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of: 7 10 um 1]5Le] 7] V)Y B2 (particulate matter, PMI0)S ChFSE A4 7| e 4 ALS: 2=
TS feth 2 A9 5H2 Az 23] 2 F A ZZHEK) A PM10°] &3l §-E == vhg
F(ROS) Y HAUES goti = Zolth, #jeE HEKE PM10°] =&AH S o ROS7} 571513

™, o= F4EEHA| apocynine] o3 A= ek, PM10o] &3 f=% = ROS A/ ol 4] NADPH oxidase
(NOX) family®] 92 +9H3st7] Y3le] o] &2 mRNA Hd S EX31%th, PM102 NOX1, NOX2, dual
oxidase (DUOX)1 ¥ DUOX22] mRNA &3 Z7}A1FH T o2 NOXE9| Bl 3dle] DUOX1 ¥ DUOX22]
e $F0] =90, o]E A4 9 maturation factors, < DUOXA12} DUOXA22] mRNA & = PM109]|
oJste] Frtstoint, Zw 9&4 &AQl DUOX1Y DUOX27}F PM109] 23 # === ROSS] S wjst=
A ZAreEAT, A=A Al ZY Za e o]E ] BAPTA-AM2 PM10 ¥ Z< ionophore A23187¢f §-%= ¥
ROS A4S AAAIFAT 22 714 RNA (siRNA)©| 98k DUOX29] 1 2d-2 PM10°] 293 #E % ROSE]
AL I A A F 3l DUOXL siRNAE g gFo] ¢lelth PM102 interleukin (IL)—103, IL—6, IL—-8 ¥ interferon
(IFN)-v 5 At E7FRIS] WHES F7HAF T, siRNAY] 9Jgt DUOX29] &}3F 242 IFN-vo] H&d-& A 8lishgl
ARE o2 AboE7FQLE] -2 ABistA] ottt £ A= PMI09] &% HEKS ROS A4 2 4% whgol
Al DUOX27 8% 98 3h& AlAbgt,

Abstract: Particulate matters with a diameter of < 10 um (PM10) exert oxidative stress and inflammatory events in
various organs. The purpose of this study was to examine the molecular mechanism of reactive oxygen species (ROS)
production induced by PM10 in the human epidermal keratinocytes (HEKs). When cultured HEKs were exposed to
PM10, ROS production was induced and it was inhibited by apocynin, an antioxidant. The mRNA expression of NADPH
oxidase (NOX) family was analyzed in order to examine their role in PM10-induced ROS production. PM10 increased
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the mRNA expression of NOX1, NOX2, dual oxidase (DUOX) 1 and DUOX2. HEKs expressed DUOX1 and DUOX2
at higher levels compared to other NOXs. The mRNA expression of dual oxidase maturation factors, DUOXAI and
DUOXA2, was also increased by PM10. We examined whether these calcium-dependent enzymes, DUOX1 and DUOX2,
mediate the PM10-induced ROS production. A selective intracellular calcium chelator, BAPTA-AM, attenuated ROS
production induced by PMI10 or calcium ionophore A23187. The small intereference RNA (siRNA)-mediated
down-regulation of DUOX2, but not DUOXI, attenuated the ROS production induced by PM10. PM10 increased the
expression of inflammatory cytokines such as interleukin (IL)-1f, IL-6, IL-8 and interferon (IFN)-y. SIRNA-mediated
down-regulation of DUOX2 suppressed the PM10-induced expression of IFN-y but not other cytokines. This study suggests

that DUOX2 plays a crucial role in ROS production and inflammatory response in PM10-exposed keratinocytes.

Keywords: airborne particulate matters, dual oxidase 2, reactive oxygen species, calcium ion, keratinocytes
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SihEe] Efes EIRIth nAHA= dAke] =79
o2} 10 ume|3l= U]AﬂE'jX](partlculate matter, PM10), 2.5
umo|stE Zu|AHX|(fine particulate matter, PM2.5), 0.1
umO|s1S =Fu|AM|HX|(ultrafine particulate matter, PMO.1)=
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2 <18 PMo] oJ5] 4] FTS HR=CHIL PV HESA]
AkAZF(reactive oxygen species, ROS)2] AA] 9 FQFa| ARl
AH(tumor necrosis factor, TNF)-a, ¢1E]57)(interleukin, 1L)-1
B IL6 9 L83} 22 915 Aojeriele] Hujg S
Al AEHAS G 10-12]. E3F PMO] k3o OJ5h
FHEALO|E 0|2 (superoxide anion, O), ITHiFRlads
(hydrogen peroxide, H0,), 123l 3lo|=SA] 2hz
(hydroxyl radical, OH)Z} Z-> ROS®E| ZF7k= matrix
metalloproteinases (MMPS), Z MMP-1, MMP-2 ¥ MMP-9
o] &olts ZRIHI3]. PME thf
3t 311741/]%_& O}E—L]H E]-‘?'—Oﬂ(atopic dermatitis), 9J==
(acne), Z1*l(psoriasis)s A5 wFASe| F= vIRIH
[10-12,14]. T2 PMO]| f-=Bi= ROSE| AAdol| ciiet =
AYUSE 79| BEAIA] it
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NADPH oxidase (NOX) family+= Af|3Z U] ROS9] ¢
© =2 NOXI, NOX2, NOX3, NOX4, NOX5, dual oxidase
(DUOX) 17} DUOX2= 7719 NOX =42 255tk 7t
740 AH {ulo) 24E thEATE o] NADPH =
FH Ak RS Agsie] ROSE Adsk= e o
SHCA{15]. o]#gt NOX fae <= Ho] B Al A3 A
G e Aol WY oA, A 71s Asks 52
goje 7lofgltil6el. o2 NOX family % DUOXIZ}
DUOX2= maturation factor®] DUOXA1Y} DUOXA2S ZQ
2 3ItH17,18]. DUOXlﬂ]- DUOX2= Zi ol ZA3g
EF-hands WE|ZE 7|l Qlom, Al f Z= o]29]
71l ofsh 2 "éﬁ}ﬂ‘ﬂ HROE A/dRH19]. &4 At
off oJaf =E% #H AfFopdlEEolA MW L o] oJ&
A Al ROS7F -S-=%tH20]. DUOX2/DUOXA29]
Hol= Az 7HPA 7% Al 2 3293t dato] Q)
T H = QJr21,22].

2 Ao) HA2 QA su] ZHPAR A4 PMI0®]
O} =%+ ROS AJAdof|A NOX family, £3] DUOX22]
ogto]| sl Yohd= Zlolch

2. W= Y M

2.1, A2k

7] mgRr ERPMI0, 5% #3252 ERM-CZ120),
1,2-Bis(2-aminophenoxy)ethane-N,N,N’,N’-tetraacetic acid
tetrakis (acetoxymethyl ester) (BAPTA-AM), A23187%}
2"7’-dichlorodihydro  fluoresccein ~ diacetate  (H.DCFDA)+—=
Sigma-Aldrich (St. Louis, USA) of|&] F-ufis}ick
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Table 1. Sequences of primers used for PCR amplification of gene transcripts

Gene GenBank Accession

Sense primer

Antisense primer

symbol No. (5—3") (5—3)

NOX1 NM 007052 AAT GCT GTC ACC GAT ATT CCA  AGA TTA CCG TCC TTA TTC CTA TAA CTC

NOX2 NM 00397.3 TGT TAG TGG GAG CAG GGA TTG TCA GAT TGG TGG CGT TAT TGC

NOX3 NM 015718 CAC TGA AGC TGA GCA AGG TGT A CGT GTT TCC AGG GAG AGTA AGA GA
NM 016931.3

NOX4  NM 001143836.1
NM 001143837.1

GCA TGT GGC TGC CCA TCT

GCC AGG AAC AGT TGT GAA GAG A

NM 001184779
NOX5 NM_001184780

TGG ATC GAA GGT GTC CAA GA

CAG CAG GCT CAC AAA CCA CT

NM 024505
DUOX1 NM_O17434 CTT GAA CAA TTT GTG CGG CT GCA GGG TGG TAT TIC GGA TT
NM 175940
DUOX2 NM 014080 GGG TTT TCA AAG CTC CCA AG TGT TGT CCT CCA ACT CCG AA
NM_144565.3
DUOXAT 1 012762671 CAT TCC TCT GCT GGC TAC TG AGC ATG TGG CCA CCA TAA AC
DUOXA2  NM 2075813 CAG TGC AGA ATG GTT CGT GG TGG GGT CCC TGT GAG TGT AA
IFN-y NM 000619 ACT GTC GCC AGC AGC TAA AA TAT TGC AGG CAG GAC AAC CA
IL-1p NM 000576.2 CCT GTC CTG CGT GTT GAA AGA GGG AAC TGG GCA GAC TCA AA
IL-6 Nmfol(fol:ooogjl AAG CCA GAG CTG TGC AGA TGA GTA TGT CCT GCA GCC ACT GGT TC
IL-8 NM_000584.3 CTG CGC CAA CAC AGA AAT TA ACT TCT CCA CAA CCC TCT GC
GAPDH  NM 001289746.1 ATG GGG AAG GTG AAG GTC G GGG GTC ATT GAT GGC AAC AA

2.2, QIZt HIO| HEKS| HHQF

A3219] #31 HEK(Invitrogen, USA)= 10% EpiLife
Defined Growth supplement®} SFBA|(100 U/mL HUYAH,
100 ug/mL AE#EDJ|AL 025 pgml ¢FEEHEAl By
3E5I5h= BpiLife WJR)(Gibco BRL, Grand Island, USA)oj|4]
Hiekalglct. M= 5% CO, 9F 571 95% 2] 37 C of|A]
ujoksIck

2.3. Small intereference RNA (siRNA) X{Z2|

217k DUOXI1 (Gene ID; 53905) 2! DUOX2 (Gene ID;
50506)°]] thgk siRNAQ}F 2/ thx 22|l FHfe] Lo}k
(Dagjeon, Korea)ollA] F+BF3ATE & ¢1-of A8 siRNA
AgL siDUOXI #1, (sense) 5 ““CAG GAU ACC GGC
CAU UUC U-3’%} (antisense) 5 “AGA AAU GGC CGG
UAU CCU G-3’; siDUOX1 #2, (sense) 5 ‘-CAC AAC UAA
UUU CAC CCA A-3°7} (antisense) 5 “UUG GGU GAA
AUU AGU UGU G-3’; siDUOX2 #1, (sense) 5 ‘-GUG AUC

UCA ACC CUA AUG U-3’1} (antisense) 5 “-ACA UUA
GGG UUG AGA UCA C-3%; siDUOX2, #2, (sense) 5 ‘-CAG
UCA AUG UCU ACA UCU U-31} (antisense) 5 ‘-AAG
AUG UAG ACA UUG ACU G-3’o|t}. HEK®] 100 nM
SiRNAS} 1.25 ul/mL Lipofectamine RNAIMAX (Invitrogen,
USA)o] EFHEl Opti-MEM EFH2S 4 h 59k Zj2]eto]
transfection 3t ¥, A7 HA|oA HlSFSIATE

2.4, PM109| X{2|ghH

12-well plate of well & 4 x 10° 7]] A|ZZS o] A%
|0l 4] 24 h BiOFSISTE PMIOS 10 mg/ml %5 PBS
o 3sajo] AT sock GOk A AR B7Felol
FAIE 2F 527t HES SIIn:

2.5. ROS Mol &4
12-well plateo]] wellg 4 x 10° 7h2] A|ZES Ho] AJ#;
AloAl 24 h wielRitE AlEE 3 EAIIAL

1

jus)
==

2
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H:DCEDA(10 uM)E 30 min 2]t 2 PMI0G3-100 pg/mL)
FE= A23184(0.1-3 uM)o]] 30 min == 3}Ith Apocynin
(500 M) = BAPTA-AM (5 - 10 uM)yS H,DCFDA 4]
30 min o]Fe] MA 2Tt HZE 1% SDSE ot &5
of (20 mM®] Tris-Cl, 2.5 mM2] EDTA, pH 7.5) 150 uL&
3ok 5, 13,000 rpm ©f|A] 30 min YAEZ|EIe] Al

o] Gemini EM fluorescence &3 njo|A2Z|0|E
=7 (Molecular Devices, Summyvale, CA, USA)E A5}
oq T s 24590 (S 485 nm, W=l
538 nm.

{oo

2.6, MUK AXIA} =3 A GM HIZ BA
(Quantitative reverse—transcriptase polymerase
chain reaction, gRT—PCR)

A3 mRNA = RNeasy 7]E(Qiagen, USA)= =513
11 cDNA A2 cDNA 7L‘§(Applied Biosysterms, USA)S
28319tk PCR 222 StepOne Plus Real-Time PCR
system 0 &2 43519tk Hk3- &3R5S SYBR Green PCR
Master Mix, 60 ng ¢cDNA 2} 2 pmol 4%} E0]%] xg}o]
] A E(Macrogen, Seoul, Korea) 2 Hg¥lct ¥h8-2 50 C
oAl 2 min, 95 CoA] 10 min, 40 3] F=F (95 CollA 15
sec, 60 CollA] 1 min)o] o= OHE‘4 9AE At &

T4 B4 o 1325 e o= SFiNE

—4 WS SRR 7 Ak mRNA T W

)=t glyceraldehyde 3-phosphate dehydrogenase (GAPDH)

OF HIIRE AthA 2] 7S ol8sto] LItk

2 Aol ARG Zefoln] AES 3 13 Ptk

2.7. A Xz

= dofele) Zut 33 o] Hyael 4 3
I FEOA LR AWE 710 A Aol
SigmaStat v.3.11 software (Systat Software Inc, San Jose,
USAYE ARESto] LUulR 24t -4 (one-way ANOVA)Z
o F p < 005 SN FOS Ak

3. 2 1t

3.1, HEKOIA| PM100]| 2|5+ ROS AA S5

PMI0o] ROSE AAJSH=A] Lotz AksHAQl
apocynin 2] f5 27104 HEKE PMI0o|| =ZA|FiT
Az W WH¥sk= ROS= F8dndS Sall SIskict

&3 g8 3] #], A45d A 1, 2019

Control
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Figure 1. PM10 stimulates ROS production in HEKs. HEKs
were pretreated with apocynin (500 uM) or vehicle. And
then the cells were loaded with H,DCFDA (10uM) and
stimulated with PM10 (100 pg/mL). DCF fluorescence was
visualized after 30 min. Representative images of 3 separate
analyses are shown. The graph shows the quantification of
fluorescent cells. Data are expressed as folds compared to
control values. Means = SEM, n = 3. * p < 0.05.

2 At PMI0of| oJsf) AlEE Wl &go] S7HEIAL o=
apocynin®]| ]3| JA|=| I ch(Figure 1).

3.2. PMI00]| =&E! HEKOIAIS] NOX familyQ| 2t&d H5}
HEKoj|A PMI0 ‘=0 w2 NOX family2] mRNA 2

sl glopugieh ste) PMIE: ALle ghe 2t
Hws}9S o] NOX1, NOX2, DUOX1, DUOX22] mRNA

o] %40}74 Z715FAKFigure 2). Atth2le]l mRNA
11 Zke DUOXI1 2+ DUOX27} =3kth(Figure 2).
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Figure 2. Effects of PM10 on the mRNA expressions of NOX family in HEKs. Cells were exposed to PMI10 at increasing
concentrations (0, 3, 10, 30, 100 pg/mL) for 24 h. The mRNA expressions of NOX1, NOX2, NOX3, NOX4, NOXS, DUOX1 and
DUOX2 were determined by qRT-PCR and normalized to that of GAPDH. Data are expressed as folds compared to control values.

Means + SEM, n = 3. * p < 0.05.

DUOXAI mRNA
(fold of control)

DUOXA2 mRNA
(fold of control)
(93]

PM10

(ug/mb) 0 3 10 30 100

Figure 3. Effects of PM10 on the mRNA expressions of
DUOXs maturation factors in HEKs. Cells were exposed to
PMI0 at the indicated concentrations for 24 h. The mRNA
expressions of DUOXA1 and DUOXA2 were determined by
gRT-PCR and normalized to that of GAPDH. Data are
expressed as folds compared to control values. Means =+
SEM, n = 3. " p < 0.05.

3.3. PM100]| .==%! HEKOIA dual oxidase maturation
factors Q| &i5d S}

DUOX1} DUOX29] M4 Uef)y] Slat 4 a4
©] maturation factors®] T =A51Ich HEKOJA]
DUOX12] maturation factor?]l DUOXAl1¥ DUOX22]
maturation factor?]l DUOXA22] ¥& = PMI02] o <9
zxo8 27}k Figre 3).

3.4. PM100]| /3t HEK L{f ROS AfAo| ZkA—O|= A

HEKo|| Aelz] Z&Hol29] Zd|o|g|e]l BAPTA-AMS-
A2lgt & PM102} A23187¢f Jgt ROS A HslE =4
stk HA PMI09] w5 Ealste] HEKO| X2st 2
I3 pgml opFe] sEeoflA ROS A7do] S7H=|3ict =
3k PMI10°f| 23+ ROS A§/do] BAPTA-AMS] -sirof o=
Hog ztasglch TheoR 0] FES o] 5] 9]
sl A231879) Fleg HeElot] Ak A3k 0.1 uM opd
o] ‘steoll A ROS AJde] S7H=| Sl Bk A231879] ofgt
ROS 44 BAPTA-AMS] ‘10| o240 & Zh4E|irk
(Figure 4).

3.5. PM100]| 2|5t HEK Ll ROS A#A40ilA] DUOX22]
T4 gt
PMI109]| 2J5F ROS A84do] ¢lo] DUOXI1#} DUOX29] <
g dopaat ZiZte] tit siRNAS 2 FH4 ARgsto]
HEKo|| transfection 3} mRNA &7} ROS A4S 24
319lc}k. DUOX19] mRNA HF&o] 2520 siDUOXIo|| ©]
3 A=l oL, 28579] siDUOX29}F 24 tzoll SJaA]
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Figure 4. PM10 stimulates ROS production by a calcium-dependent mechanism in HEKs. Where indicated, cells were pretreated
with BAPTA-AM for 30 min at the specified concentrations. Cells were loaded with H,DCFDA (10 pM) for 30 min and stimulated
with PM10 or A23187 at the indicated concentrations for 30 min. The fluorescent dye was extracted from the cells and quantified

by measuring fluorescence intensity. Data are expressed as folds compared to control values. Means = SEM, n = 3. * p < 0.05.

= Pk A 2Skth DUOX29] mRNA o] 2572
siDUOX2¢]| ofaf AJsfi=] 1o, 2572] siDUOX19t 573
izl Ofefirl= AaEA] igleh PMIOS] ofsf =%
ROS #/do] DUOX19] Hal Aol olsfir= FaFs v
AQAIRE DUOX29] o] ofAof osfirii= #As] 74
= UK (Figure 5).

3.6. PM100f| '=&El HEKOflA] DUOX2 & X7+ AfO|
E7IRloll Ojxl= &gt

DUOX29| T3} A5 AlelE7IRle] Hazke]
S YolH 312} siDUOX2E transfectiondt HEK O PMI
Hej5lel DUOX2 2 ARIE7IRIEC] mRNA WS 54
aF9ict PMIO] 2J3f R DUOX29] mRNA &2 10
nM o2l siDUOX20Y| 23] frofsiA] A= 34as, PMIO
of oJaf f=H AEHE (interferon, IFN)}-vS] mRNA -
= 100 nM siDUOX20]| 2J3] SJA=I9ic). 2Lt PMIO

% &

&3 g8 3] #], A45d A 1, 2019

of o8 =% IL-132] mRNA 3= siDUOX27} <4
S AR ko, IL-6 £ IL-82] mRNA -2 100
nM siDUOX2¢9]| 2J3} ] Z7}=|ickFigure 5).

A ) s oy S 2
i s ule] Yaol AT GBS Tk
W ml] B w2 AEA BAZTA AL 5
Z7h 9 AW ol3el 54 Feery wskl zee
[23). QR s3] 2R S Sk gulel] o
2 2 5 ol 434 AelEril 2 eEso|ES Huls
of B4 Bfa} BA Ei f7] Bl wSAh ol
PMO| R4} BAE wAUZ F Shbe Ak} AEds
of ubgolck Z7Hel ROSS] VS WUA QYL w
DNASAS B1oke 59| ot 7158 Al i
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Figure 5. PM10-induced ROS production is attenuated by siRNA-mediated down-regulation of DUOX2, but not DUOXI. The cells
were transfected with siRNAs for DUOX1(siDUOX1 #1 and #2) and DUOX2 (siDUOX2 #1 and #2), or negative control (NC,
oligonucleotide duplex with scrambled sequences), and incubated for 48 h. The mRNA expressions were determined by qRT-PCR
and normalized to control GAPDH. For ROS measurement, the cells were loaded with H,DCFDA (10 uM) for 30 min and
stimulated with PM10 (100 pg/mL) for 30 min. The fluorescent dye was extracted from the cells and quantified by measuring

fluorescence intensity. Data are expressed as folds compared to control values. Means + SEM, n = 3.

3} AL =2AFIck

2 7= pUOXi¥t DUOX2 U ZHz+o] maturation
factor?] DUOXA1T} DUOXA29] HFslo] PMI0o]| Z71ES
HoJEQIok ESE DUOXs= Al 25 Z¢-EF-hands &=
HelkS 5ol 2493} Eo] HOE FEstE Zgol9]
o]l wh2 ROS AYAS olEgith 1 Al PMI0T:
A23187¢] oJaf QEE ROSQ AAJo] Ze ZdolE el
BAPTA-AMo||  oJsf| Zags ERIsIGIk  DUOXI
DUOX29| siRNAE #fste] Z}7ko] WS A|siAlz] &
ROS A48 Eolsji Ax DUOX1o] ofd DUOX29] gt
A AA7E PMI0] 2J3F ROSE| S S & &
Aek wheba B gt PMI0O] of3) iRl AR W
AY=li= ROSE| Aol qlojA] E3] DUOX2 2j&/d A4
Fo] SaFE AlARRITE

AR} T2 Al U 47)Ee] Z

" p <005
2 ke ke T8 T 8olm, sy Ao
A AGMZL] Bl AMZ 7T Hot A, st A 1 =

37_}/\3% 7\240}htﬂ Z2Q31cH24-26]. w2ba PMI0o] 2Jgt
ROS AL oot B3} ulA <] gy #7],2_
]: |5t A AIAEZL] vAA R el Bels =48 A

S 4 stk PMIOO] SIgt ROS A3 Hfeled
#2 TPIE & DUOK2 Tl AU s w5
se] At i eslol Qlof g dnjele A3
oz AlREh

2 Aol PMIOS] &fsf ke IFN-ve] o]
DUOX29] s}gF o] ofsff A=k A A=l o

._|

>‘i ox HJ“"

2% DUOX29| &2 IFN-yof CJsjix zdo] =
[27,28], RI|& IFN-y2] Qlel= DUOX29] v} Al
AZE AEH29). AT 2 g a5/ w3k <o
2714 A% sing 9 ofEnly wRae 24Uy
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Figure 6. SiRNA-mediated down regulation of DUOX2
suppresses PM10-induced expression of IFN-y but not other
cytokines. The cells were transfected with a siRNA for
DUOX2 (siDUOX2 #1) or negative control (NC, oligonucleotide
duplex with scrambled sequences) for 48 h followed by
exposure to PM10 (100 pg/mL) for 24 h. The mRNA
expression levels were determined by qRT-PCR and normalized
to control GAPDH. Data are expressed as folds compared
to control values. Means + SEM, n = 3. * p < 0.05.
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