250uM (4.2540.59 fold over control; p<0.05), 5Q0M (4.17+40.04 fold over
control; p<0.05), and 1 mM 4@, (5.0840.49 fold over control; p<0.05) (Figure
1B). After HO,treatment for 2, 4, 8, 12, and 24 hrs, we carrigtdre@al-time PCR.
MUCBAC gene expression was higher starting from 8 hrr afesatmen{8 hr:
4.4740.10, 12 hr: 4.948.15, 24 hr: 4.868.02 fold over control; p<0.05; Figure
1C). No corresponding change was found pfi2-microglobulin expression (the

internal control). We used 25M of H,O,for all subsequent experiments

15
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Figure 1. H,Ox-induced mucin gene expressions. (A) Confluent NHi¢Hs were
treated with HO, (100uM, 250 uM, 500 uM, or 1 mM) for 24 h. Cont, controp2-
microglobulin 2 M) was used as an internal control. (*: p < Owd¥en compared
with control) (B) Real-time PCR demonstrating thaseldependent effect of,6,
on MUC5AC gene expression after 24 hr. (C) Real-time PCRatstnating the
time-dependent effect of B, (250 uM) on MUC5AC gene expression. The results
are from three separate experiments (Values aren me8D, # : p < 0.05 when

compared with control).

18



2. Exogenous H,0, induces MUC5AC gene expression through the ligand-
independent activation of EGFR

It is well known that EGFR is activated by oxidatistress and influence
MUCSAC overexpression in NCI-H292 celf§. We examined whether EGFR was
activated after stimulation by exogenougdklin NHNE cells. Maximum activation
of EGFR occurred 10 min (4.90:07 fold over control) after stimulation of
exogenous kKD, (250uM) and gradually decreased thereafter (Figure 2¥g.next
evaluated the mechanism behind EGFR activation. EHHEIls were treated with
galardin (GM6001), a broad-spectrum matrix metabidginase inhibitor, in a dose-
dependent manner (1, 10, 3®1) for 1 hr and then stimulated with exogenouy®H
Pretreatment of NHNE cells with galardin did ndtibit increased phosphorylation
of EGFR after stimulation with exogenous@d (4.7340.34 versus 4.48%29,
4.5340.35, 4.376.16 fold over control, respectively, Figure 2B)dicating that
exogenous kD, increased the phosphorylation of EGFR through ganki-

independent mechanism.

19



3.  Phosphorylation of EGFR and ERK1 MAP kinase is involved in

exogenous H,0, -induced MUCS5AC gene expression

As a next step, we examined the involvement ofMiidd® kinase signal pathway,
as a downstream signal of EGFR. ERK1/2 MAP kinass waximally activated
after 10 min of stimulation with exogenous®d (4.714.71, fold over control;
p<0.05) and gradually decreased thereafter in NHHBIE (Figure 2C). In order to
investigate the involvement of EGFR and ERK1/2 MRKiRase in HO.-induced
MUCS5AC gene expression, we first pretreated NHNE cell$ wiG1478 (10uM),
tyrosine kinase inhibitor, for 1 hr before treatwgh H,O,. Western blot analysis
and real time-PCR clearly showed that AG1478 pa#tnent inhibited the
phosphorylation of ERK1/2 MAP kinase and,®#induced MUC5AC gene
expression (4.80358 versus 1.616:16, fold over control; p<0.05; Figure 2D).

To study the specificity of ERK1/2 MAP kinase, sellere transfected transiently

with ERK1 or ERK2 MAP kinase siRNA, respectivelptdrestingly, transfection

with ERK1 siRNA specifically reduced the exogendigO,-induced MUCSAC
gene expression compared with transfection vatimtrol siRNA (sc-37007)

(4.6740.70 versus 1.82x10 fold over control; p<0.05), while, transfectiwith

ERK2 siRNA did not (4.678.70 versus 4.11:18 fold over control, Figure 2E).

These results indicate that exogenoy®©#+Iinduced MUC5AC gene expression

requireghe activation of EGFR and subsequent phosphooylatf ERK1 MAP

kinase in NHNE cells.

20
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Figure 2. Effect of exogenous @, on the activation EGFR and ERK1 MAP

kinase. (A) NHNE cells were treated with®3 (250 uM) for 5, 10, 30, or 60 min.

Control cells were maintained in basal growth mediwith PBS. Western blot
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analysis demonstrated the effect oi0x on EGFR. (B) NHNE cells were treated
with galardin (GM6001, 1, 10, 3@M) for 1 hr before treatment of B, (250 uM).
Western blot analysis showed that pretreatment galardin did not inhibit the
increased phosphorylation of EGFR. (C) NHNE celerevtreated with D, (250
uM) for 5, 10, 30, or 60 min. Western blot analysi®wed that exogenous,®Gb
increased the phosphorylation of ERK1/2 MAP kinade) NHNE Cells were
treated with AG1478 (1@M) for 30 min, then stimulated with @, (250 uM) for
10 min. Western blot analysis and real-time PCRwgltbthe effect of AG1478. (E)
Western blot and real-time PCR showed the expressad ERK1, ERK2 and
MUCS5AC gene expression after the transfection with ERK#l &RK2 siRNA
respectively. The results of Western blot analyases representative of three
separate experiments and the results of densitpraett real-time PCR are from
three separate experiments (Values are me8P#p < 0.05 when compared with

control, *p < 0.05 when compared with,&, treatment group).
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4. Exogenous H,O, inducesintracellular H,O, generation through NADPH

oxidase

NHNE cells were stimulated with media containin@® #M H,O, for 30, 60, 120,
and 180 min. The production of,8&, was measured using a fluorescence-based
assay with 2',7- DCFH-DA and laser-scanning coadoanicroscopy. The
stimulation of NHNE cells with kD, resulted in a time-dependent increase in the
intensity of DCF fluorescence, with the maximalrgase (4.6-fold) apparent 60 min
after stimulation. Fluorescence had diminished &y thin (Figure 3A).

We next examined whether Nox is involved in exogend4O.—induced
intracellular HO, generation. To examine the involvement of otheryeres, we
investigated the effect of each inhibitors of N@iphenyleneiodium chloride, DPI
Sigma), NO synthase {NVlonoethyl-L-arginine, NMEA, Calbiochem), xanthine
oxidase (allopurinol, Sigma), and NADPH:quinine dotieductase (dicumarol,
Sigma). After pretreating NHNE cells with DPI 30 uMMEA 10 uM, allopurinol
100 uM or dicumarol 30 uM, we measured the charfgmtoacellular HO, and
performed real-time PCR to examinklUCS5AC gene expression. NMEA,
allopurinol and dicumarol did not have a significarhibitory effect on exogenous
H,0,-induced intracellular $0, or MUC5AC gene overexpression (Figure 3B, 3C).
In contrast, pretreatment with DPI, suppressed emogs HO,-induced

intracellular HO, (4.6640.22 versus 1.62%x38 fold over control, p<0.05) and
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MUCS5AC gene expression (4.7@:89 versus 1.52x23 fold over control, p<0.05,
Figure 3B, 3C). These results suggest that exogeHg, can produce intracellular
H,0, through Nox and Nox may affeBMMUC5AC gene overexpression through the

generation of intracellular 4@,
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Figure 3. Production of intracellular #D, through Nox. (A) NHNE cells were

stimulated with media containing 25M of H,O, for 30, 60, 120, or 180 min and

the production of intracellular 4@, was measured using a fluorescence-based assay

with 2’, 7-DCFH-DA and laser-scanning confocal mascopy. The figures of

fluorescent intensity are representative of theggagate experiments and the graph

of intensity is from three separate experimentdy®sare means $D, *: p < 0.05).

(B) After pretreatment with NMEA (1@M), allopurinol (100uM), dicumarol (30
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uM) and DPI (30uM), we measured the change of intracellula®¥ (C) Real-time
PCR showed that the effect of each inhibitors an ekogenous ¥, (250 uM)-
induced MUCS5AC gene expression. Results are from three sepaxgiEriments
with the different NHNE cells (Values are mearSB,”p < 0.05 when compared

with control, *p < 0.05 when compared with treatment group withH
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5. Ligand-independent activation of EGFR and phosphorylation of ERK
MAP kinase mediate intracellular H,O, generation after stimulation
with exogenous H,0..

Next, we investigateavhether EGFR and ERK1 MAP kinase are involved in
exogenous bD.-induced intracellular kD, generation NHNE cells were
pretreated with AG1478 (1®1), or an MEK1 inhibitor (PD98059; 30/) for 30
min before stimulation with exogenous,® for 60 min Intracellular HO,
production was measured using confocal fluorescamncemscopy. The generation
of intracellular HO, was suppressed after pretreatment with AG147&4.86
versus 1.316.28 fold over control, p<0.05) and PD98059 (4.B36 versus
1.3240.20 fold over control, p<0.05; Figure 4), demoatitry that exogenous
H,O,-induced intracellular KD, generation was increased through the activation
of EGFR and ERK1l MAP kinase, which may be involvied Nox-related

generation of intracellular 4@,
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Figure 4. The role ofEGFR and ERK1 MAP kinase in exogenougOrinduced
intracellular HO, generation. NHNE cells were pretreated with AG14ABuM) or
PD98059 (30uM) for 30 min, then stimulated with J@, (25QuM) for 60 min.
Intracellular HO, production was measured using a fluorescence-bassay with

2', 7’- DCFH-DA and laser-scanning confocal microgg. Individual data points
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were quantified as fluorescent intensity units angl presented as a percentage of
control. The figures of fluorescent intensity aepnesentative of three separate
experiments and the graph of intensity is from éhseparate experiments (Values
are mean 45D, “p < 0.05 when compared with controp ¥ 0.05 when compared

with treatment group with D).
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6. Nox4 isthe primary Nox homolog involved in exogenous H,O,-induced
intracellular H,O, generation and MUCBAC gene overexpression in
NHNE cells

To determine whether £, causes a significant increase in the expressidtosf
subtypes and to identify which Nox subtypes mayrivelved in intracellular KO,
generation within NHNE cells, cells were treatedhwéxogenous D, in atime-
dependent manner and RT-PCR for Nox subtypes wésrpeed. Interestingly, only
Nox4 gene expression increased significantly 30 mirerafstimulation with
exogenous kD, (4.3940.39 fold over control; p<0.05 Figure 5A). Afteinstilation
with exogenous kD,, gene expression dfoxl, Nox2, Duox1l and Duox2 did not
increase, besides, Nox3 and Nox5 were not expréasitiNE cells (Figure 5A).
We next performed Western blot analysis to examimether Nox4 protein is
activated after stimulation by exogenougO:in NHNE cells. The expression of
Nox4 protein peaked at 60 min (3.55644 fold over control p<0.05 Figure 5B) after
stimulation with exogenous B, (250uM).

We examined transient transfection with Nox4 siRNA NCI-H292 cells to
verify the critical function of Nox4 in exogenous®-inducedntracellular HO,
generationTransfection with Nox4 siRNA specifically reducedogenous bO,-
increasedNox4 gene expression compared with transfection usorgral siRNA

(Figure 6A). Importantly, our data showed that céthnsfected with Nox4 siRNA,
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did not undergo exogenous®-induced intracellulaf,O, generation and inhibited
MUCS5AC gene overexpression, whereas cells transfected woatitrol SiRNA
exhibited the expected increase igOx andMUCS5AC gene expressidn response
to exogenous D, (Figure 6B, 6C). These results suggest that Nex4 critical
Nox homolog in NHNE cells in response to exogenb®, andis essential for
exogenous bkD.-induced intracellular kD, generation andMUCSAC gene

expression.
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Figure 5. Nox4 gene and protein expressions after stimulatio wikogenous
H.O,. NHNE cells were stimulated with exogenougOk(250 uM) for 10,30, 60,
120, 180 min. (A) RT-PCR showed that oriipx4 gene expression increased

significantly 30 min after stimulation with exogero HO,. (B) The maximum



increase of Nox4 protein was observed at 60 mier afimulation with exogenous
H,0, The results of western blot analyses and RT-PCRemesentative of three
separate experiments and the results of densitpnae® from three separate

experiments (Values are mears®,”p < 0.05 when compared with control)
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Figure 6. The role of Nox4 in exogenous.,®h-induced intracellular kO,
generation andMUC5AC gene overexpression. (A) The increased Nox4 gene
expression was suppressed after transfection o tRNA. Similar results were

obtained in three separate experiments. (B) Re@-BCR showed thaflUC5AC
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expression was suppressed after transfection witkdNsiRNA. Results are from
three separate experiments (Values are me&B#p < 0.05 when compared with
control, * p < 0.05 when compared with treatment group witfOHl (C) The

increased fluorescence intensity after stimulatidgth exogenous D, was reduced
after transfection with Nox4 siRNA. The figures @fiorescent intensity are
representative of three separate experiments angréph of intensity is from three
separate experiments (Values are mearS8Dt”p < 0.05 when compared with

control, *p < 0.05 when compared with treatment group witH
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7. Nox4 is involved in exogenous H,Oxinduced intracellular H,0,
generation downstream of EGFR/ERK 1.

Having established the role of Nox4 in exogenougOHntracellular HO,
generation anlUC5AC gene overexpression, we examined the signal tratiedu
sequence among EGFR, ERK1 MAP kinase, and Nox4. BlIE@Is were pretreated
with DPI (30 uM) and stimulated with exogenous,® (250 uM), followed by
Western blot analysis. No significant change in gi®sphorylation of ERK1/2
MAP kinase was found after DPI pretreatment congbai@ exogenous D,
stimulation alone (Figure 7A). Next, cells werenstected transiently with either
ERK1 or ERK2 siRNA. Transfection with ERK1 siRNAesgfically suppressed the
exogenous KD,-dependent induction oNox4 mRNA expression compared to
control siRNA-transfection (4.6854 versus 1.33*14 fold over control; p<0.05)
and no change ihox4 gene expression was observed by transfection BRK?2
SiRNA (4.6690.54 versus 4.610:49 fold over control, Figure 7BWe obtained
similar results in Western blot analysis. Thesealltesshow that exogenous,®b-
induced MUCBAC gene expressiomequires the activation of EGFR, the
phosphorylation of ERK1 MAP kinase and subsequeox4Noverexpression in

NHNE cells.
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Figure 7. Nox4 produced intracellular J&, through the activation of
EGFR/ERK1. (A) After pretreatment with DPI (@d), NHNE cells were
stimulated with exogenous .8, (250 uM). Western blot analysis showed no
significant change in the phosphorylation of ERKM2P kinase. (B) NCI-H292
cells were transfected with ERK1 and ERK2 siRNAgeTresults of Western blot
analyses and RT-PCR are representative of thresratepexperiments. (Values are

mean_+SD,”p < 0.05 when compared with control).
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8.  Nox4 may belocalized in the cell membrane and the cytoplasm of NHNE

cells.

It has been reported that Nox4 protein is localiretoth paranuclear lesion and
nuclear lesions of human aortic smooth muscle aallhiuman airway smooth
muscle cells®” %) The intracellular localization of Nox4 in NHNE lse was
analyzed by immunofluorescence staining with amtidN antibody. Confocal
microscopic findings revealed that Nox4 was exméds the cell membrane and
the cytoplasm (Figure 8, Right panels). No stainivas detected when primary
Nox4 antibody was omitted and replaced with pulifigG (Figure 8, Left panels).
This finding suggests that after stimulation of gaeous HO,, Nox4 protein in the
cell membranes and cytoplasm may be activated/tirggun the production of

intracellular HO, in NHNE cells.
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Figure 8. The localization of Nox4 in NHNE cells. The ce#lullocalization of
Nox4 proteins in NHNE was analyzed by immunoflucsrge study with anti-Nox4
polyclonal antibody. Positive staining with anti-Nbantibody was noted in the cell
membrane and part of cytoplasm of NHNE cells (righhels). No staining was
detected when the primary Nox4 antibody was omitted replaced by purified 19G

(left panels).
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V. DISCUSSION

In the present study, we showed that exogena®s iHduced intracellular kD,
generation in NHNE cells and thtdUC5AC gene expression was induced by
intracellular HO,. Oxidative stress has detrimental effects on & ftself, since
the molecules involved are potentially toxic to thoslls, and the effect on host
tissue may manifest as inflammatory, allergic otoammune disease$”. It has
been generally understood that endogenous ROS ctisgta some signal pathways,
affecting diverse kinds of genes in response tawtirofactors or inflammatory
cytokines®®32. However, airway epithelium is continuously expbse exogenous
oxidants, including ozone, nitrogen dioxide, diesghaust, and cigarette smoke.
Therefore, exogenous ROS may induce cellular daraag®lecular changes in the
airway epithelium and contribute to pathogenesighronic inflammatory airway
disorders ?* 3 3% We addressed questions about the relationshipvelet
exogenous ROS and secreted mucin genes in NHNE ¢éd found that exogenous
H,0, specifically increased onlylUC5AC mRNA expression in a dose and time-
dependent manner in NHNE celldost secretory proteins are located in the goblet
cell cytoplasm and secreted through exocytosissé&hesults suggest that®3
stimulation induces the expressionMUC5AC mucoprotein in goblet cells, while
MUCS5B, MUC6, MUC7, and MUC19 mucoproteins may not be affected byOs

stimulation.
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ROS-induced signaling has been established in piapithelial cells'* %338 The
intracellular signal pathways responsible for theponse to exogenous® have
been evaluated in relation to EGFR and ERK1/2 MARge in NCI-H292 cellS*

%) In particular, in normal human bronchial epithkliells, it has been suggested
that the activation of EGFR is necessary for exogertO,signal transductioff*

%) Including direct activation by its ligands, var®other mechanisms may activate
EGFR, such as ligand-dependent transactivationligadd-independent activation.
Ligand-dependent transactivation of EGFR is reldtednetalloproteinase-induced
cleavage of membrane-anchored EGFR ligands andlapetdeinase inhibitors can
suppress the cleavage of transmembrane ligandstrandactivation of EGFR.
Smoke or bacterial toxin may stimulate the cleavagehedding of ligands in NCI-
H292 cells®®. Ligand-independent activation of EGFR can be dedudirectly by
exposure to ROS and by different oxidative streslsiging agents, such as
ultraviolet radiation in normal human keratinocyté8. In our NHNE cell
experiments, exogenous® increased the phosphorylation of EGFR. These teesul
parallel those of studies using NCI-H292 cells amstmal human bronchial
epithelial cells. We also found that galardin (GN&)) a broad-spectrum matrix
metalloproteinase inhibitor, did not inhibit the ogenous HKO.,-induced
phosphorylation of EGFR in NHNE cells. These firgiinndicate that exogenous

H,0, participates in the ligand-independent activatbi=eGFR and implicate D,
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as a biologic stimulator in EGFR activation andutagon of the downstream
signaling cascades, especialy ERK1 MAP kinase addUC5AC gene
overexpression in NHNE cells.

The signal pathways between exogenous or envirotaindid,O, and the
generation of intracellular 4@, have not been fully evaluated in airway epithelial
cells. In our results, stimulation with exogenougOifor 60 min increased the
generation of intracellular @, through the activation of Nox, and EGFR/ERK1
MAP kinase signal transduction mediated the Noxiomdl intracellular kD,
generation in NHNE cells. In other words, exogendpS,-inducedMUCSAC gene
expression may be associated with intracellular R@#eration through the
EGFR/ERK1 MAP kinase signal pathway in NHNE cells.

The activity of Nox is significantly increased byarious specific stimuli,
including G-protein coupled receptor agonist, ciriek, growth factors, metabolic

factors, hypoxia-reoxygenation and mechanical dtin#t§" "

Nox homolog

expression has diverse in cell-specific associatidiox1 is usually expressed in
the epithelium of the gastrointestinal tract, whilex2 is expressed in endothelial
cells, including cardiomyocytes and fibroblastsxBlds usually expressed in fetal

tissue and Nox4 and Nox5 has been identified irkitieey, uterus, testis, vascular

endothelium and fetal tiss(fe.
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It has been suggested that Duox is an importantceoof regulated D,
production in the respiratory tra€f ***® Duoxl can be activated by PMA or
neutrophil elastase, producing ROS and resulting NWUC5AC mucin
overproduction in human bronchial epithelial céf8. In addition, differential
cytokine regulations of Duoxl and Duox2 have dgtifunctions in airway
epithelial host defense through the production dSRin human primary
tracheobronchial epithelial ceff.

Intracellular BO, generation of Nox4 has been characterized in Vascu
endothelial cells and smooth muscle cells of thart&” *®) Nox4-derived ROS
induce inflammatory signaling in response to LP&uman aortic endothelial cells
“" and Nox4 activates arachidonic acid throughOHgeneration in cardiac
fibroblasts“?.

Interestingly, we found that, along with the in@eaof intracellular LD,
generation, gene expression of Nox4 alone weeased after treatment with
exogenous kD, in NHNE cells. Nox1, Nox2, Duox1 and Duox2 expressiwere
unchanged. Treatment with exogenouy®halsoincreased the expression of Nox4
protein. Furthermore, the specific inhibition of Nox4 resdtin a significant
reduction in intracellular kD, generation andMUC5AC gene overexpression in
NHNE cells. These results point to a key role fothie generation of intracellular

H,0, and consequenthilUC5AC gene expression in NHNE cells. In contrast with

50



other reports“?*® stating the importance of Duoxl or Duox2 in resfury
epithelial cells, we found that Nox4 was esseritalgenerating intracellular @,
in NHNE cells. This discrepancy may be due to differencestimulants among
reports or the use of upper versus lower airwathepal cells.

Until now, all Nox isoforms were predicted to hav@nsmembrane domains and
has been identified in the cell membrane of varicelts. These Nox families can
generate ROS and the production of ROS is sigmifigsaugmented by various
specific stimuli®Y. The intracellular localization of Nox4 proteinpvkever, has
been reported to be different. Sturrock et al reggbthat Nox4 protein expression
was higher in ER and perinuclear regions of thedwairway smooth muscle cells
after stimulation with TGF-R¥?. Pedruzzi et al also reported that treatment with
7-ketocholesterol induced Nox4 protein expressiphdth paranuclear and nuclear
regions of aortic smooth muscle céfl8. In our study, we found that Nox4 was
localized predominantly in the cell membrane ampau of the cytoplasm of NHNE
cells. The location of Nox4 expression may varycétl and tissue-specific ways.
We speculate, however, that Nox4 is located catitily in the cell membrane,
and exposure to various stimuli may increase esmef Nox4 protein in ER or
ribosomes in the cytoplasm. Nox4 protein may beatet in the cell membrane of
unstimulated cells and in ER or perinuclear regiboells after exposure to various

stimuli.
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In summary, exogenous,8,induces intracellular D, generation via a signal
pathway involving EGFR-ERK1 MAP kinase and Nox4suléing in MUC5AC
gene expression in NHNE cells. Nox4, one subunithef non-phagocytic Nox
system, is located in the cell membrane of NHNHscehd plays a key role in

intracellular HO, generation in NHNE cells.
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V. CONCLUSION

In this thesis, we proposed to identify which stsmtemucin genes are induced by
exogenous hydrogen peroxide,() and the mechanism by which these genes are
up-regulated in normal human nasal epithelial (NHN&Is. After stimulation with
exogenous bD,, gene expression OMUCS5AC increased in dose and time-
dependent manner, bMUC5B, MUC6, MUC7 and MUC19 did not. Exogenous
H,0O, induces the intracellular ), generation via a signal pathway involving
ligand-independent activation of epidermal growdlctdér receptors (EGFR) and
subsequent activation of ERK1 MAP kinase, Nox4 ltexy in MUC5AC gene
expression in NHNE cells. Nox4, a subtype of noagatytic NADPH oxidase, is
located in the cell membrane of NHNE cells and @akey role in intracellular
H,O, generation and exogenous,d3-induced MUCS5AC gene expression in
NHNE cells. Result of this thesis will be contriedtfor fundamental information
to understand mucin hypersecretion mechamism anigead inflammatory airway

disease.
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Abstract (in korean)
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