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Abstract
The Signal Pathway of Platelet Derived Growth Factor-induced
MUCS8 overexpression

in Human Airway Epithelium

Hyun Jik Kim
Department of Medicine

The Graduate School, Yonsei University

(Directed by Professor Joo-Heon Yoon)

It is well known that reactive oxygen speciesO& may participate
in the pathogenesis of various inflammatory airwayseases and
specific enzymes, including NADPH oxidase (Nox), vdia unique
function of generating ROS. Growth factors, such atelet-derived
growth factor (PDGF), epidermal growth factor, canhance the
intracellular ROS generation, resulting in mucugpdrgecretion that is a
prominent manifestation in chronic inflammatory valy diseases. The
purpose of this study was to identify which muciengs are induced
by stimulation with PDGF and the enzymatic mechaniby which
these genes are up-regulated in normal human regstielial (NHNE)
cells. The amount of PDGF was increased in theugissf sinusitis and
PDGF inducedMUC8 gene overexpression through intracellular ROS
generation in NHNE cells. In addition, Nox4, a gsuyl& of



non-phagocytic NADPH oxidase, was found to play sseatial role in
intracellular ROS generation and PDGHduced MUC8 overexpression

in NHNE cells.

Keywords : PDGF, MUCB8, Nox4. Reactive oxygen species
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I . Introduction

Oxidative injury triggered by either inhaled oocdlly generated reactive
oxygen species (ROSkuch as hydrogen peroxide »(b), superoxide anion
(O2), and hydroxyl radical, has been considered agnfuh molecules that
may be related with cancer, cardiovascular diseadegenerative diseases and
inflammatory diseasé& Several airway diseases are characterized by
excessive ROS production and response to ROS twat pcofoundly impair
the structural integrity and biological properties bronchial epitheliurh
There are several potential sources of ROS in phyigo or non-phagocytic
cells, including nicotinamide adenine dinucleotidehosphate (NAD(P)H)
oxidase, xanthine oxidase, uncoupled nitric oxiddO) synthase and the
mitochondrial respiratory chain reactforHowever, evidences indicate that the

primary form of the ROS is superoxide anion;JOand it is produced via



the one-electron reduction of ,Oby the multicomponent NADPH oxidase
(Nox) system in phagocytic cellsin contrast, the mechanism behind ROS
generation in non-phagocytic cells remains unclear evidence suggests that
seven homologs of @Bhox (Nox2), the core component of Nox, have been
identified in various non-phagocytic cells (Nox1,0%8, Nox4, Nox5, Duoxl
and Duox2j.

Mucus hypersecretion is the major pathological festation which is
commonly observed in chronic respiratory diseasash sas rhinitis, sinusitis,
otitis media, nasal allergy, chronic bronchitis arybtic fibrosi$®. Mucin is a
major component of this mucus in respiratory tradtJC5AC and MUC5B
has been generally recognized to be the major girmaicin genes, highly
expressed in the goblet cells of human airway epitm and the submucosal
gland§. However, instead of MUC5AC and MUC5B, MUCS8 is oaspressed
in nasal polyp epitheliumand is also increased by treatment with
inflammatory mediatorsin nasal epithelial ceff4 Therefore, MUC8 maybe
one of important mucin gene expressed in the cbramflammation of human
airway epitheliu. ROS are produced in airway epithelial cells arm t
identification of Nox homologues in airway epitla@li cells implies the
generation of ROS$' Recently, Duoxl was identified in normal human
bronchial epithelial cells and shown to generate SRG™ Nox4 was
expressed predominantly in goblet cells of normalman nasal epithelial
(NHNE) cells, resulting in generation of intractdlu ROS>. These
Nox-induced ROS are thought to modulate the exmes®sf a variety of
mucin genes that are involved in mucus hypersecretind also play a role

in the airway inflammatory diseases. The regulatioh genes or signal



proteins by ROS involves receptor tyrosine kinasehsas platelet derived
growth factor (PDGF) receptor and epidermal grofabtor receptor®*’
PDGF is a potent mitogen and chemoattractant fdts cef mesenchymal
origin and plays an important role in cell prolddon, differentiation and
chemotaxis and is involved in proliferative disasi&™It consists of two
chains, A and B, held together in homodimeric otefadimeric configuration
by disulfide bonds. The three isoforms of PDGF (ABB and AB) modulate
biological responsiveness by interacting specificalith two (@ and R) cell
surface tyrosine kinase receptors. binds the A-chain and the B-chain,
whereas R binds only to the B-chiff. The PDGF ligand receptor system
has strongly been implicated to play roles in agdamumber of normal and
pathologic settings, such as embryonic developmenipund healing,
tumorigenesis, and atheroscler8sis

In the present study, we first, examined whetherGFDA or B was
increased in the tissue of sinusitis patients ahe torrelation between
overexpression of PDGF and generation of ROS in HHNells. We
measured intracellular RO§eneration after the stimulation with PDGF and
examined which Nox subtype was involved in the gethous generation of
ROS in NHNE cells. Second, we investigated which muajenes were

induced by the stimulation with PDGF in NHNE cells.

II. Materiad and Methods

Materials
PDGF-BB, Antia-tubulin antibody and RMonoethyl-L-arginine (NMEA)



were purchased from Calbiochem (San Diego, CA, USANti-Nox4,

Anti-PDGF-A, Anti-PDGF-B antibodies were purchasdtbm Santa Cruz
Biothechnology (Santa Cruz, CA, USA). N-acetyl-Lswine (NAC),

allopurinol, dicumarol and diphenyleneiodium chileri (DPI) were purchased
from Sigma Aldrich (St. Louis, MO). Control and ozcbinant adenoviruses
encoding Nox4 construct and siRNA for Nox4 were vipded by Dr. Yun

Soo Bae (Ewha Womans Univ, Seoul, Korea). A sequeoft 21-nuleotide
residues in length (GTCAACATCCAGCTGTACCATdT) specito the human
Nox4 cDNA(nhucleotide residues, 1474-1492) was setedor synthesis of a
siRNA. The depletion of endogenous Nox4 by the giRWNas confirmed by
RT-PCR.

Cell culture

After approval of the study protocol by the Indiitnal Review Board of
the Yonsei University College of Medicine, humansala middle turbinates
specimens were obtained from two healthy voluntediise culture system
used for the normal human nasal epithelial (NHNElIsc was described
previously>*® In brief, passage-2 NHNE cells (1 X °télls/culture) were
seeded in 0.5 ml of culture medium onto a 24.5-mth45-um-pore
transwell-clear (Costar Co, Cambridge, MA, USA) tard insert. Cells were
cultured in a 1:1 mixture of basal epithelial growinedium and Dulbecco’s
Modified Eagle’s Medium containing all the supplentee described
previously’. Cultures were grown while submerged for the firshe days,
during which time the culture medium was changed day 1 and every

other day thereafter. The air-liquid interface (Alwas created on day 9 by



removing the apical medium and feeding the cultufiesn only the basal
compartment. The culture medium was changed dafter athe ALI was
initiated, and all experiments utilized NHNE celsn 14 days after the
creation of the ALI.

The human Ilung mucoepidermoid carcinoma cell liMg¢CIEH292) was
purchased from the American Type Culture Collecti@RL-1848; Manassas,
VA). These cells were cultured in RPMI 1640 (Inegen) supplemented with
10% fetal bovine serum and penicillin/streptomyah 39°C in a humidified
chamber with 5% C® Confluent cells were washed twice with
phosphate-buffered saline and recultured in RPMKOl6with 0.2% fetal

bovine serum to deprive them of sefim

Methods

RT-PCR

Total RNA was isolated from NHNE cells treated wi#GF-BB (5, 10, 25,
50 and 100 ng/ml) using TRIzol (Invitrogen). cDNAasv synthesized with
random hexamer primers (PerkinElmer Life Sciencesl &Roche Applied
Science) using Molony murine leukemia  virus-reversganscriptase
(PerkinElmer Life Sciences). Oligonucleotide PCRimars were designed
based on the MUC5AC, MUC1, MUC4 and MUC8 Genbank BEQyuences

and Nox subunit sequences (Tables 1, 2).



Product Cycle  Annealing  Primer Oligonucleotide Sequence
Temp (°C)
MUCSAC 32 60 Forward CGA CAA CTA CTT CTG CGG TGC
Reverse  GCA CTC ATC CTT CCT GTC GTT
MUCSB 35 Forward CTG CGA GAC CGA GGTCAACATC
Reverse  TGG GCA GCA GGA GCA CGG AG
MUCS 35 Forward ACAGGGTIT CTC CTC ATT G
Reverse  CG TTA TTC CAG CAC TGT TC
MUCH4 35 55 Forward TGGAACCATTIC TGC AAT CA
Reverse GAG GAA GGC CATGTT GTT GT
MUC1 30 Forward CTC ACCTCC TCC AAT CAC
Reverse GAATGGCACATCACTCAC
p2-M 2 Forward CTC GCC CTA CTC TCT CTT TCT GG

Reverse

GCTTAC ATG TCT CGATCC CACTTA A

Table 1. Polymerase chain

reaction experinhecaaditions and

oligonucleotide sequences.

Size
Product Cycle Annealing  Primer

(bp) Temp (°C)

Oligonucleotide Sequence

400 35 60 Forward
Reverse
Forward
Reverse
Forward
Reverse
Nox4 Forward
Reverse
Nox5 Forward
Reverse
Duoxl Forward
Reverse
Duox2 Forward

Reverse

GTA CAA ATT CCAGTGTGC AGA CCAC
CAGACTGGA ATATCG GTG ACAGCA
GGA GTT TCA AGA TGC GTG GAA ACTA
GCC AGA CTC AGA GTT GGA GATGCT
ATG AAC ACC TCT GGG GTC AGC TGA
GGA TCG GAG TCA CTC CCT TCG CTG
CTC AGC GGA ATC AAT CAGCTG TG
AGAGGAACACGACAATCAGCCTTAG
ATC AAG CGG CCC CCTTIT TIT CAC
CTC ATT GTC ACA CTC CTC GAC AGC
CGA CATTGA GACTGA GTT GA
CTGGAATGACGTTACCTT CT

CTCTCT GGA GTG GTG GCCTAT T
GGACCTGCAGACACCTGTCT

Table 2. Polymerase chain

reaction experinhecaaditions and

oligonucleotide sequences.

We used comparative kinetic analysis to compare mR&Vels for each gene

for each set of culture conditions. The PCR praslugere resolved on a 2%

agarose gel (FMC, Rockland, ME) and visualized wathidium bromide

under a transilluminator. When the reverse trapsgse was omitted, no PCR

products were observed. This result confirms tiat amplified products were

from mRNA and not genomic DNA contamination. Spiecidmplification of



target genes was confirmed by sequencing the PGRupts (dsDNA Cycle
Sequencing System;GibcoBRL, Rockville, MD).

Real time-PCR

Primers and probes were designed using PerkinElbier Sciences Primer
Express® software purchased from PE Biosystems. nG@smwcial reagents
(TagMan PCR Universal PCR master mix, PE Biosysternsd conditions
were applied according to the manufacturer's pmltoddne micrigram of
cDNA (reverse transcription mixture), oligonucleles at a final concentration
of 800 nM of primers, and 200 nM TagMan hybridieati probe were used
in a 25 pl volume. The probe of real-time PCR was labeledthwi
carboxylfluorescein (FAM) at the 5 end and with eth quencher
carboxytetramethylrhodamine (TAMRA) at the 3 endhe MUC8 and

B2-microglobulin primers and TagMan probe used agscdbed in Table 3.

Product Primer Oligonucleotide Sequence

MUCS Forward 5-TAACCCAATGCCACTCCTTC-3"
Reverse 5"-GGAGTGTAACCTGGCTGCTC-3"
Tagman probe 6FAM-GGTTAGGGCTGACCACAGAA-TAMRA
p2-M Forward 5"-CGCTCCGTGGCCTTAGC-3"
Reverse 5"-GAGTACGCTGGATAGCCTCCA-3

Tagman probe 6FAM-TGCTCGCGCGCTACTCTCTCTTTCTGGC-TAMRA

Table 3. Experimental primer and Tagman aligdeotide

sequences used in real-time PCR.

Real-time reverse transcription-PCR was performaedaoPE Biosystems ABI

PRISM® 7700 sequence detection system (Foster Cif). The thermocycler



parameters were 50 °C for 2 min and 95 °C for 1 rfullowed by 40
cycles of 95 °C for 15 s and 60 °C for 1 min. A#action was performed
in triplicate. Relative quantity ofMUC8 mRNA was obtained using a
comparative threshold method, and results were aliwed against

32-microglobulin as an endogenous control.

Western Blot analysis

NHNE cells were grown to confluence in 6-well ptateAfter treating with
25ng/ml, PDGF for 5, 10, 30, 60, or 120 min, thdiscevere lysed with 2X
lysis buffer (250 mM Tris-Cl (pH6.5), 2% SDS, 49%-mercaptoethanol,
0.02% bromphenol blue, 10% glycerol). Equal amouritswhole cell lysates
were resolved on 10% SDS-PAGE and transferred topodyvinylidene
difluoride membrane in Tris-buffered saline (TBS) 3nMTris-Cl (pH 7.5),
150 mM NaCl) for 1 h at room temperature. The bleais incubated
overnight with primary antibody in TTBS (0.5% Twe&® in TBS). After
washing with TTBS, the blot was incubated for 1 h raom temperature
with anti-rabbit or anti-mouse antibody (Cell siing) in TTBS and
visualized using the ECL system (Amersham, Littlealfont, UK).

Intracellular ROS Assay

After stimulating confluent cells with PDGF (25 nd) for 10, 20, 30, and
60 min, they were washed with RPMI (lacking phenedl) and incubated for
10 min in the dark in Krebs-Ringer solution contan 5 upM
2’ 7’-dichlorofluorescin  diacetate (DCF-DA). DCF-DAis a non-polar

compound that readily diffuses into cells, where it hydrolyzed to the

10



non-fluorescent polar derivative DCF and trappedhiwi the cells 24. We
washed the cells with 1 ml of HBSS at least fivenes to get rid of
exogenous bD.. In the presence of a proper oxidant, this comgous
converted into 2'7’-dichlorofluorescin (DCF) by iatellular esterases and then
oxidized to the highly fluorescent 2'7-DCF by RO& reactive nitrogen
species (RNS)Culture dishes were viewed on a Zeiss Axiovert 13%erted
confocal microscope equipped with an x20 Neoflubjective and Zeiss LSM
410 confocal attachment. DCF fluorescence was medsat an excitation
wavelength of 488nm and emission at 515-540nm. rbdigdds of each dish
were randomly selected and the fluorescence irtengas measured with the
Karl Zeiss vision system (KS400, version 3.0). Tkeven values were
averaged to obtain the mean relative fluorescemtensity, and the mean
relative fluorescence intensities were used for mamisons. All experiments

were repeated at least three times.

Cell transfection with Nox2 and Nox4 SIRNA

Specific sSIRNA against Nox2 and Nox4 was used tppsess their respective
expressions. The transfection rates of Nox2 or Ne¥NA were verified to
be over 90% in NCI-H292 cells. NCI-292 cells wemansiently transfected
with Nox2, Nox4 siRNA using oligofectamiffé reagent following the
manufacturer’'s instruction (Invitrogen). 1lug of kacsiRNA and A
oligofectamind" were mixed with RPMI without serum and antibiotics
respectively and then transfection was performetb dirwell NCI-H292 cell
plates. This procedure did not affect cell viapililand after 48 hrs of

transfection and cellular deprivation was performeacording to usual

11



methods. The same procedure was performed wentrol siRNA (200

nmol/l, Dharmacon)

Adenoviral transduction of human airway epithelial cells.

Control and recombinant adenoviruses encoding Nogdnstruct were
incubated with NCI-H292 cells for 60 min at roommyerature in RPMI.
After incubation, adenovirus infection of NCI-H29&lls was performed by
overnight incubation in RPMI containing 10% fetalovine serum and
penicillin/streptomycin. The next day, the mediunaswreplaced with complete
RPMI containing 10% fetal bovine serum and perigtreptomycin. The
cells were used for experiments 48 hr posttrangmucifter they were starved

for 24 hr in RPMI medium containg 0.5% fetal bovieerum.

Satistical analysis

At least three separate experiments were perforfioedeach measurement
and the data are expressed as meastandard deviation (SD) of triplicate
cultures. Differences between treatment groups wassessed by analysis of
variance (ANOVA) with a post hoc test. Differences were considered

statistically significant at p < 0.05.

12



Il. Results

The expression of PDGF-A and B protein is higher in the tissue of sinusitis
patients, comparing the normal tissue.

We obtained the normal tissue and nasal polyp frtbe 9 volunteers,
including 4 volunteers having normal sinus and thiher 5 with chronic
sinusitis, to examine whether PDGF level is incedash chronic infection of
paranasal sinus. We performed western blot analysisg polyclonal PDGF-A
and B antibody and the result showed that the egme of PDGF-A was
increased in the patients with sinusitis (4.2 falder normal), comparing the
expression in the normal subjects. Similar pattefrresults was shown in the

expression of PDGF-B (over 10.1 fold over normafufe 1A, 1B).

Figure 1
(A) Normal Sinusitis patients
|1 ? 3 4| I1 2 3 4 5|
> ——
PDGF-A S8 & . B L L i- 30 kDa
PDGF-B . 30KD:
R
tubulin T Wkl B s Bl b BB W g
(B)
. PDGF-A i PDGF-B
T

|

Relative PDGF A protein expression
 a-tubulin {fold over basal)
w
Relative PDGF B protein expression
I a-tubulin {fold over basal)
@

| ] L

Normal Sinusitis patients Normal Sinusitis patients
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Fig. 1. (A) Western blot analysis for PDGF-A and i the tissues of normal volunteers and
sinusitis patients. Western blot analysis demotisgathe protein expression of PDGF-A and
PDGF-B was increased in the tissue of sinusitisepts (N=5), comparing to the expression in
the tissue of normal volunteers (N=4). (B) Densitmy for the expression of PDGF-A and B.
The amount of PDGF increased in the tissue of #isupatients. The results of densitometry

are presented as meanstandard deviation (SD).

These findings demonstrate that the expression BIGRA and B is
increased in the sinusitis patients than normal dhd increased-level of

PDGF may play a role in the pathogenesis of chramasitis.

PDGF induces MUC8 gene expression in a dose and time-dependent manner,
but not MUC5AC, MUC1 and MUC4 expression.

To examine which mucin genes could be induced lyustion of PDGF,
RT-PCR was performed after treating cells (1 ><6/mo with PDGF-BB (5,
10, 25, 50, and 100 ng/ml) for 24 MUC8 mRNA levels increased after
PDGF treatment in a dose-dependent manner, MWC5AC, MUC1, and
MUC4 mRNA levels did not (Figure 2A). This result showisat among
membranous mucin genes, PDGpecifically inducesMUC8 gene expression
and comparing secreted mucin genes, PDGF does ffiett ao the gene
expression ofMUCH5AC, major secreted mucin gene. Real-time PCR revealed
that MUC8 gene expression was significantly higher aftelattreent with 25
ng/ml (3.48©.38 fold over control; p <0.05), 50 ng/ml (4.8023 fold over

control; p<0.05) and 100 ng/ml PDGF (4.9880 fold over control;p<0.05)

14



(Figure 2B). After PDGFtreatment for 2, 4, 8, 12, and 24 hrs, we carried
out real-time PCR.MUC8 gene expression was higher starting from 8 hr
after treatment (8 hr: 3.45498, 12 hr: 4.069.32, 24 hr: 4.618.74 fold over
control; p <0.05; Figure 2C). We used 25 ng/ml PD@F all subsequent
experiments

Fig. 2.

(A)

PDGF (ng/mi)

100

o
o
o
—
=3
ha
o
@
=]

Muce

MUC 4

Muc1

MUC SAC

™
X7
=

(B)

G!

-

Normallzed relatlve MMUC8 gene

Normallzed relatlve MUC8 gene
expresslon (Fold over basal)
expresslon (Fold over basal)

oo D

Hel
o 2 4 ] 12 4 hr

PDGF (ng/ml) PDGF (25 ng/mi)

Fig. 2. (A) RT-PCR for MUC8, MUC4, MUC1, MUC5AC. N¥E cells were treated with
PDGF (5 ng/ml, 10 ng/ml, 25 ng/ml, 50 ng/ml, 100/mf for 24 hr. 32-microglobulin G2M)
was used as an internal control. RT-PCR showing PD@&luced MUC8 gene expression as

dose-dependent manners. (B) Real-time PCR demtingtrthe dose-dependent effect of PDGF

15



on MUC8 gene expression after 24 hr. (C) Real-time PCR atstnating the time-dependent
effect of PDGF (25 ng/ml) orMUC8 gene expression. The results are presented as mean

SD of triplicate cultures (#:p < 0.05 when compaseith control).

PDGF induces intracellular ROS generation through NADPH oxidase.

NHNE cells were stimulated with media containing 2§ml PDGF for 10,
20, 30 and 60 min. The amount of ROS was measursthgu a
fluorescence-based assay with 2',7'- DCFH-DA andetescanning confocal
microscopy. The stimulation of NHNE cells with PDGFesulted in a
time-dependent increase in the intensity of DCForfiscence, with the
maximal increase (4.64-fold) apparent 10 min aftetimulation and
fluorescence had diminished by 60 min (Figure 3AYe next examined
whether increased amount of intracellular ROS walved in PDGF-induced
MUCS8 gene overexpression. NHNE cells were treated Wwi@hM NAC, ROS
scavenger 1 hr before the stimulation with PDGF &Fml) and performed
intracellular ROS assay and real-time PCR. Pretreat with NAC suppressed
PDGF-induced intracellular ROS generation. In addjt increased level of
MUCS8 gene expression was suppressed significantly se caf pretreatment
with NAC (4.0140.40 versus 1.38%39 fold over control; p<0.05) (Figure

3B).

16
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Normallzed relative MUC8 gene

expresslon (Fold over basal)

Relatlve DCF fluorescence Intensity
(fold over basal)
w

o

ol o Mol l

Hel 10 20 30 60 min
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Fig. 3. (A) Intracellular ROS assay after treatmevith PDGF. NHNE cells were stimulated
with media containing 25 ng/ml PDGF for 10, 20, 3@, 60 min, and the production of
intracellular ROS was measured using a fluorescbased assay with 2’, 7'-DCF-DA and
laser-scanning confocal microscopy. The figures flabrescent intensity are representative of
three separate experiments, and the graph of itfedspicts mean +SD of triplicate cultures

(#:p < 0.05). (B) Intracellular ROS assay and teak PCR after pretreatment with NAC.
After pretreatment with NAC (30 uM), we measurede tithange of intracellular ROS.
Intracellular ROS assay and real-time PCR shows #ffect of NAC on PDGF (25

ng/ml)-induced intracellular ROS generation aMdUC8 gene expression. The results are
presented as mean $D of triplicate cultures (#:p < 0.05 when compamgith control, *:p <

0.05 when compared with PDGF treatment group).

These data suggest that PDGF can produce intrlgelROS and increased
amount of intracellular ROS promotddUC8 gene overexpression in NHNE

cells. To determine which enzyme is involved in AB{duced intracellular

17



ROS generation, we inhibited each enzymes, involiredintracellular ROS
generation, using Diphenyleneiodium chloride (DPINox inhibitor),
N®-Monoethyl-L-arginine  (NMEA. NO synthase inhibitpr) allopurinol
(xanthine oxidase inhibitor) and dicumarol (NADPHimne oxidoreductase
inhibitor). After pretreating NHNE cells with DPI03uM, NMEA 10 uM,
allopurinol 100 uM or dicumarol 30 uM, we measurgde change of
intracellular ROS and performed real-time PCR toaneixe MUC8 gene
expression. NMEA, allopurinol and dicumarol did nbtve a significant
inhibitory effect on PDGF-induced intracellular RO®r MUC8 gene
overexpression. In contrast, pretreatment with D&ippressed PDGF-induced
intracellular ROS and MUC8 gene expression (4.7@23 versus 1.82Dx06

fold over control; p <0.05) (Figure 4).

NMEA Allopurinol Dicumarol DPI

Normallized relative MUC8 gene
expresslon (Fold over basal)
w

PDGF - + + + + +

NMEA Allopurinol Dicumarol DPI

Fig. 4. Intracellular ROS assay and real-time PCRerainhibition of enzymes to generate
intracellular ROS. After pretreatment with NMEA (10M), allopurinol (100 uM), dicumarol
(30 uM), and DPI (30 uM), we measured the changeintfacellular ROS andMUC8 gene

expression. Intracellular ROS assay and real-tin@R Fshows the effect of each inhibitor on

18



PDGF (25 ng/ml)-induced intracellular ROS productiand MUC8 gene expression. The results
are presented as mean SD of triplicate cultures (#:p < 0.05 when compareith control,

*p < 0.05 when compared with PDGRreatment group).

These results suggest that PDGF can produce ititdace ROS through
Nox and the activation of Nox may affedlUC8 gene overexpression

through the generation of intracellular ROS.

Nox4 is the primary Nox homolog involved in PDGF-induced intracellular
ROS generation and MUC8 gene overexpression in NHNE cdlls.

To determine whether PDGF promotes a significantreiase in the
expression of Nox subtypes and to identify whichxNsubtypes may be
involved in intracellular ROSgeneration within NHNE cells, cells were
treated with PDGF ina time-dependent manner and RT-PCR for Nox
subtypes was performed. The PCR finding showed M4 and Nox2 gene
expressions increased significantly 5, 10 min regpely after stimulation
with PDGF (25 ng/ml). Expression dfloxl, Duoxl, and Duox2 genes did
not increase andNox3 and Nox5 were not expressed in NHNE cells after
stimulation with PDGF (Figure 5A). Having estabéishthe role of Nox2 and
Nox4 in MUC8 gene overexpression by PDGF-induced intracell[R@S, we
subjected the cells to transient transfection waiRNA for Nox2 and Nox4.
We obtained the same results when the experimdfiggiré 3A, 3B, 4, 5A)
were performed using NCI-H292 cells. Accordinglye veubjected NCI-H292

cells to transient transfection and infection fooxNsubtypes to verify the
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critical function of Nox in PDGF-induceihtracellular ROSgeneration

After transfection with  Nox4 siRNA, PDGF-inducedMUC8 gene
overexpression was suppressed (4832 versus 1.63x16 fold over control;
p <0.05) but transfection with Nox2 siRNA did notduce PDGF-induced
MUCS8 gene overexpression comparing with control siRNA33+40.22 versus
4.534#0.05 fold over control; p <0.05) (Figure 5B). We xheperformed
western blot analysis to examine whether Nox4 mots activated after
stimulation with PDGF in NHNE cells. Western blohadysis demonstrated
that the expression of Nox4 protein peaked at 5 wafter stimulation with

PDGF (25 ng/ml) (Figure 5C).
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Fig. 5. (A) RT-PCR for Nox subfamily. NHNE cells wee stimulated with PDGH25 ng/ml)

for 5, 10, 30, or 60 min. RT-PCR shows tha&ox4 and Nox2 gene expression increased
significantly 5 and 10 min after stimulation withDBF. (B) Real-time PCR after transfection
with Nox2 and Nox4 siRNA. Real-time PCR showing th#fect of inhibition of Nox2 and
Nox4 with each siRNA on PDGF-inducelUC8 gene expression. (C) Western blot analysis
for Nox4 after stimulation with PDGF. NHNE cells mgestimulated with PDGRK25 ng/ml) for

5, 10, 30, 60, or 120 min. Western blot analysis demotiaggathe maximum increase of
Nox4 protein was observed 5, 10 min after stimafativith PDGF The results of western blot
analysis, RT-PCR and real-time PCR are represgataif three separate experiments, and the
results of densitometry are presented as meaBD+ of triplicate cultures (#:p < 0.05 when

compared with control, *:p < 0.05 when comparedhwRDGF treatment group).

The regulation of Nox4 is responsible for change in PDGF-induced
intracellular ROS generation and MUC8 gene expression.
To study the specific function of Nox4 in PDGF-imed intracellular ROS,

resulting in MUC8 gene overexpression, NCI-H292 cells were infectdth
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adenovirus encoding Nox4 (AdNox4), in addition t@nsfection with Nox4
siRNA. Transfection with Nox4 siRNA specifically deced Nox4 gene
expression (Figure 6A) and resulted in decreasibgsiRinducedMUC8 gene
expression (4.77309 versus 1.7M-06 fold over control; p <0.05) and
intracellular ROS (4.3740.40 versus 1.40:28 fold over control; p <0.05),
compared with transfection using control siRNA (Fig 6B, 6C).

Infection with AdNox4 resulted in significant ine@sed Nox4 gene expression
(Figure 6A) and inducedVUC8 gene expression with treatment of PDGF
(6.29+1.27 versus 1.72x49 fold over control; p <0.05) and intracellulROS
(6.78+1.38 versus 4.22:20 fold over control), compared with infectionings
control adenovirus. In case of only infection withdNox4 without PDGF
treatment, real-time PCR showed thstUC8 gene expression was higher,
comparing with cells which is infected control adeinus (3.110.37 versus
1.7240.43 fold over control). These findings demonstfathat Nox4 is a
critical Nox homolog to produce intracellular RO8 NHNE cells and is
essential for PDGF-induced intracellular ROS getimma and MUC8 gene

expression.
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Fig. 6. (A) The increased Nox4 gene expression wa@spressed after transfection with Nox4

siRNA. Real time-PCR shows thdUC8 expression was suppressed after transfection with
Nox4 siRNA. (B) Nox4 gene expression was increased after infection whlox4
overexpression vector (AdNox4). Real-time PCR shothet MUC8 gene expression was

increased after infection with AdNox4, independgngitimulation with PDGF. The results are

23



presented as mean $D of triplicate cultures (#:p < 0.05 when compamgith control, *:p <
0.05 when compared with PDGF treatment group). (®@jracellular ROS assay after
transfection with Nox4 siRNA and infection with Néxoverexpression vector. Intracellular
ROS assay demonstrating the effect of Nox4 siRNAd aAdNox4 on PDGF-induced
intracellular ROS production. The figures of fluscent intensity are representative of three
separate experiments, and the graph of intensipictde mean_+SD of triplicate cultures (#:p

< 0.05 when compared with control, *: p < 0.05 whesmpared with PDGF treatment group).

We also carried out western blot analysis for Noprbtein expression,
using human tissue of normal volunteer and chraosiltusitis patients. The
expression of Nox4 protein was increased in theudis of patients with
chronic sinusitis (over 8.2 fold), comparing thepmession in that of the

normal volunteer (Figure 7).

Normal Sinusitis patients

1 2 3 4 1 2 3 4 5

WDUIIN  — — — — — .

el

[ ]

Normal Sinusitis patients

Relatively Nox4 proteln expresslon
(fold over basal)
S8 = MW os ;o @ W

Fig. 7. Western blot analysis for Nox4 in the tssuof normal volunteers and sinusitis
patients. The amount of Nox4 increased in the d@ssf sinusitis patients. Western blot

analysis demonstrating the protein expression ok4Nwas increased in the tissue of sinusitis
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patients (N=5), comparing to the expression in tlesue of normal volunteers (N=4). The

results of densitometry are presented as megBD+

Importantly, these findings showed that Nox4 can bgpressed more
abundantly in nasal tissue with chronic sinusitignt normal nasal tissue and
suggests it may be involved in the pathogenesismotin gene expression

and chronic infection of nasal tissue through ietlular ROS generation.

Phosphorylation of ERK1/2 MAP kinase is involved in PDGF-induced
intracellular ROS generation and MUC8 gene expression.

As a next step, we examined the involvement of M&P kinase signal
pathway as a upstream signal of Nox4. ERK1/2 MARage was maximally
activated after 5, 10 min of stimulation with PDGB.9240.32, 4.0946.66,
fold over control; p <0.05) and gradually decreasedreafter in NHNE cells
(Figure 8A). No significant change was detectedpB8 and JNK activation
(data not shown). In order to investigate the i@t between PDGF receptor
and ERK1/2 MAP kinase in PDGF-inducedUC8 gene expression, we first
pretreated NHNE cells with STI571(1 uM), a PDGF emor inhibitor, for 1
hr before treatment with PDGF. western blot analyand real time-PCR
clearly showed that STI571 pretreatment inhibitdte tphosphorylation of

ERK1/2 MAP kinase and PDGF-inducddUC8 gene expression (4.1Q:#42
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versus 1.818.19 fold over control; p <0.05; Figure 8B).
Fig. 8.

(A) (B)

PDGF STIST1

PDGF - + = .

L Lo e |

i tERK !

+ERK -
#

5o

A
iy edlnn

Fig. 8A. Effect of PDGF on the activation ERK1/2 MAkinase. NHNE cells were treated

0 5 10 30 60 min

p-ERK1/2

Normalized relative MUCS gene
expression (fold over control)

{ Total ERK (fold over controll)

Relatively phosphorylation of ER1/2

with PDGF (25 ng/ml) for 5, 10, 30, or 60 min. Wast blot analysis demonstrates the effect
of PDGF on ERK1/2 MAP kinase. (B) Effect of PDGF dhe activation ERK1/2 MAP

kinase. NHNE cells were treated with STI571 (glegvé uM) for 1 hr before treatment with
PDGF (25 ng/ml). Western blot analysis and reaktiRCR show that pretreatment with
STI571 inhibited the activation of ERK1/2 MAP kimasand PDGF-inducedVlUC8 gene

overexpression. The result of western blot analy@s representative of three separate
experiments, and the results are presented as me&D of triplicate cultures (#p < 0.05

when compared with control, *:p < 0.05 when comparvgth PDGF treatment group).

To study the specificity of ERK1/2 MAP kinase, eselwere transfected
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transiently with ERK1 or ERK2 MAP kinase SiRNA, pestively.
Interestingly, transfection with ERK1 and ERK2 MARKinase SiRNA
specifically reduced PDGF-induced Nox4 protein esgion, intracellular ROS
generation, and MUC8 gene expression compared with control siRNA
transfection (sc-37007) (4.5625 versus 1.4M:02, 1.676.10 fold over
control; p <0.05, Figure 9A, 9B).

Fig. 9
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Fig. 9. (A) Nox4 produced intracellular ROS througfie activation of ERK1/2MAP kinase.
NCI-H292 cells were transfected with ERK1 and ERKPAP kinase siRNA. Western blot
analysis shows that Nox4 protein expression deeteasdter transfection with ERK1 and ERK2

siRNA, respectively. (B) Nox4 produced intracellul®OS through the activation of ERK1/2
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MAP kinase. Intracellular ROS assay and real-timeéRPdemonstrates that transfection with
ERK1 and ERK2 siRNA inhibited PDGF-induced intragklr ROS generation anMUC8 gene
expression. The results of western blot analyses iatracellular ROS assay are representative
of three separate experiments, and the resultspresented as mean S$D of triplicate cultures

(#:p < 0.05 when compared with control, *:p < 0.0fhen compared with PDGF treatment

group).

These results indicate that PDGF-inducBtJC8 gene expressiomequires
the activation of ERK1/2 MAP kinase and subsequactivation of Nox4 in

NHNE cells.

V. Discussion

In this study, we presented that in chronic simsiPDGF expression was
increased and stimulated intracellular ROS germraiin NHNE cells, resulting
in MUC8 gene overexpression. We have focused on the rbléNax4 in
generating intracellular ROS required fBiUC8 gene expression.

The airway epithelium is constantly exposed to awid generated internally
and is vulnerable to oxidant damage. ROS generdtiomesponse to variety
stimuli is considered as an essential pathologiecefto the host and the
effect on host tissue may manifest as airway infletory, allergic, or

autoimmune diseas®é’. Many growth factors can mediate intracellular
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signaling, such as transforming growth factor RHsid fibroblast growth
factor, epidermal growth factor (EGF), vascular a@hdlial growth factor and
PDGPF** and especially, PDGF plays an important role ifi peoliferation,
differentiation and chemotaxis and involved in wad disorder§®. In our
study, PDGF expression is increased significantly the tissue of patients
with chronic sinusitis, comparing to the normalstis. We also found that
PDGF can increaseéMUC8 gene expression, known as an important mucin
gene in chronic sinusitis and nasal pdfypFrom these findings, we suggest
that PDGF can promote the pathogenesis of chranfiection throughMUCS
gene overexpression in NHNE cells.

ROS has been known to be closely related with gainiflammation and
increased oxygen burden may arise harmful effect réspiratory traét.
Physiologically, ROS induce remodeling of extradeM matrix and blood
vessel, stimulate mucus secretion and alveolariremspons€. PDGF can
use and produce ROS as a mediator for intracellsigmaling in various cell
types, such as HepG2 cells, hepatic stellate celldmonary artery smooth
muscle cells and fibrobladts® Our results showed that PDGF produced
intracellular ROS in NHNE cells and scavenging ddR by NAC completely

inhibited PDGF-inducedMUC8 gene overexpression. Therefore, PDGF can
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induce chronic infection througMUC8 gene overexpression in NHNE cells
and intracellular ROS is an important mediator IDEF-inducedMUC8 gene
overexpression.

It has been presented that ROS is an essentialtrgigbgor inflammation,
tumorigenesis and apoptosis. Accordingly, the sttmlyidentify the enzymatic
source of ROS is important in clinical practice. xNplays a key role in
ROS generation in response to a number of stin®ll@rt In this study, we
presented that in NHNE cells, Nox is unique souine PDGF-stimulated
intracellular ROS generation. The activity of Nax significantly increased by
various specific stimuli and Nox homolog expressioas diverse cell-specific

41

associations™. It has been suggested that Duox is the major Nomolog

found in airway epitheliufd™***

Duoxl can be activated by PMA or
neutrophil elastase, producing ROS and resulting MUC5AC mucin
overproduction in human bronchial epithelial cglisin addition, Duox1l and
Duox2 gene and protein were expressed dominantly hiiman trachea,
localized in the apical portion of epithelial céllsOur previous study have
suggested that exogenous,(d increases the expression of Nox4 in NHNE

cells and Nox4 is expressed predominantly in gobkdt of airway epithelial

cells®. We performed real-time PCR for 7 Nox homologs hwihuman
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turbinate tissue in nasal cavity and among thenx2Nand Nox4 were highly
expressed (data was not shown). In the presenty,stwé found thatgene
expression of Nox2 and Nox4 were higher by treatmaith PDGF in
NHNE cells, along with the increase of intraceltuld®ROS generation.
Expressions of Nox1l, Duoxl, and Duox2 were unchdnged expression of
Nox3 and Nox5 were not detected in NHNE cells. Have specific
inhibition of Nox4 decreases PDGF-induced intradetl ROS generation and
MUC8 gene overexpression, whereas inhibition of Nox2 esdonot.
Knocking-down experiments demonstrated that Nox4 laa critical role in
PDGF-inducing MUC8 gene overexpression through intracellular ROS
generation.

It has been known that Nox4 expression is stromgbgerved in the kidney,
placenta, pancreas and endothelial €&lfs In addition, several evidences
indicated that Nox4 plays an important role in actllular ROS generation in
vascular endothelial cefls osteocladt skin fibroblast® and adipocyt®. Our
study showed that Nox4 can produce intracellularSR@nd induceMUCS
gene expression in response to PDGF stimulation NHNE cells.
Down-regulation of Nox4 contributes to the impairé®DS generation and

decreasedMUC8 gene expression. Moreoveqverexpression of Nox4 can
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increase intracellular ROS generation leadingMb/C8 gene overexpression,
regardless of PDGF in NHNE cell$hese findings demonstrates that Nox4 is
a critical enzymatic source of ROS generation in N¥H cells and
Nox4-generated ROS is a mediator MUC8 gene overexpression in response
to PDGF stimulation.

The signal pathways behind the response to growdhtofs and the
generation of intracellular ROS have not been fulyaluated in airway
epithelial cells. However, MAP kinase signal pathwsas been reported to be
related with cell differentiation and proliferatian airway epithelial cells. We
observed that stimulation with PDGF promoted theegation of intracellular
ROS through the activation of Nox4, and ERK1/2 MA#fnase signal
transduction mediated the Nox4-induced intracellulROS generation in
NHNE cells. In other words, PDGF-inducddUC8 gene expression may be
associated with intracellular ROS generation thhougRK1/2 MAP kinase
signal pathway in NHNE cells.

PDGF-induced intracellular ROS generation and N@wpression start at 10
min after stimulation. HoweverlMUC8 gene expression increased 8 hr after
stimulation with PDGF. We thought that this timeffelience may be

originated from histopathologic changes of airwayittelium. The amount of
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PDGF is increased in inflammation in normal nasplthelium and it can
induce the gene and protein expression of Nox4 idwely. Nox4 starts to
produce intracellular ROS and these intracellul@®SRgenerate histopathologic
change in nasal epithelium, such as goblet celletpipsia and submucous
glandular change. We suggested that intracellu@S#hduced histopathologic
change may take at least 8 hrs in nasal epitheland finally, it induces

mucin gene transcription and expression.

V. Conclusion

PDGF-A and B expressed higher in the patients witihonic sinusitis. This
increased PDGF induces intracellular ROS generati@sulting in MUC8
gene expression in NHNE cells. The expression okdN@s also increased in
sinusitis patients and in NHNE cells response tocGPDIn present study, we
thought that PDGF and Nox4 play an essential rolegathologic mucin gene
expression and may be correlated with the mechariénthronic sinusitis

through intracellular ROS generation.
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