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Visualization and Evaluation of the Promoter Activities of Genes for Stress-inducible
Proteins in Response to Environmental Pollutants
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We examined the systematic assay of the reporter gene for the assessment of heavy metals and organic chemical pol-
Iutants using the reporter plasmids carrying stress-responsive elements fused to the green fluorescence protein (GFP)
gene as follows: metallothionein (MTIIA) , heme oxigenase-1 (HO-1), quinone reductase (ARE), and c-fos genes. The
treatment of COS7 cells in which the c-fos gene promoter-, ARE-, or HO-1 enhancer-fused GFP with a low concentra-
tion of NaAsO, was introduced led to the detection of the fluorescent cells, and an agrichemical paraquat enhanced the
fluorescence of ARE or HO-I enhancer-transfected cells. The cells in which the plasmid carrying the MT-IIA gene
promoter (the —765 bp upstream from the transcription initiation site) was introduced highly expressed GFP on treat-
ment with CdCl,, ZnSOy,, or CuCl,. The plasmid carrying seven metal-responsive elements of the MT-IIA gene increased

the response of the fluorescence intensity to these heavy metals. These results indicated that the use of the gene
promoters and enhancers of the stress-responsive genesfused to GFP contributes to the visualization of pollutant-
responsive mammalian cells and can be applied to biomonitoring of environmental pollution.
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Ao, D A2 DT x /) — VIS LA & THRE
BEINDZENHMOEN TS, TORBEFEITIX
EZT 7 0% —4% —® XRE (xenobiotic-response
element) < ARE (antioxidant-response element )
ERALBE 592 2 ENMAISHNTNS, 89

BEMEGEAEAYOF I RA > O—BIETTH
% MTHA 13, EREZIKRDETEHLDANLA
WIRET 20, THICIE MTIHA 7P 7 O0E—
5 —BFNZFEIET 2 MRE 2095 2 &ERAISNT
N5, 10

TOE—F =L\ Y —OEEEEH D
5 & U Tid, chloramphenicol acetyltransferase
% luciferase I T DL R—% — @AW SN T
W5, I, EHEHEOHEZHETNICEHZT S
Green fluorescence protein (GFP) 72 & D#EEH
BRHWSENE XDV RIFETIE, A b
L ZANEEETO ST 0% —4 —fHIC GFP i#fx
FEMBAESETLR—F—2FE-L, EMEaNcs
TARBEGRAMEICK DA ML ANEBLETORE
EEZERENICEREL T, RMEZRET %514
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1. M8  EHYMEBR XY & —13 pEGFP-1
(BD Biosciences Clontech, Fig. 1), pGL2 & U} pGL3
(Promega) ZfHW/z. c-fos D7 OF—& —fEE
(—404/+41) 258075 ZX3 R&EL TiE pGL2-¢-
FOS Zf /. D HO-1 DTN =250 TS5
Z X RiE, pGL2-HO-1 Z fWw/=. pGL2-HO-1 T
&, ¥ ZX HO-1 BT O SO 6kb EifiiEkic
& EN TS MARE site (161bp) KR - 7' 10
E > iEET O TATA-BOX AR TN TNV S,
ARE 28879 23 R& L TIE, pGL2-ARE # ]
W7z, pGL2-ARE i1, v h QRERETD 5 1
MICEENTNDMEE (—434/—404) EFRB-7
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Fig. 1. The Luciferase-reporter Activity of the MTIIA and c-
Fos Gene Promoters, and ARE and HO-1 Enhancers

(a): COS7 cells were transfected with pGL3-MTIIA and pRL-CMV.
After 24 h, the cells treated with vehicle, CdCl, (1, 2, 5, 10 um) and ZnSO,
(5, 50 um) . After 16 h, medium was removed from the cells, the cells were
lysed, and cell extracts were assayed for the luciferase activity. Luciferase ac-
tivity was normalized to the Renilla luciferase activity. The data are ex-
pressed as fold-activation versus the corresponding control value. Data are
expressed as the mean=+S.D. of four experiments. (b): COS7 cells were also
transfected with pGL2-ARE, pGL2-HO-1, pGL2-c-FOS and pRL-CMV.
The cells were treated with vehicle (1), 10 um NaAsO, (2), 100 um DEM (3),
50 um paraquat (4), 10 um menadione (5) and 1 um CdCl, (6). After 16 h,
the cells were used for assay of the luciferase activity.

O pGL2-c-FOS IZHL AR ENTNDZ T OE—F —
HEEZEHERICLT, N7 714 v —2xhenfi
> T, PCREIZEL D DNA #HEiEL /=, pHO-1-
EGFP, pARE-EGFP & U\ pc-fos-EGFP 3% #1F #1
DNA Mg EY) 2 HindIll TYLFE L T, pEGFP-1 i
AL TIERLU .

HO-1 forward primer : 5 AAA AGC TTC TTA

TGG TAC TGT AA %

HO-1 reverse primer : 5" AAG AAT TCA AGC

TTA AGC AGC AGC 3

ARE forward primer : 5" AAA AGC TTA CCG

AGC TCT TAC GCG 3’

ARE reverse primer : 5 AAG AAT TCA AGC

TTA AGC AGC AGC ¥

c-fos forward primer : 5 AAA AGC TTC CTG

CCT CGC CCC T3
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c-fos reverse primer : 5 AAG AAT TCA AGC
TTG CGG CTC AGT 3’

pMTIIA-EGFP |3, pGL3-hMTIIA @ Sacl/Hind-
III JLBE T Fr % pEGFP ICHEA L TIEB L 7=, 7,
pPMRE-EGFP &, pMTIIA-EGFP & MRE [ %] %
BHRELT, KFOT 74 —THRL, Sacll L
BMU/0DB, pEGFP-1 IZfA L TEHL /.

MRE forward primer : 5 AAG AGC TCA ACT
GAC CGC CCG ¥
MRE reverse primer : 5 AAA AGC TTT TTA
TAG CTA GAA 3’

3. EBEMRBRUCLR-—F—@F TYT7UNI
R UYL OE ML TdH 2 COST Mifid (Japan Cell
Bank) 13, PiAEMWE (penicillin 100 ug/ml, strep-
tomycin 100 ug/ml), 10% Fetal Calf Serum % X L-
7 A 32 (1.168 mg/ml) %<& %5 Dulbecco’s Min-
imum Eessential Medium ZH W T, 37°C, 5% CO,

SN THELE.

pGL2-HO-1, pGL2-ARE, pGL2-c-FOS, pGL3-
hMTIIA %X pRL-CMV (Promega Co.) % CellPhect
Transfection Kit (Amersham Biosciences) i
LIPOFECTAMINE PLUS™ Reagent (Invitrogen)
ZHAWT, COSTMICEIRTEAL, 37°CTAH
FaN—Ta >l 24KM%, REFLYE
(10 uM NaAsO,, 100 uM dimethylmaleate (DEM), 10
uM menadione, 50 uM paraquat, 1—10 uM CdCl, &
"5, 50 uM ZnSO,) ZIRML 7=. 16 Kt #HHa
i Z EIY L, Dual-Luciferase® Reporter Assay
System (Promega) ZMWTIEMHZMEL . 55
N7=3E ML pRL-CMV H3ED ™ 2 ¥ )L Luciferase
EEEZE N THRIEL /2.

4. GFP EHHOERBAMH EBELRETEAZTT
Sl 24 K 37°C T > Fax—2a> L
D6, FEYEZRML 2. 16 KefE, /NI RV
L7 RCHifazEEL, HELL —F—XF
Y 2 BEMEE (Carl Zeiss LSMS10) X a0 ¢ SE M 85
(OLYMPUS BX60, BX-FLA) THEIRL 7z Uik
£ 470—490 nm, #HIEH & 515—550nm). 7z,
HICTP N EFHT K B HOERE D GFP EHE D E
#1213, 10 mM Tris-HCI, pH 7.5/150 mM NaCl/0.1
% TritonX-100 Z A THENE 2 IR (B L 72 1%, =0
SR> T, EEZEMERBEL THWE.
GFP Bl &3 hiEL ot (488 nm) TH AP K 490—

560nm ZWTERLZ. &5NEEHEER
pRL-CMV {13k D ™ X "4 ) Luciferase 1% Vil %
WTHIIE L7z, 512, BRI &Y ERNEE
[ C Dunnett O % H ILIIRE 2171, p<0.05 TH|
& L7z,

] R

1. L7127 —ERARNOREFLLEHMD
HE 15D Hﬂbif:)l/*‘/715——“lf§%fﬁ7°52
N b@iﬁ%’u@ﬁ@%i“ﬂ% FYEIC K DB RN
Figure 1(a) IZ/R T LD I XS’D?ZT‘Z\’r EMR
F b & # AR A 72 pGL3-hMTIIA 238 A L /=
COSTHIRITIX, NP7z To—CEMENESLETH
% CAClL, DRMBEITKAEL THWML, Sum Bk
TREER TS b—ICELRE. ZOHEIT,
hMTHA 7O & —% — I3 {KEE D CACL T3 L T
WmL<INETH I EERUE. £, FHERIC Znso4
ZRMUZMKICDOWTIE, EEETED T
51570, CdClL %iﬁﬁnbf:%étkb@ibf%m&
VR > 7z,

pGL2-ARE, pGL2-HO-1 J% T* pGL2-c-FOS 7% i&
AL THEICHT 2EBCAEEAYOREERN
7=. pGL2-ARE J& Tf pGL2-HO-1 TlZ, & /775
o7 2 7R 9 NaAsO, (10 um), HHETHED 1D
TdHDEALFID DEM (100 uMm) o ONE Mk 5 %
4 X ¥ % menadione (10 uM) ZIRINL 7235 E&
REEEIENEEML 2 (Fig. 1(b)). ZabH
DIEHEDEEIMIBIM L 7oL &Y O ITHkF L TH
MLUT, RIORLEBETEAENEREESEL <IZ
7I h—IZ#EL%. £/, pGL2-ARE %_‘»SEF)\L/?:
ML TI1X, E# O paraquat (50 uM) DOFRMIC
ThmmWiEgEz R L7 2.3F). —74, pGL2-
HO-1 Tlid, paraquat (50 uM) OFIEIZIFE A EZR
Do NEMnok (11 f5). pGL2-c-FOS T
NaAsO, (10 uM) &K CdCl, (1uM) TZENZFN
3.5 (N 18 fFITHML . Lin>T, Hnik3
O L R—%—13, ThZENOEMELE I B
SIINEET DI ENGMO T

2. GFPRBXTLDEREREEFE &
Ik R 7z 7' 0 ' — & — &L E 2 W T, #E%E
FEHIE DR RS & N7z, Figure 2 13N ZND
BLEFO7OF—4 —fEE % pEGFP-promoterless
N7 & —I2H#H AL TIER L = pMTIIA-EGFP,
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Fig. 2. Structure of the Constructed Plasmids

(a): pMTIIA-EGFP. The PCR-amplifitd DNA fragments of the
MTIIA gene promoter were inserted into the Sacl/Hind]III site of pEGFP-1.
(b) : The profiles of the indicated plasmid.

PMRE-EGFP, pARE-EGFP, pHO-1-EGFP, pc-fos-
EGFP O#EEX 2 /R 9.

EML =TI A REHANT, COSTHIED ~
AT arE{ToT, TNETENOLEY TR
LU THESL Y —2F v WS W TH.
o #@2 L/~ (Fig. 3). pc-fos-EGFP Z3i# A L
7RI Tl NaAsO, L 27> =B EITH LT 2
MfaAs#EMmL 7=. %£7-, pARE-EGFP & pHO-I1-
EGFP ZFNZ N #E A L 7= #llfld Tld paraquat {LE
T5EDBOMBITIIENED O N, T HIT,
pARE-EGFP, pHO-1-EGFP X pc-fos-EGFP (D4
ILPERAR T, 13 EAEDMBIIFEIEL x> 7.
EGFP Z Wz 8E OHOCHIE U 7ol B o s
W7o —BEEDOERTLSZEBDOHEREMT
Wik,

3. MTIIA BFLER70E—9Y—DLBRLE
RIZT OE—F =GO pMTIIA-EGFP (Fig.
3) ITEHEHLT, HxOiEIHEEIEHEICHT 2
EGFP ORI E &2 # X7z, MTHA X, HEAEDT
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Fig. 3. Fluorescent Images of COS7 Cells Expressing GFP
Protein

COS7 cells transfected with the indicated plasmid using calcium-
phosphate method. After 24 h-incubation, the cells were untreated (—) or
treated with the indicated reagent (+). After 16 h, the cells were fixed and
the GFP fluorescence was observed under the confocal-laser scanning micro-
scope at a 100-fold magnification. A: The cells transfected with pARE-EGFP
were treated with 50 um paraquat. B: The cells with pHO-1-EGFP were treat-
ed with 50 um paraquat. C: The cells with pMTIIA-EGFP were treated 1 um
CdCl,. D: The cells with pc-fos-EGFP were treated with 10 um NaAsO,. Bar:
25 ym.

NRTDAT—PROTRTOHMMTHERHALTHO,
HEBOBILWA L AL > THRENFEIN
LT ENHSNTNS., MTIIA EizTO7O0E—
& — 81213 7 D MRE O 0 3R UESIA & 5 7=
WIZ, TOE—F =GR 5.1 22
T, CdCL 721 Tiz<, HEEETH S ZnSO, KU
CuCl, 1T K % FEBlsR E 2 i 7z

Figure 4 |Z pMTIIA-EGFP %3 A L 7= COS7 #f
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Fig. 4. Fluorescent Images of COS7 Cells Transfected with
pMTIIA-EGFP
COS7 cells were transfected with pMTIIA-EGFP using the lipofection
method. After 24 h-incubation, the cells were treated with vehicle (A), 1 um
CdCl, (B), 5 um CuCl,(C) and 5 um ZnSO, (D). After 16 h, the cells were
fixed with 4% paraformaldehyde. The GFP fluorescence was observed under
the fluorescence microscope at a 100-fold magnification. Bar: 25 ym.

flel e BOCTEMEBE TR L 2/ R 2R L TWa, itk
A TOWRWERMOMAE (A) ITBWTHEED
FMAEHEI N~ lum CdClL, (B), Sum
CuCl, (C) KU'5uM ZnSO, (D) #FNZNIEREM
UM filiX EGFP O B2 #E L < ¥l 7.
Figure 5 13[7 U < pMTIIA-EGFP %3& A L 7= COS7
fifdz rls b U, SO0 YR THOCHRE 2 E &
LRz RLTWD, BIRMOMAIZ L RT
CdCL, Jx T} ZnSO, Z RN U 7= MifZic B\ TH 2 £5,
CuCL IZBWTHK LS BICERICEMLZ. Zns
DOFEFIZ, HEEE (Dh<EBHRITLA, Hfh
O$f) 12 L TN T EGFP B L TWw 5
ZEERB LU, UL LRERNSERNOMIZIZHS N
TH EGFP Z2HE L TWAMANL L, &Ny
DIy REERLE IHRENTNOERER
EOBIMIRT 2&EFEERICZ UL, HonzEos
BN KENS 2.

PMTIIA-EGFP @ H & 812 % 2 A aE & &
WHEEDIZ, TIAXAIROKERZETD /2.
PMTIIA-EGFP |3 MTIIA 7' O € —4% —® — 764 bp
EHEALZOT, 70— G0 < FEYE
DERIZEDENDOEDAONRMNDTZEZZIBN
%, £IT, MTIIA Bz F7O0E—%— (—764/
—595) fEIHZEDFRE, MRE EFIA 7 [A# 0 R
SN-EE (—595/+76) DA %KL /- pGL3-
MRE %X pMRE-EGFP % {E#1 7= (Fig. 2).
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Fig. 5. Fluorescence Intensity of COS7 Cells Transfected
with pMTIIA-EGFP

COS7 cells were transfected with pMTIIA-EGFP and pRL-CMV using
the lipofection method, and were treated with vehicle (A), 1 um CdCl, (B),
5 um CuCl, (C) and 5 um ZnSO, (D). After 16 h, the cells were washed and
lysed. Fluorescence intensity at 510 nm of the cell extracts was measured with
the fluorescence spectrophotometer, and normalized to the Renilla luciferase
activity. The data are expressed as fold intensity versus the corresponding
control value. Data are expressed as the mean=+S.D. of three experiments.
*p<0.05 versus control value.

%9, COS7#iflc pGL3-MRE Z##& A L, 24
M#&IZ CACL % & E (1—10uM) HRINL T—H
BWZMEZEENL, V7 o—EiEEERIEL
kR Z Fig. 6 1IC/,R7. V77 —EEHEIZ
CdClL, BREIZKFEL TEA L. pGL3-hMTIIA %
BALZMBEOIN Y7 257 —YiEM (Fig. 1(a))
EHET B &, 2RI YRR B PRI
U7z, 7z, pGL3-hMTIIA %38 A U 7= fl i f
Tld, CAClL, DIRME 5 uM LARE TIEEN T T b —
IZE L Ty, pGL3-MRE Z 8 A U =il #f T
1%, 10 uM OIRME T H FERDEAIT A 5 780>
7z=. MTIHA #E{z 7 ® —39bp £ CTHIRT 2 &
CACL IZH T HIREMEL LK T L. ZH60DH
Rns, TEO MRE Flz27 08— —&7 5%
&, BREEENMEL< 2D, EENREEIEEZRT
ZENGMo T,

KRIZLVR—% —3EizT % EGFP IC£ AT, 5
EM 2 WE L=, pMTIIA-EGFP & [F£kiC, COS7
Ml pMRE-EGFP 28 A L, #FEWEZRML
THhS 16 REERIC, HOCHHMBEIC K 5B R KU H
Heor I EFHT K D HEERE 2 HIE L 7=

Figure 7 I pMRE-EGFP % A L 7= COS7 #fi@
ZHOCHHMBE TR U /R 2R T, BRI O M
(A) TOFHA Fig. 4 DHFITHANTHDL, 7
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Fig. 6. The Luciferase Activity with pGL3-MRE

COST7 cells were transfected with pGL3-MRE and pRL-CMV. After 24
h, the cells untreated or treated with CdCl, (1, 2, 5 and 10 um) . After 16 h,
medium was removed from the cells, the cells were lysed, and cell extracts
were assayed for the luciferase activity. Luciferase activity was normalized to
the Renilla luciferase activity. The data are expressed as fold activation ver-
sus the corresponding control value. Data are expressed as the mean=+S.D.
of three experiments.

Fig. 7. Fluorescent Images of COS7 Cells Transfected with
pPMRE-EGFP
COS7 cells were transfected with pMRE-EGFP using the lipofection
method. After 24 h, the cells were untreated (A) or treated with 1 um CdCl,
(B), 5 um CuCl, (C) and 5 um ZnSO, (D). After 16 h-incubation, the cells
were fixed and the GFP fluorescence was observed under the fluorescence
microscope at a 100-fold magnification. Bar: 25 ym.

BYEERMU M (B, C,D) X EGFP % ¥
LTWaHilanL <@ oz, £z, #E0Et
EEHT XD #OEE ZHH XS & (Fig. 8), MR
O HE BT 8 X T, CdCl,, CuCl, Z %0 L 7=l f
BITBWVWTHKI 3.9 1%, ZnSO, IRMEFIZHWNTH 3.6
f, HOCHEIEMU . £/, pMTIA-EGFP
DL AR=F—=7vtA (Fig.5) &#XT, HEHEM
Dffifil & ZnSO, %> CuCl, Z AN LU 7= #ilfi & D #'t
WMEOESIIMMLUE. £/, SEEEICHTS
MRE DJREMHEIZBI L Tid, ZnSO,4 % CuCl, TId A

—

A B C D

Fig. 8. Fluorescence Intensity of COS7 Cells Transfected
with pMRE-EGFP

COST7 cells were transfected with pMRE-EGFP and pRL-CMV, using
the lipofection method, and were treated without (A), or with 1 um CdCl,
(B), 5 um CuCl, (C) and 5 um ZnSO, (D). After 16 h, the cells were collect-
ed, washed and lysed. Fluorescence intensity at 510 nm of the cell extracts
was measured with the fluorescence spectrophotometer and normalized to
the Renilla luciferase activity. The data are expressed as fold intensity versus
the corresponding control value. Data are expressed as the mean+S.D. of
three experiments. *p<(0.05 versus control value.

WERE THRAMEZ/R LD, CACL IZHT 2%
PEEE <, IRIMBEOWMITKFELZ. 205Dk
RiZ, MTIIA O 7 O0E—¥ —DHEDFER, 2K
727 0E—% —1EWNEH< R0, ELBIIHTS
REIEHEORENE<RE I &R,

E-1 =

AEFFEICBWTIL, HO-1, ARE, c-fos, MTIIA j&
BFOIUN =0T OF—F —HAL 2l AA A
FEVR—=F—@iiZzHnT, E&ESHEEEMIC
KT LMD Z N L AREEREGTHE L. £
OHTH, MRE % & & MTIIA i#fx T @ CdCl, 12
St B EWEKZ M, c-fos ® NaAsO,, ARE O para-
quat IR B A ML AREEHSNILE 5
IZ, B b MTIA &1 F @ MRE B 51 %2 H W T
EGFP % L R —% —#E{n T & 2 FMAZ vz
INE ORI & A AT AR, IREHREZRAITE
Hffife & LT, CdCly,, ZnSO, % CuCl, %413 %
e ER L .

ARE fO'HO-1 07 OE—F —2{HA LT T
AIRZHAVWTEALZ COST MifdTld, AEY
B FTHB L= EGFP O3t % ¥ e Bamss
TOEUNMRRTERN Sz, KRELTE, 75
ZI RARDOTOE—F —IEENMENZ ENEZS
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Ns. —7%, #ETHEEEITKDHEIETIE,
pHO-1-EGFP % A L 7= COS7 #i i1, mena-
dione (10 uM) DRI L D A OMALIZ LT
K 3.1 fEoaemEZER L. ORI, FEY
HIZX D EGFP OB NEMHE LS N TNWE I &%
RLTHD, JOE—FY—DiEEEREDZ I ENT
EHUE, BEMBEL X)L TH EGFP OFB & #l22 T
ELUEEMENH B, ¥ A HO-1 BIETFOI N>
P—1%, BAKETHWEZ N =LA OMHEET
HRNT OB —& —{EEERTEFINIH 2 T & AV
5NTHO,W Fy EKUE s HO-1 Bz FOL >
N —BRRICRERESRA SN TNnD, 19 ff
2D HO-1 BIEZTIIONH—2lAEDEZHD
TIAIROYBREMAD LT, Whkr7oE—
—{EEERF DT I X I REERTESREMENH
%. pARE-EGFP IZDWT%, ARE Ed#| 25kl
BATLHZHBEZEMADZETHRIBRTOE—F —IE
RO 7 A REERTE RN D 5.
LiR—% —& L THW/ GFP iZi, BFP (blue
fluorescent protein), RFP (red fluorescent protein),
YFP (yellow fluorescent protein) X CFP (cyan
fluorescent protein) 16718 2\ 5 7= 2B BAKAIBHFE I N
THD, FEFRFCHEHATIUT, 1 DOMNTEERD
EHEHOHENHZ TES. MREIZEEEOIZ,
ARE 37 =/ — )V EHIBRILAI T H % +-BHQ (¢-
butylhydroquinone) %°f23£Td % paraquat 7% & fil
2 DHEBNYEIZ K> TIRET 5. 1920 £/ HO-1
I2N\H—IZHFET S SRE 13, ROS ®itH#E 2z
BUOKEZX N ZWEITRNET .20 20X D7k
BORIRLTOE—F—kF%E, TNENOHENLSY
SNV EBEFO RRICHAAATLET T A Re M
W RESFEB MR Z B L, Fkx Bz
BEBETHIET, MroosN E2HAT DM
JRBENEOND. HHBEEROAXRT MVO)NT =2
TS 22 ET, GRMEORREN M0, K
MOEEMOREIZ DR DN H LI,
BREBERIT TR 16 4 12 ATy 1 A F 2 2Rkt Rk
AR E S THAD CER 11 FRRET A5 67 5) D
—HELIEL, NEEO—SBITEYRREIEICE SHH]
EEZIBIL 2. 2 EMBEEORELE, LEo T
T TIRMIE CERWHEDLFWE OB AR E
BEFETEAHT L, £z, BENTNVRLENE
DRI MM S IRWVRIIZBWTHEMITHZ D ¥

BEIAMTEDZEITH D, SRIIBLEMNDE
BrHEEHAULEYREENEASDDEEA SN
5. FERIZIK, FALINTWSAEYBREEDL &
AFF L U HL PCBHEOAEHILAYHNRDE DN
%<, HeREOEMREIRL, KEEMZFHL L
Tyt A EPRERESNTWS., KFETIE, NF
FEELUTRAINGED 5N TSROz R
EHWT, BES&EEMHTSIENTELRTRE
BENHD. AR TESNIZREEZEONRREE
ERE OB S AT LADHEREIZ DN TN E W,
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