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The sensitivity or resistance of cancer cells and normal tissues to ionizing radiation
plays an important role in the clinical setting of lung cancer treatment. However, to
date the exact molecular mechanisms of intrinsic radiosensitivity have not been well
explained. In this study, we compared the radiosensitivity or radioresistance in two
non-small cell lung cancers (NSCLCs), H460 and A549, and investigated the signaling
pathways that confer radioresistance. H460 cells showed a significant G2/M arrest
after 12 h of irradiation (5 Gy), reaching 60% of G2/M phase arrest. A549 cells also
showed a significant G2/M arrest after 12 h of exposure; however, this arrest
completely disappeared after 24 h of exposure. A549 has higher methylated CpG sites
in PTEN, which is correlated with tumor radioresistance in some cancer cells, than
H460 cells, and the average of the extent of the methylation was ~4.3 times higher in
A549 cells than in H460 cells. As a result, PTEN expression was lower in A549 than
in H460. Conducting Western blot analysis, we found that PTEN acted as a negative
regulator for pAkt, and the pAkt

acted as a negative regulator for p53 expression. According to the above results, we
concluded that the radiosensitivity shown in H460 cells may be due to the higher
expression of PTEN through p53 signaling pathway.

The expression of the Wnt-antagonist Dickkopf gene (DKK) is downregulated in
several types of tumors as a consequence of epigenetic DNA modification; four DKK
members, DKK1, DKK2, DKK3, and DKK4, have been identified. In this study, we
investigated another function of DKK3 in non-small cell lung cancer H460 cells, in
which DKK3 was hypermethylated (44%) but still expressed, by interfering with DKK3
expression using DKK3-silencing RNA (SiRNA). We found that knockdown of DKK3
expression by DKK3 SiRNA transfection led to the detachment of H460 cells from the
bottom of the culture plate and caused apoptosis. The expression of cyclindependent
kinases D1 and E were increased by DKK3 knockdown, indicating that cells with
blocked DKK3 expression entered the apoptotic pathway. We also found that the
intracellular level of reactive oxygen species was higher in cells with blocked DKK3
expression than in normal H460 cells, and levels of p53, p21, and Bax were also
increased by the gene knockdown. These results indicate that DKK3 acts as an

antiapoptotic molecule by decreasing the intracellular level of reactive oxygen species.
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g oA o] XdwiA R ARGl Zhed Zow Yvum I Ay Fed IAdass
7N Few ZidEd. deElE ou] #HgeA = ple A 1 wWEskE o
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o]2d DNAS| w&s}el] 23 g 2 2 A
DNA wWds}o] tfst A5 ddFE AAAA 23 Jlom Fdxza ¢ Lo A
DNA WEs} Zpo]& FHefshAl vl wAske] @il vk of=d oljst FA4d#de
screening & o% #7 #oFQl DNA microarray®ll 2t x| fFAA ¢d i 4]
e A9 Zokek T84 ol T o AR AT WHol dFE o v o
ofe] gk AT-E NAAZI AL YA o F4 FRFAN FIe R VA2 A
ol dAdoltt whebA ol st A&l A f-urF AT 5 Sle Ro
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o] gt =8 dE VY A S FAske] gtk webA, AR S o] &8 kelAl Vs
AT SHoA = A= vlwel] & of I Axrr 24 e A0 ot upeba o]
s F4E A2 7S utFe® DNA Hgste] ot o Ale] B e 9% A
A 7xATE 5107 Ve 99 gRe dashy gaAl W AR5 Al &840
v @ g vt

AR AAge FARATE 28 MAUES DNA WD, s12Ee) vstel ol
g3}, 947 BnaY 5 ojel /b Mz o Jge] Wasl Adse] Atk metd )
R Sl @ AR el ol o @A AR/ 20 9 DNA skl
ol wl$ Fastl B89 2o wolth dushy, 4 AAAT Ax FEIM CpG
Mes RS B A S Avss EAAR A8E & oY) Wl ¢
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A 38 d+Ed s 2 24

A 18 AT L AT g 2L Py

A g e
A
v S|
e (1EAA84 A=) AL e
FERRE R R
T WA G0 o8
OAR 2AF 23 &5 ato], WA zAF 2AS
g (0.1Gy/min =
2-10Gy)
; = | BARA AE AR
21 g9 2 AxgE A HRARA o] & A EHF g
= J| 325 A O; L ! J2lell o)t Al Flowcytometry @ 0|77
]

=" Ab, MTT assayso A

WA o WZksk H ok AlXE
OAdd Uz 2 #F8 AX| F, #2899 Axs
! H460 2 tZ+C2 % A549

=
g A

T OAEFEA AA A%
AEFol 49 DNA Wl| Aelx o] DNA WE5E 2
A A @Az $o o3
R )

ol

] 7} ] ©
= ol = 6| AR PTENS 574 f338H2
_4 Jﬂ Ok A 32 7}_4 A8 e i,
WALA 7FeA e A8 DNA #E3st o] DNA Wg3} z}o] nvlm

H460°14] DKK3 49

=S|

“
SR 52 .
methylatlon N

PTEN 4= A4 947 dl
kU] §]i E]—/\ﬂ
DKK3 &z A o5 2
SR

Oflowcytometry S ©]-83F Al| H460 9 A549°4 2] Al
ET7]/ROS 771 ¥4 9 ROS #4
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2. Aw 5y

7F AR ek 9 AP AL

2= HAYAMETE American Type Collection Center (ATCC, USA)ollA] T-4l3to] AFJsHiTt. alds
93+ A= 10% FBS (Hyclone Lab. USA)$} penicillin/streptomycin & #15 73 RPMI1640
XS ARESIGITE  MIEHIRS 95% air/5% CO, & SX1E HlF7]olA 4=t 27] Al HE
22 1X105) 70 o, 3 wjek F “YCo yrayS ©]€38l 02Gy/min®] Ao 7 FARSIIL)

L} cDNA 3 % PCR 5%

total RNAE= QUIAGEN RNA extraction kit (QUIAGEN, USA)E Alg-510] &5tk %7] dDNA

£ A7) 98l DNA €4 kit (MBI Fermentas, Canada)E ARS8t 1 A3}t E5% DNAE
PCR 5= I3t o= ARHSI 0™ o] wf ARG-3 primer®} PCR 012 vt} ¢t

primer
PTEN-F : 5'-ACGGGAAGACAAGTTCATGTAC
PTEN-R : 5'-ACAGTAGAGGAGCCGTCAAA
DKK3-F : 5'-GTTGAGGAACTGQTGGAGGACA
DKK3-R : 5'-TTGCACACATACACCAGGCIGT
b-ACTIN -F : 5-ATGTGCAAGGCCCGCITCG
b-ACTIN-R : 5'-TTAATGTCACGCACGATTTCC

PCR x4
PTEN : denaturation (955 30%) -> annealing (58 30%) -> extension (72%= 13%) / 35cycle
DKK3 : denaturation (%45 30%) -> annealing (61% 30%) -> extension (721 1) / 40cycle

GCrich 915 F%37] 9lalA -GC capture solution (Intron Biotechnology, Korea)< AH-3H3iTh
SZH PCR AHE2 1% agarose gelS ARE-8to] 2] & a3k

t}. western blot 4]

Akt, pAkt (phospho Akt), cyclinE, b-actin<> Cell Signalling (USA)°l|4], p21<> Abcam (USA)°llx <
dste] ARgerlom 1 919 B A= Santa Cruz Biotechnology (USA)OlA -§iste] ARSI
ok @ e Lowry kit (BioRad, USA)E AHE-ato] 3= qict.

2}, flowcytometry -2

WA o2 AAbE Al AR RS iR AIEE F5Ske] PBSE AIXTE §, fHAelA 70%
ethanol = 2A|17F 1 A3}SIATE 1Y 8kel M3EE propidium iodide (50ug/ml)= 4$H $-, DNA 3HF
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< FACScan (EPICS XL, Beckman, USA)
software (USA)E ©|-&-3ato] F3ga}3itt

o
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v} pyrosequencing 4]

pyrosequencing 41> thEl=r thdof] SX|EH (A E Q] Lag ol FEsiit

o = -
HJPAET 7ke] FHjEHE] Aolg A8 Qlal 1A n] 7 (Leica Microsystem, USA)E ©]-8-51%1
31, ©Ju]A]:= Cannon digital camera system (model PowerShot $45)< ©]-8-ato] #7at3ich

AL DKK3 2 ojA]
SIDKK3 RNA (5'-AGCUGCUGCUAAAGCAUCAUCAGAA)+= Invitrogen (carlsbad, CA, USA)ellA
Aste] ARSIl o™ iz SIRNA (scrambled SiRNA)+= Bioneer (Korea)ollA] -¢Jsto] ARE-813ITh

RNAi MAX reagents ©]-8-3Fo] A3e] transfectiondt ¥ 149 ¥ #Ale] o] g5t

o}, colony forming assay
AIEZE transfectionst ¥, sk WIS ¥, trypsine©. = A 2]gt AMEZE 55319 35mm culture dishell 5

X 10Q) AlEs5=7t H%== platingstlth. A5 -, Aehd AES 05% crystal violet© = 1415}
Wik

2k AEE Y MIT assay
AZAEES A7) 218l trypsine O = A2dh AELE FAGt] vl el 24 48Kk
MIT cell proliferation assay= <|3l, 9% well plateel] 1,000-3,000 cello] %= plating $F %, 24, 48,
72A2F Foll 01 mle] MITE F7Fst 3 3750)14 4A]zF vjoksisin. sjA = xﬂﬂfﬂ , MIT crystal
< DMSOZE &3llA171 ¥, Promega Glomax 96 Microplate luminometerE ©]-8-3t%] 570 nmol|A] 4]
Stick Aol ©]-8-% softwarei= Microplate Manager (Promega, USA)E ©]-8-3131T

2} reactive oxygen species (ROS) 2]

Carboxydichlorofluorescein diacetate (DCFH-DA)= A3 &O0=2 Fol7t 9o A3 9] esterasec] <]
al =/3E4Q DCFHE WsH| == 8]S4 skghzolvk o|gAl Wiskd DCFHE= Al=4] hydrogen
perooxide®l] °J3ll DCF= w4 sHA Atslect. trypsmeoi A2l gk oF 1X10(5)71¢] M-S PBS= A&
& F, DCFH-DAE #HF 10uMe] s5== A2 g 7, 375 haeofx 30i1t wijsisith o= wiek
H AIEZE flowcytometry & ©]-8-3t0] AlZU] ROS 55 w4313tk
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A 24 A4}

—

U T AlEFA Y] AR W /A

oo A T ERO) HAIETQ HA60TF AS4904] AR FAF T AlEF7]S) WEE o
ek g Avbs 27 10 FAEKEE 18 1014 Bio] HA60 AlEFE AR AL 5 124
ZF Fof] AZbe G2/M arrestE B30, 1 HE= oF 60%ll Gt (IH 1). A549 AT A
WA ZAE $ 12407F Foll A2t G2/M arrests B0, o] gk @RS AR AL F 244171
AetA Aasisich

Tl Th, WA 2Abe HA60 AIEFE As499) 2] Azkst AlZSA 33 Rtk (19 24). o
W A549:= 10GyollA ®ARdel sl Avkst Wide BAth o]k o] H4e0oIA Koli= A=/
culture dish25FE]9] M3 €2 (cell detachment)oll 7|sk= A= Hol=d|, offstd W
floating cell =°] @An]7dolx #2E7] wlitoltt (138 2B). ©|2} RIE A5499A = o]t cell
detachment &7go] HolX] ¢kt

©
T
.

2. pyrosequencing

At %— lH i A el B WL S el dla ek e 4 4

PTENS 2 F0] FHMET A AR ol osh uiadell dofgittar ohedA Stk whebad & AollA
© 7 U AAETR] HA607 AS4904 PTEN®| AT RIZH /U/dell wofsh==], ofshrbd
o' FEE F&l WA Aol ofek=AE Akt sisith W"st ARE BAHE] 9
bisulfite pyrosequencing *'H-& AHE-3I3ITE 2t primers PSQ assay program'Hell €]l tixFIE1 L,
I 4AC] YERSIHE ATl 5719 AR tE G Ale AEISISlAL (position 1-5),
bisulfite-modified gDNA% EZ DNA Methylation Gold Kit (Zymo Research)ll 2]l E&|stict. 1
H 4BollA "Y'= o] T JHe] wEskd F-91E vEhith

I 4CelA B0l AR B F9lellA Ax9elA © ol gyt o] Fox QlGlEt, 1 A%
= oF 43ulo] Falelt olst AE S| flell A3 PTEN #+34ke] %5 RT-PCR M O®
ZAkste] wWekth 1 Axt Wdsl B4 Avlel RT-PCR 4] Aapp dAES & 5 ot (23
4D). =, PTEN<S H460014 == W sm, AS9o A= ok} 4 & HdES & 4 9lolth

d
rr

ED

ol
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4. PTEN AlsAg 714

B

71BF RAF T A

PTEN®] A5+ p53ell Aegdtiar 2k oA ik weprd] & AolM= F vhe dot AEFoM =
ol&1gk PTEN-pS3 d=7F 2-gsh=Als Avugith AS3t2, PTENS pAkte] SAZEA= 24
SFR O, pAkts= THA] pB32] SRR AE3E & AT (19 5). o] d3hk= Ha60°1A
Hol= WA Wizl PTENS| st dA)7} glem, 1 4l

7F AA FEEE AoE AEAS T T

ATl E A1 B AssE ML,
ANodd 327 g8 AN E A=A AFE AFe] 918 5 A7 4
ZAOE Rtk

e AT M PTEN #H Alszdde]
ARl el frieEss vheket Ak dtol lEel ERIFE I 2]
v o] fE%]= stress response protein©]™, ACTA2:= ®ARAC] & oF oul] fiv+=
cytoskeletal protein® = 35 ¥ A7} Fesital Als €k

2
ol
FF
Jo
il
2
[
S e
ofN
jubad
b
O U
o
ML
T
ol
o
bt
lo
=
ok
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A)

24 Hr after irradiation 48 Hr after irradiation
100 ~ 100 4
? 8’“ = ? 8." -
S S
E a6l - E 60 -
= 40 F 40 -
E 2
20 4 20 4
0 - 0 -
0 10 0  10(Gy) 0 10 0  10(Gy)
H460 A540 H460 A549

1% 1. HA600 A A ALl 93 G2/M arrest®] S7F (A) FACScan 4 A3} (B) F AIEFol
1€ cell cycle fraction. dark gray, G2/M : bright gray, S phase : black. Gl phase. (Ref. 1)
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Fraction (%)

WA

=
I

24

o, o
>

RN

A) 0Gy 10Gy 0Gy 10Gy

| 1os600/16.8/21 4 eTa7r30/a1/863 | ol 10/57.4/12.526.56 2 -
- — i - i 1.1722.2/
! 1 1 547644
- - L ]
& E g =
: : | 3 :
S I'S (=1 (=]
2 i
« T gy ! ] | |
o/~ 12Hr| = | ® o J
g T P | 4 T e
=Tos /6260145221 i T T =R - i | osarsa7rassang
hat = 1 0.6550.1F 2 H |
i 1587241 f
- - i oad ]
= = | B = 1
= 1 I Iz 3
L 8 _ 5 | A
JE— { ! U
o)A 24Hr & { | LJIL & J
T T Tt - PP L EE S S L BELLP. .67 e | T B T T
5-:. S3E0R53INET ﬁ F43587 55T : ,.-E; 1 ABEETTINED E. H
[0 - i [+] -
] i 4 1 16563558315
- |- — ...
- = ] =
3 = -
: | 8 g \
| , ] ]
I_l | \_)n
o L, 48Hr L —— LU
8 1824 1824 | L 1824 2 24
- P SR oy Pl y
H460 AS549
24 Hr after irradiation 48 Hr after irradiation
H4io60 As49 H460 As49
100 e

Fraction (%)
] il

In

=
1

EEA HIAL (A) HA60TF AB490lA] WA AR MISEAIEA] Bl (B) WA AR
9. floating cell> SR ZAISIITE  (Ref. 1)
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oA |

B. I D

1 |all gene control=H460

2 26407

|sample 1460 vs. A549

4 ‘Syster's]  Normaliz{x]~]

5 |A17P

A17.PO!
7 A17POI
8 A17P0
9 A17POI
10 A17.P0.
11 A 170

12 [A17.P0
13 A17PO
14 A17P1
15 A 17.PO;
16 |A17.PL
17 |A_17_PO.
18 A17PL
19 A17P1
20 A17.P0:
21 1A 17 po.

¥ .32
W 4+ nall genes annotations -~ Sheet] 73

Réx]
0.0100 A 10
00100 A 28
0.0100 A 10
00100 A 10
00100 A 1
00100 A 20
00100 A 14
00100 A 10
0.0100 A 10
00100 A 17
00100 A 1
0.0100 A 12
00100 A 11
0.0100 A 10
0.0100 A il
00100 A 13

00101 A

lm

L

H460 vs. H1299

1485
2866
1126
1029
1139
2201
1495
1054

04240
0.0281
1.0307
0.0946
04760
0.0235
0.1020
0.0661
0.0290
00532
0.0370
0.0661
00332
0.0389
0.0446
0.0553
0.0633

Cont{x] Normalizé=Fi{=]

P

> > Fr P P> P> PP 0o>0>F

R{x] Cont{y| Genbanx| Gene Symbds]M{xIn=|Description [+|DBid [+
1445 NM_020850 RANBP10-TSNA6G22. 16 RAN binding prot GenelD:5

612
66
m
37
77
40
37
79
44
116
49
39
38
4
86
69
7

2331 NM _014992 DAAMI
699 NM_002731 PRKACE
394 NM_002006 FGF2
792 NM_002731 PRKACE

4q23. 14 dishevelled assoc GenelD:2.
1p36.1 1 protein kinase, cAGenelD:5!
126-q: 4 fibroblast growth GenelD:2.
1p36.1 1 protein kinase, cAGenelD:5!

1694 NM_206831ZCSL2-OXNAD13p24.2 3 DPH3, KTI11 hom GenelD:2i

363 NM_139279 MCFD2
1201 NM_004741 NOLCL
1515 NM_017676 FLI20125
2173 NM_019001 XRN1
1334 M_0010372¢EIF3S9

594 NM_000365 TPIL
1157 NM_012135FAMS08
1053 NM_017709 FAM46C
1927 NM_207460 FLI44313
1252 NM_152550 SH3RF2
1192 NM 001999 FBN2

2p2l 2 multiple coagulat GenelD:9I
1g24.2 10 nucleolar and coll GenelD:9,
3q211 5 Ty3/Gypsy integré GenelD:>
3923 3 5-3 exoribonucle GenelD:5
7p22.z 7 eukaryotic transla GenelD:8)
12p13 12 triosephosphate i GenelD:7.
125-pt 6 family with seque GenelD:2)
1p12 1 family with seque GenelD:5
0 PROMOTER
5q32 5 SH3 domain cont.GenelD:1!
23-: 5 fibrillin 2 (congen GenelD:2,

() =wgst B4 A dolels téF WAE Baxed 7gs 3 ¥1 AsEA B F
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A)
/(_}riginal SeqQUences ﬂ\

GITTGGATGT GGGTGCTTGT - GTAACCAGTT CCCCAAGCGCE  CAGOCCCGAC AGCGCTCCTT  GGGRAGGELTG
GTCCGAGCCC  CTGTTTCCGC CGOGGLGCAG  GAAGGGTTGG  GGTITCCGCTG CCTGCACCAG CAAGAGCAC
COCGAGCAAA GGAAGAAGAT GACTTGCCTC  CGGAGCTATC ACTGGGGAGT  GGGAATTTGG

Bisulfite converted sequences

CTITGGATCT GGOTGTITGT  GTAATTAGTT TTTTAAGTCT TAGTTTNGAT ACEGTIITIT [ELGGAGGTTC
GITHOGAGTTT TTGTITTYGT YEVGEYGTAG GAAGGGTTGEG GGITTYGTITG:  TTTGTATIAG GTAAGAGTAT
TTYGAGTAAA GGAAGAAGAY GATTTGITIT  YGGAGITATTI ATTIGGGGAGT GGGAATTTGE

PTEN Forward primer - 3"-GGATGTGGGTGTTTGTGTAATTA-3"

PTEN Eeverse pramer : 3 AATTCCCACTCCCCAATAATAAC 37

PTEN Sequencing primer - 3-TTTGTGTAATTAGTTTTTTA-3"

PTEN Sequenceto analvze -AGYGT TAGTTTYGAT AGYGTITTITIT YGGGAGGTTIG GTITYG
[T} methylated positionin H460 and'or A549 (position 1 to 3)

ACYCTTAGTITYGATAGYGTITITIV GGCGAGCTIGGTIVG position
1 2 3 4 & lws

1% 4% % 3% % 20

H460

N |
LTI LR

(NN (I
e — ] X ] R
STTecAtTATETEACTTECAGTAGT L @@@%ﬁ@‘w
» ¥ : v F v

F- R
M ethy lation { %)
= [T,
]
]
%
|

) e wm e B
it S e i i H & EF TR T &
AV ETTAGTTTVGATAGYE T TV GOCAGETIGETIVG
. 16%. 12% R%. A% 10%
A549
Ny : | , TH M Hi60 AS49 M Hi60 AS49
. Ll H,l” l Il H ,i, ||| | PTEN f-actin
B W S
s w m  om  om ow ox

1% 4. PTENe| &A= 5709 CpG Al (CpG island)ell t$h pyrosequencing A7} (A) <
PTEN A€} pyrosequencinge 913l bisulfite®™ H3Hel A, H2> A2 Aol A 7ol Y
7} N EFolA HwEskd F-915 YERATE (B) pyrosequencing diagram. 7t boxi= 1H A°ll AR
7Hel Yol tigh F-915 oWt (O wWEse CpG H:Ee] vlal vHAR bare T WEsStd F-4
Big onjgith (D) 7 AEFelA PTEN %14k RT-PCR A7} (Ref. 1)
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13 5. western blot 4] A3} AM|E= B ZARS 48417 Sof 55)0]



5. DKK3 314} F-9lof4 o] e} 74

o oF HEFIM, DKK3 44+ walo] Auji= DKK3 %4+ promoter?] wlEl3le] 7]ofdtriar &
HA ATt (34,56789,). kA, & Aol 94 HAETR] H460014 DKK3 F-32t2] wds)
of thell ®Aal okt ol flall I3 6AcIA HZol 4719 CpG A= AdEsielth PCR T3 7,
Hgst AeE 4709 Z42ke] CpG Aol tigh mlEste] tish Jwe] H= o]8sto] A=siitk 1
A3} oF 4% o= DKK37F WdztE o] Qg1 o, o143] DKK3 327} o] =ar vt (2
Y 6B). & Ao o3 waE 9l DKK3 Al #HaS ebds] JAA717] 9l SiDKK3
RNAE A28, o5 H460 AlxTeo] =Qlsho @4 o] DKK3 34k #ae ahdsislnt (1
9 6B).

6. DKK3 & A= QIsh A

e

=4

=}

fol

DKK3 #7314} 2glo] H460 AlEFolA A B3t apoptosisoll F&S VA=A AKE] $18k9
SIDKK3 RNAE H460°] transfectiond}itt. 13 7AolA Ho], SIRNA 7} A2|¥ AEZFoA=
culture dishell Ao x FabebA| Xalal, s Al == @4 (floating cells)o] =ity EHSE
SIDKK3=Z A28 AEF= oF 70% 750 Azt A% AallE Blth (13 7B). ©l9k Ride]
SIRNA7} = ¥A] 952 B H460A| E5-2] 7-9-ollM= of2lsh A=A o] wolx| Qkgith oA |
HA460/SIDKK3l|4] Kol cell detachment 37> A3E2] F-2H] Adfio] 238t floating &¥ell ]t
Zo® H]th ofgst vl dAQl B 'S MIT assay$} colony forming assayE &2l THA] St
A FH ATt (2" 7C ¢} D).

7. DKK3 2@ Aol <)ot apoptosis®] =
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this study, we compared the radiosensitivity or radioresistance in two non-small cell lung
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DKK1, DKKZ2Z, DKK3, and DKK4, have been identified. In this study, we investigated
another function of DKK3 in non-small cell lung cancer H460 cells, in which DKK3 was
hypermethylated (44%) but still expressed, by interfering with DKK3 expression using
DKK3-silencing RNA (SiRNA). We found that knockdown of DKK3 expression by DKK3
SiIRNA transfection led to the detachment of H460 cells from the bottom of the culture
plate and caused apoptosis. The expression of cyclindependent kinases D1 and E were
increased by DKK3 knockdown, indicating that cells with blocked DKK3 expression entered
the apoptotic pathway. We also found that the intracellular level of reactive oxygen
species was higher in cells with blocked DKK3 expression than in normal H460 cells, and
levels of pb3, p21, and Bax were also increased by the gene knockdown. These results
indicate that DKK3 acts as an antiapoptotic molecule by decreasing the intracellular level
of reactive oxygen species.
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