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Abstract

NAD(P)H:(quinone acceptor)oxidoreductase (DT-diaphorase) is a two-electron reducing enzyme that activates bioreductive antitum
agents and is induced by a wide variety of compounds including 1,2-dithiole-3-thione (D3T). We investigated factors influencing
DT-diaphorase induction in fourteen human tumor cell lines. Four cell lines had basal DT-diaphorase activity that was increased by D3
treatment (group A), six cell lines had basal DT-diaphorase activity but the activity was not increased by D3T (group B), and four cell line:
had low enzyme activity without, or with, D3T (group C). Two cell lines in group A and two cell lines in group B Rato Tpolymorphism
at base 609 in the NQQDT-diaphorase gene, in one allele, while all four cell lines in group C were homozygous mutants. The base 609
mutant NQQ gene produces a protein with little enzyme activity. In group A, D3T increased NGQRNA and wild-type protein, and also
increased mutant protein in the two heterozygous cell lines. In group B, the inducer slightly increasednRQ@, did not increase the
wild-type protein, but did increase the mutant protein in the two heterozygous cell lines. In group C, D3T increasechRIQ®as well
as its mutant enzyme product. Transfection of the mutant N@&e into cells with two wild-type alleles did not alter DT-diaphorase
activity. The results suggest that the lack of induction of DT-diaphorase activity is transcriptional in nature, that basal and induce
expression of DT-diaphorase are regulated independently, and that mutant d§@® not act as a dominant-negative to suppress
DT-diaphorase activity. Published by Elsevier Science Inc.
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1. Introduction [4,5], but NQQ appears to be the most important for drug
activation [1]. NQQ is 20 kb in length, has six exons and
DT-diaphorase (EC 1.6.99.2) is a flavoprotein that cata- five introns, and produces three RNA transcripts (2.7, 1.7,
lyzes obligatory two-electron reduction of quinones, qui- and 1.2 kb); however, the 1.7-kb transcript is usually in low
none imines, and nitrogen oxides, and requires NADH or abundance [6]. DT-diaphorase consists of two identical pro-
NADPH as an electron donor for enzymatic activity [1]. tein subunits of approximately 30 kDa [1]. Enzyme levels
DT-diaphorase is an activator of some anticancer drugs andvary in different human tissues [7], but the enzyme is highly
is also an important detoxifying enzyme [1-3]. Several inducible in normal and tumor cells and tissues [8—11].
different human DT-diaphorase genes have been identified Expression of DT-diaphorase is thought to be transcrip-
tionally controlled [1]. NQQ has a xenobiotic response
* Corresponding author. Tel.+1-204-787-2155; fax:+1-204-787-  €/€Ment, an ARE, and an AP2 binding site [4]. The ARE
2190. contains an AP1 binding site, two AP1-like sites, and a GCA
E-mail addressbegleit@cc.umanitoba.ca (A. Begleiter). box, and appears to be important for basal expression and
Abbreviations: DT-diaphorase, NAD(P)H:(quinone acceptor)oxi-  induction of DT-diaphorase [6]. Inducers of DT-diaphorase
doreductase; ARE, antioxidgnt_ response eIem(_ent; MMC, mitomycin C; may produce a redox signal that, through Ref-1, increases
EO9, 3-hydroxymethyl-?-amrldlqyl-l-methyI-ZJ(lllndole-4,7-.d|one)prop- binding of the Fos-Jun complex to the AP1 site, producing
B-enw-ol; D3T, 1,2-dithiole-3-thione; SSC, 0.15 M sodium chloride, !

0.015 M sodium citrate buffer solution: and PCR-RFLP, polymerase chain increased NQQ transqription [12] An NF’_('B response
reaction-restriction fragment length polymorphism element may also be involved in enzyme induction [13].
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A C to T point mutation at base 609 of the NQ@ene, 2. Materials and methods
resulting in a proline to serine change at amino acid 187 of
the protein, has been identified in human tumor and normal 2.1. Materials
cells [14-16]. Cells with one mutated allele expressed var-
ied levels of DT-diaphorase activity, but cells with this All media for cell culture, as well as sense and antisense
mutation in both alleles had no detectable enzyme activity primers, were obtained from Gibco BRHinfl was ob-
[15,16]. Incidence of the mutation in the general population tained from Promega; Taq polymerase and dNTP were from
has been reported to be approximately 50%, with 10% being Amersham Pharmacia Biotech. Reagents for the DT-diaph-
homozygous for the mutation; however, the incidence var- orase assay were from the Sigma Chemical Co. Protein was
ies in different ethnic groups [15-18]. The mutant NQO quantitated using the Bio-Rad DC kit; acrylamide:bis (29:1)
protein has not been detected previously in human cells, butwas also from Bio-Rad. The transfection reagents, LT1 and
has been expressed in bacteria [15,19] and COS (monkeyFugene 6, were obtained from Panvera and Roche (Laval),
kidney) cells [20] and has<15% of the activity of the  respectively. Base 609 mutant NQfrotein was a gift from
wild-type protein. Dr. David Ross, School of Pharmacy, University of Colo-
Several other molecular variations have been observedrado Health Sciences Center.
in the NQQ, gene. We foud a T to Csubstitution at base
456, which results in an arginine to tryptophan change at 2.2. Cells

amino acid 139 [21]. This mutant protein has approxi- . . _
mately 40% of the activity of wild-type protein in reduc- Conditions for cell culture were as described previously

ing the antitumor agent, MMC, and is expressed at lower [10]. MCF-7 cells were obtained from the American Type

levels [22]. In addition, an alternatively spliced NQO C;llture Clilollection and _wer:e designat;ej_d MCF'7(ATCC)I-|
MRNA lacking exon 4 has been found in human tumor | Nese cells were grown in the same medium as MCF-7 cells

cells and tissues [21,23,24]. The protein representing the{)ret\(:ottjslyfogtelllinsq lfrom 1D(; 'A(‘j H.‘ Grfzmﬁégiz’ g/li?_:tgba
exon 4 deletion was not detected, but expressidasoh- nstitute of Cell Biology [10], designate -1( )-

erichia coli produced a 26 kDa protein with no enzymatic All other cell lines were obtained and cultured as previously
activity [22]. described [10].

DT-diaphorase is a Phase Il detoxifying enzyme that
may be important in protecting cells from reactive metab-
olites and carcinogens [1,3]. It is induced by a wide variety
of compounds including dithiolethiones, isothiocyanates,

2.3. Induction of DT-diaphorase activity

Cells were incubated without, or with, 1Q{M D3T for
48 hr. DT-diaphorase activity was measured as described

and 'Mlchael r'eactlon gcceptors, many of which can inhibit previously, using menadione as the electron acceptor [10].
carcinogenesis by acting as blocking agents [25,26]. Thus’Activity was expressed as nanomoles per minute per milli-

inducers of DT-diaphqrase are under active investigation asgram of protein.
cancer chemopreventive agents [27,28].

DT-diaphorase is also an important activating enzyme 5 4 pcRrR-RELP and DNA sequencing
for bioreductive antitumor agents such as MMC [2,29] and

EO9 [30]. These agents require intracellular activation by  5enomic DNA was extracted from 8 10° cells, using
enzymes like NADPH:cytochrome P450 reductase (EC ihe Genomic Prep DNA Isolation Kit (Amersham Pharma-
1.6.2.4) [31] or DT-diaphorase [2]. Generally, cell lines ja Bjotech) and following the manufacturer’s instructions.
[2,29] or tumor specimens [32] with higher levels of DT- pcR-RFLP was performed using the sense and antisense
diaphorase are more sensitive to MMC. primers described by Travet al [15] using 1uL of the

We have investigated the use of DT-diaphorase inducersgenomic DNA solution and a mixture containing p
to selectively increase enzyme activity in tumor cells, as a gNTP, 2.5 mM MgC}, 0.375uM of each primer, and 2
way of enhancing the effectiveness of bioreductive antitu- ynits of Taq polymerase. Thermal cycling conditions were
mor agents. We showed that the dithiolethione; D3T, can 1 cycle of 94° for 1 min, 35 cycles of 94° for 30 sec, 64° for
selectively increase DT-diaphorase activity in human 30 sec, and 72° for 30 sec, and a final cycle of 72° for 5 min.
[10,33] and murine [11] tumors, and that this enhanced Thermal cycling was performed in a Perkin-Elmer Gene-
the antitumor activity of MMC and EO9. However, we Amp PCR system 9600. The PCR products were digested
found that DT-diaphorase activity was not induced in ten with 16 Units ofHinfl, and the fragments were isolated on
of thirty-eight human tumor cell lines examined [10]. a 2.5% agarose gel containing 0.&/mL of ethidium
Since lack of induction of DT-diaphorase activity may bromide.
hinder the use of enzyme inducers to improve chemotherapy PCR products that had not been treated with the restric-
or for cancer chemoprevention, we investigated why DT- tion enzyme were purified (Qiagen QIAquick PCR Purifi-
diaphorase activity was not induced in some human tumor cation Kit, Qiagen Inc.) and sequenced to confirm the C to
cell lines. T point mutation at base 609 using an ABI Prism 310
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Genetic Analyzer (Perkin-Elmer). The PCR product was 1.4-kb wild-type human or mutant NQQ:DNA was in
purified following the manufacturer’s protocol and resus- serted into pRc/CMV at thelind-1lI cloning site to give the
pended in 3QuL water. Generally, ZiL of the purified PCR pRc/CMV/NQO, WT and pRc/CMV/NQQ 609 plasmids,
product was sequenced in aub- volume containing 0.33  respectively. The mutant human NQEDNA was designed
nL Big Dye, 1.67 uL sequencing buffer (Perkin-Elmer), to contain the C to T point mutation at base 609. DNA

and 15 pmol antisense primer. sequencing of the pRc/CMV/NQOWT and pRc/CMV/
) NQO, 609 plasmids was performed to verify the mutation.
2.5. Northern blot analysis pPCMVB is a 7.2-kb mammalian reporter vector containing

an ampicillin selectable marker designed to expresstthe
coli B-galactosidase gene with eukaryotic translation initi-
ation signals.

Cells were incubated without, or with, 1Q{M D3T for
24 hr. Total RNA was extracted from cells, using TRIzol
(Gibco BRL), and 20ug of total RNA per lane was sub-
jected to denaturing electrophoresis in 1% agarose-formal-
dehyde gels. Gels were transferred overnight in 10X SSC to 2.8. Transfections into human tumor cells
nitrocellulose membranes (Bio-Rad). A 1.3-kb cDNA probe
to NQO, was labelled with §-3?P] dCTP using the Ready HCT116 human colon cancer cells were grown in
To Go Labeling Kit (Amersham Pharmacia Biotech) and 60-mm plates. Cells were plated at>6 10° cells and
hybridized following the method of Church and Gilbert incubated overnight. A sterile coverslip was included in
[34]. The hybridization signal was detected by Phosphorim- each plate to measure transfection efficiency. One micro-
ager screens and quantitated using the Phosphorimagegram pCMVB was co-transfected with 4g pRc/CMV,
mode of the ImageQuant program (Molecular Dynamics). pRc/CMV/NQQ, 609, or pRc/CMV/NQQ WT using 15

B-Actin was used as a loading control. uL of LT-1 following the transfection protocol as outlined
_ in the product manual from Panvera. Following 6 hr of
2.6. Western blot analysis exposure to the plasmid, cells were incubated for an addi-

tional 42 hr to allow for plasmid protein expression.

PC-3 human prostate cancer cells were grown in 60-mm
plates. Cells were plated at 8 10° cells and incubated
overnight. A sterile coverslip was included in each plate to
measure transfection efficiency; Ol pPCMVB was co-
transfected with 3.2.g pRc/CMV, pRc/CMV/NQQ 609,
or pRc/CMV/NQQ WT using 9uL of Fugene 6 following
the transfection protocol as outlined in the product manual

separation of the wild-type and mutant bands for quantita- from Roche. The cells were exposured to the plasmids for
tion, a 16-cm separating gel was used and run until a 28-kDa48 hr. ) o )
marker of the Benchmark Prestained Protein Ladder (Gibco ~ The transfection efficiency of the pRc/CMV plasmids
BRL) was 1 cm from the bottom of the gel. The samples Was determined fromp-galactosidase expression in co-
were transferred to a nitrocellulose membrane (Bio-Rad) at transfection experiments, measured using X-gal (Promega)
0.8 mA/cnt of membrane for 90 min using a continuous staining solution, and was corrected for the amount of plas-
buffer system in a semi-dry blotting apparatus (LKB mid DNA used in the transfection. Non-transfected control
Bromma Nova Blot, Amersham Pharmacia Biotech). The cells and cells transfected with pRc/CMV, pRc/CMV/NQO
membrane was blocked overnight with 4% BSA in Tris- 609, or pRc/CMV/NQQ WT were assessed for NQO
buffered saline/0.25% Tween-20. Then the membrane wasmutant and wild-type protein expression by western blot
washed and incubated with a polyclonal NQ@éntibody analysis and for DT-diaphorase activity.

[21] for 2 hr, followed by incubation with a donkey anti-
rabbit secondary antibody (Amersham Pharmacia Biotech)
for 45 min. Secondary antibody was detected using the ECL
detection kit (Amersham Pharmacia Biotech) with typical _ o
exposure times to x-ray film being 5-90 sec. The x-ray films DT-diaphorase activities in control and D3T-treated cells

were scanned and quantitated using the densitometer modd/ere analyzed by a two-tailetest comparing the signifi-

Cells were incubated without, or with, 1Q{M D3T for
48 hr. Protein was extracted from cells in lysis buffer con-
sisting of 50 mM Tris (pH 8.0), 150 mM NaCl, 1 mM
EDTA, and protease inhibitors (Complete Mini, Boehringer
Mannheim). Protein ranging from 10-50y per lane was
loaded on a 0.75-mm thick 12.5% SDS-polyacrylamide gel
with a 4% stacking gel (Hoefer Protein Electrophoresis
Applications Guide) and run at 9.5 mA overnight. To enable

2.9. Statistical analysis

of the ImageQuant program. cance of the difference of the mean activities. Levels of
NQO, wild-type protein and DT-diaphorase activities in
2.7. Plasmids control and transfected HCT116 or PC-3 cells were ana-

lyzed by two-tailed-tests comparing the significance of the

PRC/CMV is a 5.5-kb mammalian reporter vector con- difference of the mean NQOwild-type protein or DT-
taining ampicillin and neomycin selectable markers. The diaphorase activities in control and transfected cells.
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Table 1
Induction of DT-diaphorase activity in human tumor cell lines by D3T

DT-diaphorase activity
(nmol min~* mg protein %)

Cell line Tumor type Control D3T treated Ratio of D3T P
treated/control

Group A: Cell lines induced by D3T

HL-60 Leukemia 4.0- 0.5 31.6+ 3.6 7.9 < 0.001

T47D Breast 27.8-1.2 97.6* 4.5 3.5 < 0.001

NCI-H661 Lung 118.9+ 13.0 295.3F 27.4 25 < 0.001

MCF-7(ATCC) Breast 198.2 22.4 363.6= 42.0 1.8 <0.01
Group B: Cell lines not induced by D3T

Detroit 562 Head and neck  1731328.0 199.4+ 39.4 1.1 NS

NCI-H520 Lung 204.7+ 28.0 239.5 32.3 1.2 NS

FaDu Head and neck 363247.3 463.3+ 36.1 1.3 NS

DU145 Prostate 586.fr 46.5 577.3+ 36.9 1.0 NS

MCF-7(AHG) Breast 939.1 88.3 981.2+ 96.5 1.0 NS

HepG2 Liver 1168.8- 125.0 1281.9+ 91.6 1.1 NS
Group C: Cell lines with no consistently detectable DT-diaphorase activity

MDA-MB-231 Breast NI? 1.7+ 0.5

NCI-H596 Lung ND 3.6+ 0.5

Colo320DM Colon 22+22 ND

MDA-MB-468 Breast 4.4+ 2.4 ND

Cells were incubated without, or with, 1QM D3T for 48 hr, and enzyme activity was measured as described in the text. Values are them&ahs
of 3-15 determinations. Statistical significance was determined using a two-taiésti comparing the significance of the difference of the mean
DT-diaphorase activity in cells incubated without, or with, D3T.

NS, not significantP = 0.05.

P ND, not detectable<1 nmol min~* mg proteir?).

3. Results crease in enzyme activity following D3T treatment. Group
C consisted of four cell lines [MDA-MB-231, NCI-H596,
3.1. Induction of DT-diaphorase activity in human tumor  Colo320DM and MDA-MB-468] that had DT-diaphorase
cell lines by D3T activity that was not consistently detectable either before or
after treatment with D3T.

The ability of D3T to induce DT-diaphorase activity was
measured in fourteen human tumor cell lines (Table 1). The 3.2. Detection of NQ@mutation in human tumor cell
tumor cell lines represented seven different tumor types lines
including lung, head and neck, breast, colon, leukemia,
prostate, and liver tumors. The control level of DT-diaph- The presence of a C to T substitution at base 609 of the
orase activity in these cells ranged from not detectable to NQO, gene in the human tumor cell lines was detected by
1168.8 = 125.0 nmol min' mg protein*. Cells were PCR-RFLP analysis [15]. The mutation at base 609 was
incubated without, or with, 10uM D3T for 48 hr, and detected in eight of the cell lines (Fig. 1), andthe Cto T
enzyme activity was measured. Cells were incubated for 48 substitution was confirmed in these cells by DNA sequenc-
hr because we [10,11] and others [13,35] have shown thating. Four of these cell lines were homozygous for the
induction of DT-diaphorase activity reaches a maximum at mutation, while the remaining four were heterozygous. Of
approximately 48 hr in a number of cell lines. In addition, the cell lines in group A, two were homozygous wild-type
we have shown previously [10] that 10 D3T produces [T47D and NCI-H661], while two had one mutant allele
the maximum induction of DT-diaphorase activity in HL-60 [HL-60 and MCF-7(ATCC)]. Four of the cell lines in group
cells without toxicity to these cells. The fourteen cell lines B were homozygous wild-type [Detroit 562, FaDu, DU145
were classified into three groups based on their control leveland HepG2] and two were heterozygous for the mutation
of DT-diaphorase activity and the ability of D3T to increase [NCI-H520 and MCF-7(AHG)]. All four cell lines in group
enzyme activity. Group A consisted of four cell lines [HL- C were homozygous for the mutation at base 609.
60, T47D, NCI-H661, and MCF-7(ATCC)] that had a mea-
surable control level of DT-diaphorase activity and signif- 3.3. Northern blot analysis of induction of NQ@RNA
icantly increased enzyme activity following D3T treatment.
Group B consisted of six cell lines [Detroit 562, NCI-H520, The effect of D3T on induction of NQOmMRNA was
FaDu, DU145, MCF-7(AHG), and HepG2] that had a mea- determined. Cells were incubated without, or with, 100
surable control level of DT-diaphorase activity but no in- D3T for 24 hr, and NQQmMRNA was measured by northern
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g " ¢ Table 2
Relative induction of NQ@ mMRNA by D3T in human tumor cell lines
Cell line Tumor type Ratio of D3T
& & e treated/control
Y, L F P (1.2-kb band)
s s & 7 F Group A: Cell lines induced by D3T
; HL-60 Leukemia 12.2
a — T47D Breast 33
NCI-H661 Lung 7.0
MCF-7(ATCC) Breast 2.8
Fig. 1. Identification of the C to T substitution at base 609 of the NQO  Group B: Cell lines not induced by D3T
gene in human tumor cell lines by PCR-RFLP analysis. Genomic DNAwas ~ DEtroit 562 Head and neck 2.2
NCI-H520 Lung 1.6

extracted from 5x 10° cells using the Genomic Prep DNA Isolation Kit.

PCR-RFLP was performed using the sense and antisense primers described FaPu Head and neck 16
by Traveret al [15], as described in the text. The PCR products were DU145 Prostate 1.2
digested withHinfl, and the fragments were isolated on a 2.5% agarose gel MCF-7(AHG) Bfeast 2.4
containing 0.05ug/mL of ethidium bromide. Group A: cell lines induced HepG2 Liver 2.6

Group C: Cell lines with no consistently detectable

by D3T; Group B: cell lines not induced by D3T; Group C: cell lines with ; -
DT-diaphorase activity

no consistently detectable DT-diaphorase activity.

MDA-MB-231 Breast 4.8
NCI-H596 Lung 3.0
Colo320DM Colon 10.4
blot analysis (Fig. 2). Cells were incubated for 24 hr be- MDA-MB-468 Breast 6.9

cause we found that in NCI'H§61' FaDu, and Hesz_Ce”S Cells were incubated without, or with, 1QoM D3T for 24 hr. RNA was
NQO, mRNA reached a maximum at 24 hr and either extracted using TRIzol and subjected to denaturing electrophoresis on 1%
remained the same or decreased slightly at 48 hr (data notagarose-formaldehyde gels. RNA was transferred to nitrocellulose mem-
shown). All the cell lines showed two mRNA transcripts at Pranes and probed withéP-labelled 1.3-kb cDNA of NQQ The 1.2-kb
1.2 d 2.7 kb. The 1.2 kb band . df I band was quantitated using a Phospholmager and was corrected for dif-
- an bR e - and was quam_'tate Or CelIS forences in loading by usingractin as a loading control. Results represent
incubated without, or with, D3T for each cell line (Table 2). the averages of duplicate gels from 2—4 separate experiments.

All four cell lines in group A showed increased enzyme

mRNA following incubation with D3T that ranged from

2.8-to 12.2-fold. The six cell lines in group B showed small 3.4. Western blot analysis of induction of NQfrotein
increases in enzyme mRNA that ranged from 1.2- to 2.6-

fold. All four cell lines in group C showed increased NQO The effect of D3T on induction of NQQprotein was
mRNA following incubation with D3T, with the increases determined by western blot analysis. Cells were incubated
ranging from 3.0- to 10.4-fold. without, or with, 100uM D3T for 48 hr, and NQQ protein

was detected by western blot analysis (Fig. 3). Two protein
bands were detected, a 30-kDa band identical to purified
wild-type NQO, protein and a 29.5-kDa band identical to
purified mutant protein. The two protein bands were quan-
A B e titated by densitometry for cells incubated without, or with,
. D3T for each cell line (Table 3). All four cell lines in group
A showed increased wild-type NQ@rotein after treatment
with D3T. The two cell lines in this group that were het-
. erozygous for the mutation also showed increased mutant

27 kb OMAR sk Bsthnnunn w0 - protein after incubation with D3T. All six cell lines in group
au ageatl “.'... sed -0 B showed no increase in wild-type NQ@®rotein. Both cell
"000 . lines in this group that were heterozygous for the mutation

i il SN0y, o0 Wen v showed an increase in the level of mutant protein. All four

cell lines in group C showed large increases in mutant
Fig. 2. Effect of D3T on NQ@ mRNA in human tumor cell lines. Cells  NQO, protein following treatment with D3T. In general, the

were incubated without, or with, 10AM D3T for 24 hr. RNA was — jncreases in mutant protein levels were greater than the
extracted using TRIzol and subjected to denaturing electrophoresis on 1%.

agarose-formaldehyde gels. RNA was transferred to nitrocellulose mem- increases in wild-type protein levels fO||0W_|ng_ D3T treat-
branes and probed with ¥P-labelled 1.3-kb cDNA of NQQ The RNA ment. However, the level of mutant protein in cells that
was probed with &2P-labelled probe fo-actin as a loading control.  were heterozygous for the mutation was still lower than the

Group A: cell lines induced by D3T; Group B: cell lines not induced by level of Wild-type protein after treatment with D3T (see Fig.
D3T; Group C: cell lines with no consistently detectable DT-diaphorase 3)

activity. C, control; D3T, D3T-treated.
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e SO R Table 3
wiEAR o ¢ ¢ © na Relative induction of NQ@protein by D3T in human tumor cell lines
A =y g _— - s Ratio of D3T treated control
o s g iy Cell line Tumor type  Wild-type Mutant protein
L . protein (29.5-kDa Band)
(30-kDa Band)
B ~_ ™= - - - - —- Group A: Cell lines induced by D3T
LU L ET 05 pig. 20 wee 1% g, 18w 10 g 0 e Migg Sser 19 £ M s HL'60 Leukemla 6_9 Ne
T47D Breast 4.4
wayp e ACHIER ol MDA NCI-H661 Lung 55
- iy S aa— MCF-7(ATCC) Breast 2.4 3.4
C == - - - - Group B: Cell lines not induced by D3T
Detroit 562 Head and neck 1.3
Fig. 3. Effect of D3T on NQQ protein in human tumor cell lines. Cells NCI-H520 Lung 1.1 1.7
were incubated without, or with, 100M D3T for 48 hr. Protein was EaDu Head and neck 1.3
extracted and run on a 16-cm, 12.5% SDS-polyacrylamide gel. The pro- pyi145 Prostate 0.9
teins were transferred to nitrocellulose membranes and probed with NQO  MCF-7(AHG) Breast 1.2 27
antibody and then with a secondary antibody. The secondary antibody was  HepG2 Liver 1.1

detected using an ECL detection kit. Group A: cell lines induced by D3T;
Group B: cell lines not induced by D3T; Group C: cell lines with no  Group C: Cell lines with no consistently detectable DT-diaphorase
consistently detectable DT-diaphorase activity. C, control; D3T, D3T- activity

treated; WT, wild-type NQ@protein; MT, mutant NQQ protein.

MDA-MB-231 Breast 9.9
NCI-H596 Lung 8.9
Colo320DM Colon NC
3.5. Transfection of the NQQyene into human tumor MDA-MB-468 Breast 6.5

cells Cells were incubated without, or with, 1M D3T for 48 hr. Protein

was extracted and run on a 16-cm, 12.5% SDS-polyacrylamide gel. The
HCT-116 (human colon cancer) cells were transfected proteins were transferred to nitrocellulose membranes and probed with

with pRc/CMV, pRC/CMV/NQQ 609, or pRc/CMV/NQQ NQO, antibody and then with a secondary antibody. The secondary anti

WT plasmids. The transfection efficiency ranged from 61.6 body Wj‘s ddeteCte?t “tSigg an Eﬂ?deete_‘t:tiO”tk“' ar(‘jd X'ff?ﬁ’ fl”ms were t
. . . scanned an uantitatea usin € densitometer mode O e ImageQuan

t0 69.5% (Table 4). I_Expr_essmn 9f wild-type NQ@Protein program (Molgcular Dynamicsg). Results represent the averages 0? dQupIi-

was not changed significantly in the pRC/CMV or pRc/ cae gels from two separate experiments.

CMV/NQO, 609 transfected cells compared with non-trans 2N, ratio could not be calculated due to the absence of a band in the

fected cells (Fig. 4). In contrast, cells transfected with pRc/ untreated cells.

CMV/NQO,; WT showed a 6.9-fold increase in expression

of this protein. Cells transfected with pRc/CMV/NQ®609 )

also showed expression of mutant protein and the ratio of non-transfected cells and cells transfected vv_|th p_Rc/CMV

expression of mutant/wild-type protein, corrected for trans- OF PRE/CMV/NQQ 609; however, enzyme activity in cells

fection efficiency, was 5.8 1.5 (Table 4). There was no transfected with pRc/CMV/INQOWT was increased sig

significant difference in DT-diaphorase activity between nificantly (Table 5).

non-transfected cells and cells transfected with pRc/CMV

or pRc/CMV/NQQ 609; however, enzyme activity in cells

transfected with pRc/CMV/NQOWT was increased sig 4. Discussion

nificantly (Table 4).

PC-3 (human prostate cancer) cells were transfected with  DT-diaphorase is a Phase Il enzyme that plays an im-
pRc/CMV, pRc/CMV/NQQ 609, or pRc/CMV/NQQ WT portant role in detoxifying chemically reactive metabolites
plasmids. The transfection efficiency ranged from 58.2 to and carcinogens, and may be important in an early cellular
61.4% (Table 5). Expression of wild-type NQQ@rotein defense against tumorigenesis [1,3]. It is induced by a wide
was not changed significantly in the pRc/CMV or pRc/ variety of chemical compounds including dithiolethiones,
CMV/NQO,; 609 transfected cells compared with non-trans isothiocyanates, Michael reaction acceptors, and heavy met-
fected cells (Fig. 5). In contrast, cells transfected with pRc/ als [25,26], many of which can inhibit carcinogenesis by
CMV/NQO,; WT showed an 8.4-fold increase in expression acting as blocking agents [26]. DT-diaphorase has also been
of this protein. Cells transfected with pRc/CMV/NQ®609 shown to be an important activating enzyme for bioreduc-
also showed expression of mutant protein and the ratio of tive antitumor agents like MMC [2,29]. We have been
expression of mutant/wild-type protein, corrected for trans- investigating the use of inducers of DT-diaphorase to selec-
fection efficiency, was 2.7 0.3 (Table 5). There was no tively increase the level of DT-diaphorase activity in tumor
significant difference in DT-diaphorase activity between cells as a way of enhancing the effectiveness of bioreductive
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Table 4
Transfection of mutant and wild-type NQ@DNA into HCT116 human colon tumor cells
Transfection Transfection Transfected/Control Mutant/ DT-diaphorase

efficiency wild-type protein Wild-type activity

(%) proteirf (nmol min~* mg protein )
Control (no plasmid) 135.5+ 14.4
pRc/CMV 69.5+ 6.4 0.9+ 0.1 132.9+12.2
pRc/CMV/NQQO, 609 68.1+ 5.9 1.4+0.2 58+ 15 142.6+ 15.5
pPRc/CMV/NQO, WT 61.6+ 1.9 6.9+ 1.4* 193.4+ 13.8*

HCT116 (human colon cancer) cells were co-transfected with pRc/CMV, pRc/CMVINEZEO or pRc/CMVINQQ WT and pCM\B plasmids.
Transfection efficiency was determined as described in the text, and ratios of wild-type and mutanphd@® expression were obtained from western
blots. Results represent the mean$SEM of 3-5 determinations. Statistical significance was determined using twottaélsts to compare the significance
of the differences of the mean NQ@vild-type protein or the DT-diaphorase activities in control and transfected cells.

@ Corrected for transfection efficiency.

* P < 0.05.

antitumor agents. We showed that the dithiolethione, D3T, @ PCR-RFLP analysis [15] detecta C to Tsubstitution at
can selectively increase DT-diaphorase activity in human base 609 of the NQQ DT-diaphorase, gene in eight of the
[10,33,36] and murine [11] tumors, and that this can en- cell lines (Fig. 1). The C to T substitution was confirmed in
hance the antitumor activity of MMC and EO9. However, these cells by DNA sequencing. Two of the cell lines in
DT-diaphorase was not induced in approximately 25% of group A [HL-60 and MCF-7(ATCC)], and two of the cell
the human tumor cell lines investigated [10]. In the present lines in group B [NCI-H520 and MCF-7(AHG)], had one
study, we examined mechanisms that might be responsiblemutant allele. All four of the cell lines in group C were
for the lack of induction of DT-diaphorase in the human homozygous for the mutation at base 609.
tumor cell lines. In the four tumor cell lines in group A [HL-60, T47D,
We investigated induction of DT-diaphorase by D3T in NCI-H661 and MCF-7(ATCC)], treatment with the inducer
fourteen human tumor cell lines representing various tissueresulted in an increase in NQ@RNA and normal protein.
types. Four of these cell lines had basal enzyme expressionn the two cell lines in this group that were heterozygous for
and DT-diaphorase activity was increased significantly after the C to T mutation at base 609, there was also an increase
incubation with D3T (group A). Six of the cell lines had in the level of mutant protein, although the amount of this
basal expression of DT-diaphorase but showed no signifi- protein was still less than the amount of normal protein in
cant increase in enzyme activity after D3T treatment (group the cells.
B). Four of the cell lines had very low enzyme activity Al six tumor cell lines in group B had intermediate to
before, or after, D3T treatment (group C). There was no high control levels of DT-diaphorase activity, demonstrat-
obvious relationship between tumor type and induction of jng that they are capable of expressing active wild-type
DT-diaphorase activity in these cell lines. protein. Therefore, the lack of enzyme induction in these
cells must be due to a failure in the induction process. The
DU145 and FaDu cells had very small increases in NQO
| ) 3 4 mRNA of 1.2- and 1.6-fold, respectively, and no increases
in wild-type protein. The NCI-H520 and MCF-7(AHG)
cells had increases in NQOnRNA of 1.6- and 2.4-fold,
WT - - respectively. While the wild-type protein in these cells was
not increased, they did have increases in mutant protein of
MT - 1.7- and 2.7-fold, respectively. Thus, the increased mRNA
seen in these cells may have been due to a selective increase
in transcription of the mutant, but not the wild-type, NQO
allele. In contrast, the Detroit 562 and HepG2 cells had
Eig-T‘ll-lgi‘]pf‘ESSiO”IOf NQPW”d'hYP% alrl‘d mutant f“’te;” it”(;'a’_‘tf]fe“:ﬂc{/ larger increases in NQOMRNA of 2.2- and 2.6-fold, re
uman colon cancer cells. Cells were co-transiected wi . . . .
and pRc/CMV, pRc/CMV/NQQ 609, or pRc/CMV/NQQ WT using ﬁ spect_wgly, but there was no increase in W|Id-type NQO
LT-1 transfection reagent. Protein was extracted, angd®as run on a protein in these cells. Overall, these results suggest that the
16-cm, 12.5% SDS-polyacrylamide gel. The proteins were transferred to lack of enzyme induction in the cell lines in group B is due
nitrocellulose membranes and probed with NQitibody and then with  ejther to a transcriptional or pre-transcriptional defect. How-
a secondary antibody. The secondary antibody was detected using an ECLever, we cannot rule out the possibility that in some of the

detection kit. Lane 1, non-transfected cells; lane 2, cells transfected with cell lines in this arou articularly the Detroit 562 and
pRc/CMV; lane 3, cells transfected with pRc/CMV/NQ609; and lane 4, g P, P y

cells transfected with pRc/CMV/NQQNT. WT, wild-type NQQ protein; HepG2 cells, the lack of enzyme induction is due to a defect
MT, mutant NQQ protein. at the post-transcriptional level.
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Table 5
Transfection of mutant and wild-type NQ@DNA into PC-3 human prostate
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cancer cells

Transfection Transfection Transfected/Control Mutant/ DT-diaphorase activity
efficiency wild-type protein Wild-type (nmol min~* mg
(%) proteirf protein %)
Control (no plasmid) 86.2+ 10.7
pRc/CMV 58.2+ 8.9 1.0+ 0.2 91.7+ 11.2
pRc/CMV/NQO, 609 58.6+ 9.9 1.8+ 0.8 2.7+0.3 89.7+ 8.8
pPRc/CMV/NQO, WT 61.4+ 13.4 8.4+ 1.8* 126.3* 17.0*

PC-3 (human prostate cancer) cells were co-transfected with pRc/CMV, pRc/CMV/NQA or pRc/CMV/NQQ WT and pCM\B plasmids.
Transfection efficiency was determined as described in the text, and ratios of wild-type and mutanphd@® expression were obtained from western
blots. Results represent the mean$SEM of 3-5 determinations. Statistical significance was determined using twottaélsts to compare the significance

of the differences of the mean NQ@vild-type protein or the DT-diaphorase
@ Corrected for transfection efficiency.
* P < 0.05.

The four cell lines in group C were all homozygous for

activities in control and transfected cells.

protein, this might make it more difficult to induce DT-

the mutation at base 609. These findings confirm an earlierdiaphorase activity in cells that are heterozygous for the
report for the NCI-H596 cells [15] and provide the first mutation. To test whether the mutant NQ@rotein acts as
demonstration that the MDA-MB-231, Colo320DM and a dominant-negative, we transfected a plasmid containing a
MDA-MB-468 cells are homozygous mutants. The mutant mutant NQQ cDNA into HCT116 human colon cancer
protein is present in all the cells after D3T treatment, but the cells and PC-3 human prostate cancer cells, which have two
lack of enzyme activity in the cells likely reflects the re- wild-type NQQ, alleles. The pRc/CMV/INQQ 609 trans
ported low activity of the mutant protein [15,19,20]. While  fected cells showed unchanged expression of the wild-type
the level of NQQ induction in these cells lines in group C  NQO, protein, but also expressed the mutant protein. The

was relatively high, the level of mutant protein in these cells
following induction was still lower than the level of wild-
type protein in the cell lines in groups A and B. This is
consistent with the suggestion that the mutant protein may
be less stable than the wild-type protein [15,20].
DT-diaphorase activity is dependent upon formation of a
dimer of the NQQ protein [1]. Thus, cells that are heterezy
gous for the NQ@mutation may form a heterodimer. If this
heterodimer has low DT-diaphorase activity, the mutant
NQO, protein might act as a dominant-negative to decrease
enzyme activity. Since our studies suggested that mutant
NQO, protein may be more easily induced than wild-type

WT S
MT

Fig. 5. Expression of NQQwild-type and mutant protein in transfected
PC-3 human prostate cancer cells. Cells were co-transfected with BlCMV
and pRc/CMV, pRc/CMV/NQQ 609, or pRc/CMV/NQQ WT using the
Fugene 6 transfection reagent. Protein was extracted, apd %&s run on

a 16-cm 12.5% SDS-polyacrylamide gel. The proteins were transferred to
nitrocellulose membranes and probed with NQtibody and then with

ratio of mutant/wild-type NQ® protein was 5.8- 1.5 in

the HCT116 cells and 2.% 0.3 in PC-3 cells that were
actually transfected with the pRc/CMV/NQ®09 plasmid,
high enough that all the DT-diaphorase activity should have
been inhibited in these cells if the mutant protein acted as a
dominant-negative. Since the transfection efficiency in this
study was 68.1+ 5.9% in the HCT116 cells and 586
9.9% in the PC-3 cells, decreases of approximately 70 and
60% in the DT-diaphorase activity of the two transfected
cells, respectively, would have been expected. However,
enzyme activity in the pRc/CMV/NQQ609 transfected
cells was not significantly different from control cells or
cells transfected with the pRc/CMV plasmid. Thus, mutant
NQO, protein does not appear to act as a dominant-negative
to decrease DT-diaphorase activity.

We also transfected the plasmid containing the wild-type
NQO, cDNA into HCT116 and PC-3 cells. The pRc/CMV/
NQO,; WT transfected HCT116 and PC-3 cells showed 6.9-
and 8.4-fold increased expression of the wild-type NQO
protein compared with the control cells, respectively. DT-
diaphorase activity in these cells was also increased signif-
icantly by 1.4- and 1.5-fold, respectively. It is not clear why
the relative increase in DT-diaphorase activity was smaller
than the relative increase in wild-type protein in these cells;
however, increases in protein levels do not always correlate
directly with increases in enzyme activity as was observed

a secondary antibody. The secondary antibody was detected using an ECLyyith some of the cell lines in group A particularly the

detection kit. Lane 1, non-transfected cells; lane 2, cells transfected with
pRc/CMV; lane 3, cells transfected with pRc/CMV/NQ609; and lane 4,
cells transfected with pRc/CMV/NQONT. WT, wild-type NQQ protein;

MT, mutant NQQ protein.

NCI-H661 cells.
These results provide evidence that induction of DT-
diaphorase in human tumor cells is likely regulated at, or
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prior to, transcription. The lack of DT-diaphorase induction [11] Begleiter A, Leith MK, Curphey TJ. Induction of DT-diaphorase by
in some cells may be due to the absence of. or mutations in 1,2-dithiole-3-thione and increase of antitumour activity of bioreduc-
o . o tive agents. Br J Cancer 1996;74(Suppl 27):S9-S14.
:Lanzcr;rtloknal elememsft?hat cl:\lofgtggd enZthe md;J.ctl:)n n [12] Yao KS, Xanthoudakis S, Curran T, O'Dwyer PJ. Activation of AP-1
e anking region of the gene. Alternatively,

) : and of a nuclear redox factor, Ref-1, in the response of HT29 colon
there may be defects that prevent induction of necessary  cancer cells to hypoxia. Mol Cell Biol 1994;14:5997—6003.

transcription factors, or changes in the cellular target for the [13] Yao K-S, O'Dwyer PJ. Involvement of NkB in the induction of
inducing agent. However, since all of the cell lines in group NAD(P)H:quinone oxidoreductase (DT-diaphorase) by hypoxia, ol-

. . . . tipraz and mitomycin C. Biochem Pharmacol 1995;49:275-82.
B that were not induced by D3T had intermediate to hlgh [14] Traver RD, Horikoshi T, Danenberg KD, Stadlbauer TH, Danenberg

basal levels of DT-diaphorase expression, these results sug-  pv, Ross D, Gibson NW. NAD(P)H:quinone oxidoreductase gene

gest that basal and induced expression of DT-diaphorase  expression in human colon carcinoma cells: characterization of a

may be regulated independently. The mutation at base 609 mutation which modulates DT-diaphorase activity and mitomycin
: T : s sensitivity. Cancer Res 1992;52:797—-802.

results in cells with little or no DT dlaph.orase activity when [15] Traver RD, Siegel D, Beall HD, Phillps RM, Gibson NW, Franklin

both alleles of the gene carry the mutation. If only one allele

' : ‘ WA, Ross D. Characterization of a polymorphism in NAD(P)H:-
carries the mutation, the cells have basal expression of  quinone oxidoreductase (DT-diaphorase). Br J Cancer 1997;75:69—75.

DT-diaphorase, and some cell lines show enzyme induction[16] Kuehl BL, Paterson JWE, Peacock JW, Paterson MC, Rauth AM.

while others do not. In addition. it does not appear that the Presence of a heterozygous substitution and its relationship to DT-
- . diaphorase activity. Br J Cancer 1995;72:555-61.

mutant NQQ gene acts as a dominant-negative to decrease

. o . 17] Wiencke JK, Spitz MR, McMillan A, Kelsey KT. Lung cancer in
DT-diaphorase a(.:UV'ty in cells that express both wild-type Mexican-Americans and African-Americans is associated with the
and mutant protein.

wild-type genotype of the NAD(P)H:quinone oxidoreductase poly-
morphism. Cancer Epidemiol Biomarkers Prev 1997;6:87-92.

[18] Kelsey KT, Ross D, Traver RD, Christiani DC, Zuo ZF, Spitz MR,
Wang M, Xu X, Lee BK, Schwartz BS, Wiencke JK. Ethnic variation
in the prevalence of a common NAD(P)H:quinone oxidoreductase

. . polymorphism and its implications for anti-cancer chemotherapy. Br J
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(DT-diaphorase), Pro-187 to Ser. In: Yagi K, editor. Pathophysiology
of lipid peroxides and related free radicals. Tokyo: Japan Science
Society Press, 1998. p. 135-48.
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