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Background and Objectives Multi-walled carbon nanotubes (MWCNT) are one of the
most commonly used nanomaterials to date. Recent studies have demonstrated that MWCNT
increase immune response and allergic inflammation in airway epithelial cells. However, the ef-
fects of MWCNT on mucin in human airway epithelial cells have not been reported. Therefore, in
the present study, the effect of MWCNT on MUC16, MUC5AC, and MUCSB expressions were
investigated in human airway epithelial cells.

Subjects and Method In mucin-producing human NCI-H292 airway epithelial cells and pri-
mary cultures of normal nasal epithelial cells, the effects of MWCNT on MUC16, MUCSAC,
and MUCS5B expression were analyzed by reverse transcription polymerase chain reaction,

Received  March 25, 2015 real-time polymerase chain reaction, and enzyme-linked immunosorbent assay.
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ch=d B % 2Ol CM-95+= Hanhwa Chemical(Seoul,
Korea)ollAl +8Hlar Abet #|o] Holdu] e oF Al22(hu-
man pulmonary mucoepidermoid carcinoma cell line)2! NCI-
H292 A3+ American Type Culture Collection(Manassas,
VA, USA)IA 1l513ict. RPMI 1640 82|} trizol Inv-
itrogen(Carlsbad, CA, USA)IA 43+, EpiLife HiA]
@} keratinocyte growth supplement+= Cascade Biologics
(Portland, OR, USA)oA -+a}%th Fetal bovine serum
(FBS)& HyClone Laboratories Inc.(Logan, UT, USA)°fA]
A3}k Reverse transcription—polymerase chain reac-
tion(RT-PCR) kits== Roche Applied Science(Mannheim,
Germany)ollAl F+5}3ick

Az v 2 &R
NCI-H292 HEZE 6-well plateol] 1x10° cells/well2] %
T2 HE3 & 2 mM L-glutamine, 100 U/mL penicillin,

100 pg/mL streptomycin®} 10% FBS7} X35 RPMI
1640 ¥jA|E o]8-3to] 95%2] AbAo} 5%2] o]itatekAT}
S5 ajFr]olA 37T &= 2 HjFskTh

o8 B e R H o] g5 ok 7] 91814 NCI-H292
A|ZZo]l 0.01 ug/mL2} 0.1 ug/mL, 1 ug/mL %% 9] ot} e
B HE Z17F Bodslg] o MUCSACSF MUC5B mRNA
O] g2 8AITE Bt ujeket = SAskqlar, Thae] A
2 48AIZE S vFE AlARE & =ESho] A5 A4
T D57 ATl Tk o AL RE O] Al
A ARES asto] Aeisint ™ dlzgte 5Ugt A)
Sk HiAjell Al NCI-H292 Al & TH50 = uijeFatgict.
Abd 9t A S A7) QfaiA G2 7] tigk 714
Ask} 7FEo] glar, | HETRAIE 3 multiple simultaneous
allergen testol|Al S/JWHg-0] U2 109 o2 otof §
Hle-& AlRb= ol Wish= 7t W H&E 5 B4 ohl

™t oo r

N 22 Ao0eh GRpiES sk fIal shalzizl Alutxz]
<5 phosphate-buffered saline(PBS)Z A|&5t 3, 904 S<F
dispase(Boehringer Mannheim Biochemica, Mannheim,
Germany)©l| ZAAZ . Q18 23 AHgsto] sHH|RF
7f ure] S HIAWYo, 1% PBSE 715t & meshs &
o ofutsieict. o wHE Fal A2 s Auke] Al
FES 24-well2.5%10° cells/well) plateol] E3t %, EpiLife
ulx12} keratinocyte growth supplement(5 mL/500 mL of
medium)ollA] BieFsRlTt At siFet 9l A azoA
o Bl RHO] A S doh ] fIsiA Alaze] 0.01
ug/mL2} 0.1 ug/mL, 1 ug/mL =9 t}=d eaeEHE
77} Bolslgl o, MUCSACSH MUCSB mRNAS] 2HE-2 8
AIRE EQE HiFRE & SAd51elar, Tl o] A4S 48AIt &
Sk M AldEE & FEsto] Ak e gt
AlZE Bt viR|o| A Ut M E S0 2 ueFstelt

A3ollA] AFEEE NCI-H292 A|229} U} uljeFst dut A
uA|Zo] digk MWCNTE] AlEZ=A F5= MTT £4](Sig-
ma-Aldrich, St. Louis, MO, USA)¥} &v|7d-& o] 83t A 3
B} ¥3} §-57-5 2elste] ASsIeich

4
A

RT-PCR &4

.= RNA+= RT-PCR kit(Applied Biosystems, Foster City,
CA, USA)E o|&3}to] =A%, GeneAmp RNA PCR
cored kit(Applied Bio-systems)& ©]-83}%] cDNAZ 93]
AkakQiet Agoll AHEE primer®] @714%-E MUCSACY]
- sense= 5-TCA ACG GAG ACT GCG AGT ACA
C-3, antisense== 5-CTT GAT GGC CTT GGA GCA-39]
I, MUC5B®] ¢ sense= 5-CAC ATC CAC CCT TCC
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AAC-3, antisensex 5-GGC TCA TTG TCG TCT CTG-3
o], MUC169] 7% sensex= 5-GCC TCT ACC TTA ACG
GTT ACA ATG AA-3, antisensex= 5-GGT ACC CCA
TGG CTG TTG TG-3°|t} Z} ¥h-g-2] Wi o4 tiz
glyceraldehyde—3-phosphate dehydrogenase (GAPDH)% /\}
Loton A7IAELS senser= 5-CCT CCA AGG AGT
AAG ACC CC-3, antisensex= 5-AGG GGT CTA CAT
GGC AAC TG-30]ch. ARoflA] Ag%]o] 5% mRNA
AHE9] 7]+ MUCS5ACE 103 bp, MUC5BE 245 bp,
MUCI16+ 114 bp, GAPDH:= 145 bp3Ath.

Z¥2+ 0| Z3ka AANNHS AL 71Eks| A, vjokE
A|3EE 2% bovine serum albuming 33t PBSE 33] A)|2]
3} 3 Trizol® (Molecular Research Center, Cincinnati, OH, USA)

< 018310 F mRNAS $+&31%ck MUCSAC mRNA| o
gk PCRE 95T 0llA] 6027t W33t 60°CollA 6027t At
Hh3; 7204 6027t ARES-S 3335] WhESE - 72Co)A]
2087 25 ARHES-S AJgslal, MUCSB mRNA9]
3F PCRS 95CollA 60%7F AT} 727004 60271 2
YRES, 72CoA] 6027 AARS-S 333] RHESE 5 72CofA
2027F 2F S-S ARYsECn, MUCI6 mRNAY o
3k PCRZ 95Cof|A] 60§Z_P %* A3t 60CcoA 6027 4
333] RHE3E & 7270

SYBR green®] 7
H 1% agarose gel& S 3171 &< o-&sto] e WSt
&t elE oj(band)®] All7]+= Scion Image software(Scion
Corporation Frederick, MD, USA)E ©|-8-35}o] WEgaFz o

B39tk MUCSACSF MUCSB, MUCI6 22He] ue]
/\1]713 GAPDH thz+49] Al7]2} Hasto] Aefael gro =
eI

olN
_II-M
rﬂ
i:*%
ol
B
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i)
re
olo
_\2
;
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Real-Time PCR 4]

SHJ%E cDNA 1 uLE A2 2 LC Fast Start DNA Master
SYBR Green kit(Roche Applied Science, Mannheim, Germ-
any)S AR-319] real-time PCR ©]-8-3F ol 4-x1#} whal
HF-S-2 A|35}3t) Real-time PCRS #|<&Fo] 10 pL7} &

A 2.5 mM2] MeCL9} & 5%=71 0.5 uMe] E7| primerE
Eolalglon, 25 ng®] RNA 1 uLE o]-&3}o] A3-e 435}
e} AgFA el PCRE Light-Cycler(Roche Applied Science,
Mannheim, Germany)& AF8-5}o] 95T oA 10_%7& Azt
A& AR 60T oA 527 RS- AR 3, 727 TofA] 10

27 AFRSSFA AL, olfet IS 453] REESIIL S
9] Azhe = HAZ A (melting curve, Roche Applied Science,
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Mannheim, Germany)< AF-&-3}o] H71814ck

HAB A H (Immunoassay)

MUC5ACS} MUC5BE] Aol o] glers- =437 ¢
3[4 enzyme-linked immunosorbent assay(ELISA) ¥ ©|
2519t AlRE Ak s Aol A lysis buffer[50 mM
Tris—HCI(pH 7.5), 1 mM ethylene glycol tetraacetic acid, 1%
Triton X-100, and 1 mM phenylmethylsulfonyl fluoride]=
TS =2sto] ARFslsioict &5 @il 100 ngs 96-
well plate®]] Hal 40ColA AxE wj7i2] W2]|gt & plates
PBSE 33] A|AsSict HSolA Agk-E WAk 18 2%
bovine serum albumin® 2 Al-2o|A A7} 52T *jchst &
PBSE 33] A3 th-& 0.05% Tween 20% 33k PBSell
1:200°.2 3]4%] MUCSACS} MUCSB YAFEA| 2 B4
Zth thA] PBSE 33] A|&3SE 3 horseradish peroxidase—
conjugated ©)AFA|1S 0.05% Tween 202 3831 PBSO|
1:50002.2 3l4ste] ZF wellell 37FekaL, 1AIZE S0 2+
well2 PBSE 33] Al&514tt 3,3 5,5-tetramethyl benzidine
Gl o 2 Wkt & IN-H,S0.E o1-8-3te] ST ELISA
reader(EL800", BIO-TEK Instruments, Winooski, VT, USA)
2 450 nmoA FE=EE ST & R34S 85t

ule] oL Heaaiint

|

ZA A2]+= Windows& SPSS version 10.0(SPSS Inc., Chic-
ago, IL, USA)S AHE8F3Itt s AELS pglol 0.05 1Rkl
A5 Gook Ao & Aol Student’s t-testE ©]-8-5F T

42 %

NCI-H292 M| Zoj|A T3 BALFH 7} MUCSACS}
MUC5B mRNA 30| ﬂlxlb IF
o}=d a5 H 7 MUCI63 MUCSAC, MUCSB Z+

z¥o)] Hhgo| n]x)= k2 drolH 7] 98 NCI-H292 A

of thEH BB (001, 0.1, 1 ug/mL)E Fojdlo] 84]
7k <t 8iF & RT-PCRE Aldja}oict. *‘tz.ﬂ Ay o=
3 e ieEHE MUCSAC mRNASF MUCSB mRNA 2
S sARL = {51 S7HAIZIAINE MUCI6 mRNA 2
o] Fofgh 7H= HSiTh(Fig. 1A).

NCI-H292 A|ZoA tf5Y BALREI} A7t w
2} MUC5ACSF MUC5B mRNA o] njx|= <33k
Al7rel wheh ohEH ek R H 7 MUCSACF MUCSB
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Z¥zr o] drdo| )= ek dopi 7] 9lsl] NCI-H292 A2
o T EAULCEHE 0] ug/mL T2 FoJsto] 2, 4,
8, 2447t -5k vljF ¥ real-time PCRS Al3iaaict A 2
I} ok S Re R EE ARl w2t MUCSAC mRNA

wers NG
- I
wocss | G———
orror [ ———
800 x
c * *
kel *
g 600 |
[e}
x
[0}
< a0 | % ] MuCl1é
¥ * I MUCS5AC
[0}
MUC5B
£ 200 - -
Ko}
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0 0.01 0.1 1 MWCNT (ug/mL)
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a
x
[0}
< 400 |
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>
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=
5 200
[0}
[24
, L. ‘
0 2 4 8 24 Hours
C 0 0.1 0.1 0.1 0.1 MWCNT (ug/mL)

Fig. 1. Effects of MWCNT on mucin expression in human NCI-
H292 cells. RT-PCR showed that MWCNT significantly induced
MUCS5AC and MUC5B mRNA expression at 8 hours after expo-
sure of MWCNT. However, MWCNT did not increase MUC16
mRNA expression (A). Real-time PCR showed that the MWCNT-
induced MUC5AC and MUC5B mRNA expression were in-
creased at all times (B and C). The images are representative of
three separate experiments performed in triplicated. Bars indicate
the meanzS.D. of three independent experiments performed in
triplicate. *p<0.05 compared with zero value. MWCNT: multi walled
carbon nanotubes, RT-PCR: reverse transcription polymerase chain
reaction.

9} MUC5B mRNA #&S BAH0 2 {25 S7HAH
thHFig. 1B and C).
NCI-H292 M|Zoj|A t+FY i =FH 7} MUCSACS}

MUC5B Tl A/do]| n)x]& d3F

b ey -2 H 7 MUCSAC, MUCSB ©Hil & Ao
A= FFE Lok 7] $1all NCI-H292 Al|xZef thad
=52 001, 0.1, 1 ug/mL)E FoJsle] 484171 %?_P Ell
¥k 5 ELISAHS A|33ich 6:1%4 AT thgE gk
EH= MUC5AC Er‘éﬂﬂr MUC5B o 4/3& $A 14
2 FoslA S7HA1ZHHFig. 2.

kr °F>ﬂ
loL rﬂ_

AR 379 A A ZoA thEY gL RH L
MUC5ACSH MUC5B mRNA 2] njx]&= 93k
the SR E oL Al 3u AA Eel|A MU-
C5ACE} MUCSB W] njz)= of%% oot 7] Lfsf Argt
S ATAEE LA Y F e B eRRO0L
0.1, 1 ug/mL)E Fsto] 8At & % HiGF & RT-PCRE
Nstie). AF Aupak Al Fut Al A ol thE

H

150

[ Supernatant
M Lysate

100 -

50 -

MUCS5AC protein
production, % control

MWCNT (ug/mL)
A 48 hours

200 -

150

[ Supernatant
M Lysate

100 -

50 -

MUCS5B protein
production, % control

MWCNT (ug/mL)
B 48 hours

Fig. 2. Effects of MWCNT on MUC5AC and MUCS5B protein pro-
duction in human NCI-H292 cells. ELISA showed that MWCNT
significantly increased MUC5AC and MUCS5B protein production at
48 hours after exposure of MWCNT. The images are representa-
tive of three separate experiments performed in triplicated. Bars in-
dicate the mean£S.D. of three independent experiments performed
in triplicate (A and B). *p<0.05 compared with zero value. MWCNT:
multi walled carbon nanotubes, ELISA: enzyme-linked immunosor-
bent assay.

www.jkorl.org 555



Korean J Otorhinolaryngol-Head Neck Surg I 2015;58(8):552-7

EhA e 58 74 MUCSAC mRNASH MUCSB mRNA Wl
& SAHCE FofsH ST (Fig. 3A).

At IR A oA o FY erAYREIL
MUC5ACS} MUC5B Tl A3Ade]] u]x]= 3k

& e B H 7 MUCSAC, MUCSB §H3 g A4Jo])
400
S x *
g %00 -
o
b *
< 200
€ ] MUC5AC
[0}
2 w00 L B MUC5B
o) I
[24
0 Il
0 0.01 0.1 1 MWCNT (ug/mL)
A 8 hours
200 -
* x X

[ Supernatant
M Lysate

MUCSAC protein
production, % control
I 5]
o o o
T T
E——

MWCNT (ug/mL)
B 48 hours

[ Supermnatant
W Lysate

MUCSB protein
production, % control
I IS)
o o o
T T

MWCNT (ug/mL)
C 48 hours

Fig. 3. Effects of MWCNT on MUC5AC and MUC5B mRNA expres-
sion and protein production in human nasal epithelial cells. RT-PCR
showed that MWCNT significantly induced MUC5AC and MUC5B
mRNA expression at 8 hours after exposure of MWCNT (A). ELISA
showed that MWCNT significantly increased MUC5AC and MUC5B
protein production at 48 hours after exposure of MWCNT (B and C).
The images are representative of three separate experiments per-
formed in triplicated. Bars indicate the mean+S.D. of three indepen-
dent experiments performed in triplicate. *p<0.05 compared with
zero value. MWCNT: multi walled carbon nanotubes, RT-PCR: re-
verse transcription polymerase chain reaction, ELISA: enzyme-linked
immunosorbent assay.
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2} the ) e WAtk A

Shiz AlE i 7140 tigh $Atol] ©J8hH, scavenger receptor
S} Agsto] Al Y= S0l ghat=RH R Al Y
ggakane] Z7HE ek, o2 Q18] mitogen-activated
protein kinase2} nuclear factor kappa-light-chain—enhancer
of activated B cells, activator protein—1, protein serine-thre-
onine kinase 59| 39 A% AG AA|7} AJskEo] 5 wF
o] FrEITh= AbAlo] AEA It B Aol A= b
W e ie R Hol 93 MUCSACS MUCSB o] ¢
St A2 W 71 tigt A7) o] Foix]A] grobA] AT A
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protein kinase A1% g A|A|7} ot Ao 7 FAFE?»
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