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ABSTRACT

The activity of DT-diaphorase [NAD(P)H:(quinone-acceptor)oxi-
doreductase] is increased 7-fold in wild-type BALB/c 3T3T cells as they

reach confluence and become density growth arrested. Harvesting and
replating the cells at low density resulted in a loss of DT-diaphorase with
a half time of 7 h, and removal of serum from high-density growth-
arrested cells resulted in a decrease in DT-diaphorase with a half time of
3 days. Platelet-derived growth factor and insulin together, but not singly,
maintain elevated DT-diaphorase levels in high-density growth-arrested
BALB/c 3T3T cells. The increase in DT-diaphorase at high density dimin

ished proportionately to the extent of transformation in four cell lines,
4NQO-3T3T, UV-3T3T, EJras-3T3T, and CSV3-1-3T3T. The most trans
formed cell line, CSV3-1-3T3T, showed no increase in DT-diaphorase at
high density. Since there was no increase in DT-diaphorase inKNA in
high-density growth-arrested wild-type BALB/c 3T3T cells compared to
rapidly growing cells, the increase in DT-diaphorase activity at high den
sity is most likely due to posttranslational events. High-density growth-
arrested wild-type BALB/c 3T3 cells exhibited a greater sensitivity to
growth inhibition by the antitumor quinone diaziquone [1,4-cyclohexadi-
ene-l,4-dicarhamic acid, 2,5-bis(l-aziridinyl)-3,6-dioxo-, diethyl ether],
which is metabolically activated by DT-diaphorase, than do low-cell-den
sity, growth-arrested cells. The significance of the increase in DT-diapho

rase at high cell density in normal cells and its loss in transformed cells
may be related to the phenomenon of density-dependent growth inhibition

in nontransformed but not in transformed cells.

INTRODUCTION

DT-diaphorase5 is a widely distributed enzyme that is present in the

tissue of nearly all animal species ( 1-3). The physiological functions
of DT-diaphorase remain unclear. DT-diaphorase may be necessary

for the reduction of vitamin K to vitamin K hydroquinone (4. 5). The
high sensitivity of DT-diaphorase to inhibition by dicumarol and other
anticoagulant drugs has led to the suggestion that DT-diaphorase

functions in the synthesis of prothrombin and related blood coagula
tion proteins (5, 6). DT-diaphorase has also been reponed to be one of
a series of enzymes that protect against chemical carcinogenesis (7-
9). It has even been called an anticancer enzyme (10). DT-diaphorase
is induced in experimental animals by compounds that are chemopro-
tective against carcinogenesis (11). DT-diaphorase is one of the few
enzymes that will catalyze the two-electron reduction of quiÃ±onesto

hydroquinones. which are frequently less toxic than the parent quiÃ±o
nes (12). This may be important since a number of carcinogens form
quinone intermediates, some of which may be ultimate carcinogens
(13, 14).
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Some antitumor drugs are substrates for metabolism by DT-diapho
rase. The anthraquinone-based antitumor agents daunorubicin. amet-

antrone, and mitoxantrane have been reported to be metabolized by
DT-diaphorase (15). Studies using dicumarol as an inhibitor suggest
that DT-diaphorase protects cells against the cytotoxicity of mitomy-

cin C and porfiromycin under hypoxic conditions (16, 17) but acti
vates these agents to cytotoxic species under aerobic conditions ( 18).
Other work suggests that mitomycin C may not be metabolized by
DT-diaphorase under physiological conditions (19, 20). Several stud
ies have shown that diaziquone is metabolized by DT-diaphorase,
giving rise to cytotoxic species (21-23).

During studies investigating the role of exogenous factors on DT-

diaphorase levels in cultured cells we observed a dramatic increase in
DT-diaphorase activity in confluent high-density cultures of mouse

fibroblasts. Furthermore, we found that transformed fibroblasts did
not show this increase. We therefore examined the biological basis for
the increase in DT-diaphorase activity as well as some of the conse

quences for the response to antitumor drugs.

MATERIALS AND METHODS

Cells. BALB/c 3T3T cells and transformed BALB/c 3T3 cells designated
4NQO-3T3T, UV-3T3T. EJras-3T3T, and CSV3-1-3T3T were used in these
studies (24, 25). The cells were grown in plastic 35-mm culture dishes or
150-mm culture flasks in DMEM containing 109!- fetal calf serum as previ
ously described (24). For passage, cells were harvested with 0.059Ã•-trypsin and
0.53 m.viEDTA and replated at a density of IO4 cells/cm2. Cells were grown to

confluence, and cell densities were determined and counted using a Coulter
counter (Hialeah, FL). Primary cultures of human foreskin fibroblasts were
obtained from Dr. Mark Pittelkow (Mayo Clinic). Protein was measured by the
dye dilution method of Bradford (25) with crystalline human bovine serum
albumin as a standard.

Cell Transformation Characteristics. The relative transformation pheno-
type of 4NQO-3T3T, UV-3T3T, EJraj-3T3T, and CSV3-1-3T3T cells were

quantified by the Type III focus assay, as previously described (24. 26). Briefly,
cells were cultured without passage for 4 weeks postconfluence with feeding
every 4 days. Cultures were then fixed and stained to visuali/.e type III foci,
which were defined as extensive multilayer cell colonies arising from a cell
monolayer that demonstrated no sign of growth inhibition at confluence.

DT-diaphorase Assay. DT-diaphorase was measured by the NADPH re

duction of DCIP (Sigma Chemical Co., St. Louis, MO) at 600 nm by a
modification of the method of Ernster (27). Cells were sonicated for 4 X 10s
at 4Â°with a microtip probe (Branson 185 Cell Disrupter. Danbury. CT) to

obtain a total cell homogenate. The assay mixture was contained in a volume
of 3 ml with 100-200 ul whole cell sonicate in 150 UMTris-HCI buffer (pH 7.8)

and 0.7 mg/ml bovine serum albumin. DCIP (150 UM)was added as a stock
solution in 100 ul water immediately before 0.3 ITIMNADPH dissolved in 10
pi water. This concentration of DCIP did not cause substrate inhibition of DT,
as has been reported for higher DCIP concentrations (27). Incubations were
conducted at 21Â°Cat several protein concentrations to ensure that the DCIP

reduction was measured on a linear portion of the protein/DClP reduction
response plot. DT-diaphorase was measured as the DCIP reduction that was

inhibited by 100 UMdicumarol. which was dissolved in the incubation butter
(27).

DT-diaphorase mRNA. The levels of DT-diaphorase in low-density, rap
idly growing and high-density, growth-arrested BALB/c 3T3 cells and in
rapidly growing CSV3-I-3T3T cells were measured. PoIy(A) mRNA (I. 4.5.

and 9 ug) was isolated from the cells using the Fast Track mRNA isolation kit
(Invitrogen Corporation, San Diego, CA) and was loaded on a 1.2% tbrmal-
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Fig. 1. Increasing DT-dÃaphoruscactivity and cell den.sity of BALB/c 3T3T cells with
time in culture. Cells were plated at a density of K^/cm2 and DT-diaphorase activity and
cell number measured I day later and at various times up to 27 days. O. DT-diaphorase
activity; â€¢¿�.ecu density. Pointx. mean of triplicate cultures; /wrv, SE.
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Fig. 2. Effect of dctachmcnl and replying un DT-diaphorase activity in BALB/c 3T3T

cells. Confluent cells were harvested using trypsin and EGTA and replated at a density of
Hr1 cells/cm2. DT-diaphorase activity was measured at the times indicated and is ex

pressed per cell number (O) or per mg protein (â€¢).Point*, mean of triplicate determi
nations: hura. SE.

dehyde agarose gel for electrophoresis. The RNA was transferred onto a nylon

membrane as described by Sumbrook el al. (28). The blot was hybridi/ed with
a [a-'2P|dCTP labeled rat UT-diaphorase complementary DNA fragment (110-

867 base pairs) (29) provided by Dr. C. B. Picket! (Merck Frosst. Montreal.
Quebec. Canada). Prehybridi/ation and hybridi/ation were carried out at 65Â°C

in 1% bovine serum albumin. 0.5 Msodium phosphate (pH 7.2). 10 m\i EDTA.
and 1% sodium dodecyl sulfate. The blot was washed twice at room temper
ature in 0.3 Msodium chloride. 0.33 M sodium citrate tor IO min and at 65Â°C

in 0.25 M sodium phosphate (pH 7.2). 2r/c sodium dodecyl sulfate, and 1 m.M

EDTA for 30 min. The rat DT-diaphorase probe was removed from the blot,
and the blot was rehybridi/ed with a [<Â«-'2P]dCTPÃŸ-actincomplementary
DNA fragment or a |a-'-P|dCTP glyceraldehyde-3-phosphute dehydrogenase

complementary DNA fragment. The autoradiograms were scanned using a
video densitometer (model 620: BioRad). DT-diaphorase mRNA levels in the

cells were corrected tor unequal loading and/or transfer using glyceraldehyde-
3-phosphute dehydrogenase mRNA or ÃŸ-uctinniRNA.

Drut; Cytotoxicity. BALB/c 3T3T cells were grown in 35-mm culture

dishes tor 5 days in DMEM containing 10% fetal calf serum and then exposed
to DMEM with 0.5% fetal calf serum for 5 days (Group III). Another set of
cells was grown to confluence ( IO5 cells/cm-) in DMEM with 10% fetal calf
serum for 8 days (Group II). A third set of cells grown to low density (3 x IfJ4
cells/cm2) was exposed to DMEM with 0.5% fetal calf serum for 3 days

(Group I). The DT-diaphorase activity of a sample of each group of cells was

measured. The remaining cells were exposed to DMEM containing dia/iquone
at concentrations of 0.1-10 ug/ml for 4 h. washed, harvested with trypsin and

EDTA, and plated at a density of IO4 cells/cm2, and cell growth was measured

by colony formation after 7 days. Exposure to nitrogen mustard was used as a
positive control.

RESULTS

DT-diaphorase Activity in Nontransformed Cells. Wild-type
BALB/c 3T3Tcells plated at a density of IO4cells/cm2 1 day later had

only low levels of DT-diuphorase activity. As the cells grew there was
a progressive increase in cellular DT-diaphoruse activity that reached
a plateau at 6 days, with a 7-fold increase (Fig. 1). This increase in
DT-diaphorase activity appeared to correlate with the increase in cell
number, which reached a maximum density of IO*cells/cm2 at 6 days.

When high-density, growth-arrested BALB/c 3T3 cells were har

vested and plated at low density there was a rapid decrease in cellular
DT-diaphorase activity, with more than 80% of the activity lost by 12
h (Fig. 2). The DT-diaphorase activity remained low up to 36 h after

plating.
Human fibroblasts in primary culture also showed an increase in

DT-diaphorase with increasing time in culture, and both DT-diapho

rase and cell density reached maximum values at 5 days (Fig. 3).
DT-diaphorase Activity in Transformed Cells. Studies were next

conducted to determine DT-diaphorase activity in transformed

BALB/c 3T3 cells that were allowed to grow from low to high
densities. The transformed cells showed smaller increases in DT-
diaphorase and reached higher saturating cell densities than the non-
transformed BALB/c 3T3 cells (Fig. 4). The increase in DT-diapho

rase activity was inversely related to the in vitro transformation
characteristics of the cell lines as measured by their cell saturation
densities and type III foci formation potential (Table I ).

Effect of Serum and Growth Factors on the Maintenance of
DT-diaphorase. To determine if the induction or maintenance of high
DT-diaphorase activity at confluence requires high serum or growth
factor concentrations, the following studies were performed. Non-

transformed BALB/c 3T3T cells were grown to confluence in 10%
calf serum for 7 days, and then the concentration of calf serum in the
medium was reduced to 0.5%. This resulted in a decrease in DT-

diaphorase activity with a half time of approximately 3 days (Fig. 5).
If instead the calf serum was replaced with medium containing 10
ng/ml PDGF and SO ug/ml insulin, which produce a maximum mito-
genie response in BALB/c 3T3T cells, DT-diaphorase activity re
mained elevated and even increased to 142% of that of high-density

control cells maintained in medium containing 10% calf serum (Fig.
6). PDGF and insulin by themselves did not maintain the elevated
DT-diaphorase activity.

DT-diaphorase mRNA. Northern blots of polyadenylated mRNA
from low-density, rapidly growing and high-density, growth-arrested
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Fig. 3. DT-diaphorase activity and cell density in human fibroblusts wiih time in
culture. Cells were plated at a density of HWcm2, and DT-diaphorase activity and cell
number were measured at various limes. O, DT-diaphorase activity; â€¢¿�,cell number
Points, mean of triplicate cultures: bars, SE.
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Fig. 4. DT-diaphorase activity and cell density tor wild-type and transformed BALB/c
3T3T cells. Cells were plated at an initial density of l (Wem2 and grown to saturating cell
densities. DT-diaphorase activity was measured at different times. O, non transformed
BALB/c 3T3T cells; A. 4NQO-3T3T transformed cells; Â» UV-3T3T transformed cells;
A. EIÂ«w-3T3T transformed cells; Q CSV3-1-3T3T transformed cells. Points, mean of
triplicate cultures; bars, SE. Continuous lines are regression lines to the data.

Table 1 Inverse relationship between maximum l)T-diaplwrase activity and cell

malignancy

DT-diaphorase activity was measured at saturating cell density in non transformed and
transformed BALB/c 3T3T cells. In vitro transformation characteristics were measured by
the saturation cell density and the type III focus formation. Values are the mean Â±SE of
three determinations.

DISCUSSION
DT-diaphorase activity increases dramatically when nontrans-

formed fibroblasts are grown to a high cell density. This effect is seen
in both mouse and human fibroblasts. The increased levels of DT-

diaphorase are maintained as long as the cells are exposed to high
serum concentrations or if the serum is replaced with PDGF and
insulin, but they decline if the serum concentration is reduced or
growth factors are removed. There is also a rapid decline in DT-
diaphorase when high-density cells are plated at low density. As far as
we are aware this is the first report of a cell density-dependent change
in cell DT-diaphorase levels. There have been previous indications
that growth factors might lead to increases in DT-diaphorase. Hommes

et al. (30) reported that a functional mitotic cycle was required for the
induction of DT-diuphorase activity in rat liver by benzo(Â«)pyrene and

suggested that a mitogenic factor could be involved. More recently
Beyer et al. (10) showed that a factor from rat ascites hepatoma cells
could cause a selective increase in normal liver DT-diaphorase levels.
Our results show that the regulation of DT-diaphorase activity in

nontransformed cells is influenced by a combination of changes in cell
density and changes in growth factor or serum concentration in the
medium. This suggests that the factors triggering the increase in
DT-diaphorase activity invoke cell surface-related mechanisms affect
ing growth control such as cell-cell contact or cell-growth factor

interactions. In this regard, it is significant that transformed fibroblasts

CelllineWild-iype

3T3T4NQO-3T3TUV-3T3TEJruj-3T3TCSV3-I-3T3Twild-type

BALB/cDT-diaphorase(nmol/min/mg)300

Â±50175
Â±25125
Â±25100
Â±2550

Â±25Saturationdensity(cells

x]<>4/cnr6Â±

130
Â±540

Â±550
Â±565

Â±53T3T

cells showed nodifferenceDT-diaphorase
mRNA (Fig. 7). TheType

IIItransformed
foci(foci/107

cells)5Â±545

Â±1065
Â±10125

Â±25275
Â±25in

the levels of5FÃ¯Ã©u<oIQ*i2'Q-CT>EcE

~5Ehighly

transformed CS V3- 1-3T3ToOO250200150-100-50-
cell line had considerably lower levels of DT-diaphorase mRNA than
the wild-type cells.

Diaziquone C.vtotoxicity to BALB/c 3T3 Cells with High and
Low DT-diaphorase Activity. The effects of high and low DT-dia
phorase activities on the response of BALB/c 3T3T cells to the anti-

tumor quinone diaziquone. which is activated to cytotoxic species by
DT-diaphorase (21-23), were examined. For this study it was impor

tant that the cells were not growing at the time of exposure to diaz
iquone. so that differences in cytotoxicity could not be attributed to
differences in cell growth rate. Therefore, three groups of cells were
used: low-density, serum-deficient cells (Group I) that were growth
arrested using medium with 0.5% fetal calf serum for 3 days; high-
density, growth-inhibited cells (Group II) grown in 10% fetal calf
serum for 8 days; and high-density, serum-deficient cells (Group III)

grown to high density in 10% fetal calf serum for 5 days followed by
5 days in 0.5% fetal calf serum. The DT-diaphorase activities in the

three groups of cells were: Group I cells. 14 nmol/min/mg; Group II
cells, 88 nmol/min/mg; and Group III cells, 41 nmol/min/mg. There
was no difference between the different groups of cells in the cyto
toxicity of 4 h of exposure to nitrogen mustard (results not shown).
The cytotoxicity of 4 h of exposure to diaziquone measured by colony
formation is shown in Fig. 8. The median effective concentrations for
growth inhibition by diaziquone were: Group I cells. 2.1 ug/ml: Group
II cells, 0.04 ug/ml; Group III cells, 0.11 (Jg/ml. The results show an
association between increased DT-diaphorase activity due to high cell

density and increased cell killing by diaziquone.

TIME (day)

Fig. 5. Effect of serum on DT-diaphorase activity in BALB/c 3T3T cells. Cells were
plated at KWcm2 and grown in 10% calf serum for 7 days. At this time medium was

replaced with fresh medium containing 10% calf serum or 0.5% calf serum. Diaphorase
activity was measured at various limes. O, cells with 10% calf serum; â€¢¿�cells with 0.5%
calf serum. Points, mean of quadruplicate cultures; bars, SE.
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Fig. 6. Effect of serum and growth factors on DT-diaphorase activity in BALB/c 3T3T
cells. Cells were plated at l (Wem2 and grown with 10% calf serum (CS) for 3 days. The

medium was then replaced with fresh medium containing either 10% calf serum, 0.5% calf
serum. PDGF ( 10 ng/ml), or insulin (50 ug/ml) (the growth factors singly or together) for
an additional 3 days. Points, means of quadruplicate cultures; bars, SE.
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Low Density High Density
Fig. 7. DT-diaphorase mRNA levels in low-density, high-density, and CSV3-1 trans

formed BALB/c 3T3 cell line. Top, Northern blot analysis of DT-diaphorase mRNA
(above) and 0-actin mRNA (below). Lanes 1-3, CSV3-1-3T3T poly(A) mRNA, 1, 4.5.
and 9 ug/lane; Lanes 4-6, low-density BALB/c 3T3T poly(A) mRNA, I. 4.5, and 9
Mg/lane; Lanes 7-9. high-density BALB/c 3T3T poly(A) mRNA, I. 4.5. and 9 ug/lane.
Bottom, densiometric scans of the same Northern blot showing the areas for DT-diapho
rase mRNA in gel lanes with I ug mRNA per lane (â€¢).4.5 ug mRNA per lane (â€¢:'â€¢:)and

9 ug poly(A) mRNA per lane M) corrected for the same amounts of ÃŸ-aclinmRNA. The

results shown are of a typical experiment.

fail to show a marked density-dependent increase in DT-diaphorase
activity, and these cells do not undergo high-density-dependent
growth inhibition. In fact, the extent to which DT-diaphorase activity

increased in the transformed cells was inversely related to the in vitro
transformation characteristics of the cells as measured by the maxi
mum cell density and by their ability to form type III foci. The most
transformed BALB/c 3T3T cell line studied, CSV3-1-BALB/C 3T3T,
actually showed no significant increase in DT-diaphorase even at

extremely high cell densities.
These results with fibroblasts are in contrast to what is seen with

DT-diaphorase activity in solid tumors in vivo because many solid
tumors demonstrate increased levels of DT-diaphorase compared to
normal tissue (31-33). There are exceptions to this rule, however, and
kidney and stomach tumors have lower DT-diaphorase levels than
normal tissue (33). It is conceivable that the increased DT-diaphorase

in some solid tumors is due to a factor released from normal fibro
blasts in the tumor stroma at high cell density.

We could find no difference in the levels of DT-diaphorase mRNA
between low-density, rapidly growing and high-density, growth-ar
rested BALB/c 3T3 cells. The increase in DT-diaphorase activity

must, therefore, represent a posttranslational event. The highly trans
formed CSV3-1-3T3T cell line had lower levels of DT-diaphorase
mRNA than the wild-type BALB/c 3T3T parent cell. CSV3-1-3T3T
cells also had lower levels of DT-diaphorase activity than the wild-

type BALB/c 3T3T cells, except at the very lowest density of the
BALB/c 3T3 cells. It is interesting that Thaete et al. (34) have re
ported that DT-diaphorase mRNA levels are lower in a transformed

mouse alveolar type II cell line than in a nontumorigenic mouse
alveolar type II cell line.

A consequence of the change in DT-diaphorase activity as normal

3T3T cells reach high cell density might be a different response to
external agents that are activated or inactivated by DT-diaphorase.
While DT-diaphorase has generally been proposed to protect against

the cellular toxicity of quiÃ±ones(8, 12), there are some quiÃ±onesthat
are activated to toxic species by DT-diaphorase (21, 35). 5-(Aziridin-
I-yl)-2,4-dinitrobenzamide (CB 1954) is activated by DT-diaphorase
to a cytotoxic DNA interstrand cross-linking species (36, 37). The
aziridinyl antitumor agent diaziquone is metabolized by DT-diapho

rase to give, ultimately, the reactive diaziquone semiquinone and
oxygen radical species (23). Metabolism of diaziquone by DT-dia
phorase appears to be responsible for DNA interstrand cross-linking
and the cytotoxicity of diaziquone to HT-29 human colon carcinoma
(21, 22) and MCF-7 human breast cancer cells (23). In the present

study, we found that normal BALB/c 3T3T cells at high cell density
with high DT-diaphorase activity showed a greater sensitivity to the
cytotoxicity of diaziquone than cells at low density with low DT-

diaphorase activity. In these studies it was necessary to growth arrest
the cells during the exposure to diaziquone so that differences in
cytotoxicity would not be affected by differences in the growth rates
of the cells. Our findings are consistent with previous suggestions that
metabolism by DT-diaphorase enhances the cytotoxicity of diaziquone

(21, 23).
The physiological significance of the increase in DT-diaphorase

activity of nontransformed cells as they reach confluence is not
known. It is tempting to speculate that, since the increase in DT-

diaphorase activity is not seen in transformed cells that do not exhibit
high-density growth inhibition, it is related, in some way, to cell-to-

cell interaction and other cell surface interactions that affect growth
control. The levels of some other enzymes have also been reported to
increase sharply when 3T3 fibroblasts reach confluence, including
lipoprotein lipase and protein tyrosine phosphatase (38, 39). A possi
ble role for DT-diaphorase has been suggested to be in supplying
reduced vitamin K as a cofactor for 7-glutamylcarboxylase (4, 5).
â€¢¿�y-Carboxylatedglutamate residues are found in several Ca2 * binding

proteins (4), and it is possible that the increase in DT-diaphorase at

100

Diaziquone (/Â¿g/ml)

Fig. 8. Cytoloxicity of dia/iquone to BALB/c 3T3 cells with high and low levels of
DT-diaphorase. Cells growing in monolayer culture were exposed to dia/iquone for 4 h.
washed, harvested with trypsin and EDTA. and replated at 200 cells/mm culture dish, and
cell growth was measured by colony formation 8 days later. Three groups of cells were
used. A, Group I cells (low-density, serum-deficient growth-inhibited cells). Cells were
plated at IO4cells/cm- and grown to a low density of approximately 40 to 60% confluence

in medium with 10% calf serum, followed by 3 days of culture in medium with 0.5% calf
serum. â€¢¿�Group II cells (high-density growth-inhibited cells). Cells were plated at IO4
cells/cm2 and grown to confluence in medium with 10% calf serum for 8 days. O, Group
III cells (high-density, serum-deficient growth-inhibited cells). Cells were plated at 10*
cells/cm2 grown in medium with 10% calf serum for 5 days followed by 5 days of culture

in medium with 0.5% serum. Values are means of quadruplicate cultures. Bars. SD.
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high cell density is related to the synthesis of a Ca2 * binding protein

required for cell contact inhibition. This idea will require further
testing.

In summary, we have shown that mouse and human cells exhibit a
significant increase in DT-diaphorase activity as cell growth becomes
density inhibited. The increase in DT-diaphorase activity is reduced in

transformed mouse fibroblasts and is completely absent in a highly
transformed cell line. There is no difference in DT-diaphorase mRNA
between low- and high-density mouse fibroblasts, but a highly trans
formed cell line had lower levels of DT-diaphorase mRNA than the
nontransformed parent cell line. The increased DT-diaphorase activity
in high-density normal fibroblasts is maintained in the presence of

serum or a combination of PDGF and insulin and is associated with an
increased sensitivity of high density cells to the cytotoxicity of the
antitumor quinone, diaziquone, compared to the cells at low density.

ACKNOWLEDGMENTS

The excellent secretarial assistance of Madelon Cook is gratefully acknowl

edged.

REFERENCES
1. Guiditta. A., and Strecker. H. J. Purification and some properties of a brain diapho-

rase. Biochim. Biophys. Acta. 48: 10-19. 1961.
2. MÃ¤rki.F., and Martius. C. Vitamin K-reduktase, Darstellung und Eigenschaften.

Biochem. Z.. 333: 111-135. 1960.
3. Wosilail, W. D. The reduction of vitamin K, by an enzyme from dog liver. J. Biol.

Chem.. 235: 1196-1201. 1960.
4. Vermeer. C. â€¢¿�y-Carboxyglutamate-comainingproteins and vitamin K-dependent car-

boxylase. Biochem. J.. 266: 625-636. 1990.
5. Lind. C, Hochstein, P., and Ernster. L. DT-diaphorase properties, reaction mecha

nism, metabolic function. A progress report. In: E. King (ed.). International Sympo
sium on Oxidase and Related Redox Systems, July 1979, pp. 321-347. New York:

Pergamon. 1982.
6. Suttie. J. W. Vitamin K-dependent carboxylase. Annu. Rev. Biochem.. 54: 459â€”477.

1985.
7. Mohandas, J., Chennell, A. F., Duggin. G. G., Horvath, J. S., and Tiller. D. J.

DT-diaphorase, differential distribution in rabbit kidney and possible protection
against quinone toxicity in the inner medulla. Res. Commun. Chem. Pathol. Pharma-
col., 43: 463-475, 1984.

8. Prochaska. H. J.. DeLong. M. J., and Talalay. P. On the mechanism of induction of
cancer-protective enzymes; a unifying proposal. Proc. Nati. Acad. Sci. USA, 82:
8232-8236, 1985.

9. Talalay. P.. and Benson, A. M. Elevation of quinone reducÃaseactivity by anticarci-
nogenic antioxidants. Adv. Enzyme Regul.. 20: 287-300, 1982.

10. Beyer, R. E.. Segura-Aguilar, J. E., and Ernster. L. The anticancer enzyme DT
diaphorase is induced selectively in liver during ascites nepatoma growth. Anticancer
Res., 8: 233-238, 1988.

11. Benson, A. M.. Hunkeler, M. J.. and Talalay, P. Increase of NAD(P)H quinone
reducÃaseby dietary antioxidants; possible role in protection against carcinogenesis
and toxicity. Proc. Nati. Acad. Sci. USA. 77: 5216-5220. 1980.

12. Thor, H., Smith. M. T., Hartzell. P., Bellomo, G., Jewell, S. A., and Orrenius. S. The
metabolism of menadione (2-methyl-l.4-naphthoquinonel by isolated hepatocytes. A
study of the implication of oxidative stress in intact cells. J. Biol. Chem., 257:
12419-12425, 1982.

13. Lesko. S. A., and Lorentzen. R. J. Benzo(a)pyrene dione-benzo[a]pyrene diol oxi
dation-reduction couples; involvement in DNA damage, cellular toxicity, and car
cinogenesis. J. Toxicol. Environ. Health. 16: 679-691, 1985.

14. Wislocki. P. G., Wood, A. W., Chang. R. L.. Levin, W., Yagi. H., Hernandez, O.,
Dansette. P. M.. Jerina. D. M.. and Conney. A. H. Mutagenicily and cytotoxicity of
benzoU/)pyrene arene oxides, phenols, quiÃ±ones,and dihydrodiols in bacterial and
mammalian cells. Cancer Res., 36: 3350-3357, 1976.

15. Fisher. G. R.. Gutierrez. P. L., Oldcorne. M. A., and Patterson. L. H. NAD(P)H
(quinone acceptor) oxidoreductase (DT-diaphorase)-mediated two-electron reduction
of anthraquinone-based antitumour agents and generation of hydroxy! radicals. Bio
chem. Pharmacol., 43: 575-585. 1992.

16. Keyes. S. R.. Rockwell. S., and Sartorelli. A. C. Enhancement of mitomycin C

cytotoxicity to hypoxic tumour cells by dicurmarol in \'i\'i> and in \:itrtt. Cancer Res.,
45:213-216. 1985.

17. Rockwell. S.. Keyes, J. R., and Sartorelli. A. C. Modulation of the cytotoxicity of
porfiromycin by dicumarol in vitro and in vivo. Anticancer Res., 9: 817-820, 1989.

18. Marshall, R. S., Paterson, M. C.. and Rauth, A. M. Deficient activation by a human
cell strain leads to mitomycin C resistance under aerobic but not hypoxic conditions.
Br. J. Cancer. 59: 341-346. 1989.

19. Schlager. J. J., and Powis. G. Mitomycin C is not metabolized by. but is an inhibitor
of, human kidney NAD(P)H:(quinone-acceptor)oxidoreductase. Cancer Chemother.
Pharmacol.. 22: 126-130, 1988 .

20. Workman. P.. Walton. M. L, Powis. G.. and Schlager. J. J. DT-diaphorase: question

able role in mitomycin C resistance, but a target for novel bioreductive drugs? Br. J.
Cancer, 60: 800-802, 1989.

21. Siegel. D.. Gibson, N. W., Preusch, P. C., and Ross. D. Metabolism of diaziquone
(AZQ by NAD(P)H:quinone-acceptor oxidoreduclase (DT-diaphorase). Role in AZQ

induced DNA damage and cytoxicity in human colon carcinoma cells. Cancer Res..
50: 7293-7300. 1990.

22. Ross. D., Siegel. D.. Gibson. N. W.. Pacheco, D., Thomas, D. J.. Reasor, M., and
Wierda, D. Activation of quiÃ±ones by DT-diaphorase. Evidence for bioreductive

activation of diaziquone (AZQ) in human tumour cells and detoxification of benzene
metabolities in bone marrow stroma. Free Radical Res. Commun.. 8: 373-381. 1990

23. Fisher, G. R., and Gutierrez. P. L. The reductive metabolism of diaziquone (AZQ) in
the S9 fraction of MCF-7 cells: free radical formation and NAD(P)H: quinone-
acceptor oxidoreductase(DT-diaphorase) activity. Free Radical Biol. Med.. 10: 359-

369, 1991.
24. Sparks. R. L.. Estevig. D. N., and Scott, R. E. Differentiation and its role in carcino

genesis and anticarinogenesis. In: N. H. Colbum, H. L. Moses, and E. J. Stanbridge
(eds.). Growth Factor. Tumor Promoters, and Cancer Genes, pp. 171-182. New York:

Alan R. Liss. Inc., 1988.
25. Bradford. M. A rapid and sensitive method for the quantisation of microgram quan

tities of protein utilizing the principle of protein-dye binding. Anal. Biochem., 72:
248-254, 1976.

26. Estervig. D.. Minoo. P.. Tzen. C-Y, and Scott. R. E. Three distinct effects of SV40
T-antigen gene transfection on cellular differentiation. J. Cell. Physiol.. 142: 552-558.
1990.

27. Ernster. L. DT-diaphorase. Methods Enzymol., 10: 309-317, 1967.

28. Sambrook, J.. Fritsch. E. F.. and Maniatis, T. Extraction, purification, and analysis of
messenger RNA from eukaryotic cells. In: Molecular Cloning: A Laboratory Manual,
pp. 743-752. Cold Spring Harbor. New York: Cold Spring Harbor Laboratory, 1989.

29. Bayney. R. M.. Rodkey, J. A.. Bennett. C. D.. Lu. A. Y, and Picket!. C. B. Rat liver
NAD(P)H:quinone reducÃase nucleotide sequence analysis of a quinone reducÃase
cDNA clone and prdiction of the amino acid sequence of the corresponding protein.
J. Biol. Chem., 262: 572-575, 1987.

30. Hommes. F. A.. Havinga, H., and Everts, R. S. Induction of DT-diaphorase by
benzo(u)pyrene in rat liver. Arch. Biochem. Biophys., 197: 236-243, 1979.

31. Schor. N. A., and Comelisse. C. J. Biochemical and quantitative histochemical study
of reduced pyridine nucleotide dehydrogenation by human colonie carcinomas. Can
cer Res.. 43: 4850-4855. 1983.

32. Schor, N. A., and Morris, H. P. The activity of the DT-diaphorase in experimental
hepatomas. Cancer Biochem. Biophys., 2: 5-9, 1977.

33. Schlager. J. J., and Powis, G. Cytosolic NAD(P)H:(quinone-acceptor)oxidoreductase

in human normal and tumor tissue: effects of cigarette smoking and alcohol. Int. J.
Cancer. 45: 403-409. 1990.

34. Thaete. L. G.. Siegel. D.. Malkinson, A. M., Forrest, G. L.. and Ross, D. NADlPl-
H:Quinone oxidoreductase (DT-diaphorase) activity and mRNA content in normal
and neoplastic mouse lung epithelia. Int. J. Cancer, 49: 145-149, 1991.

35. TalcoÂ»,R. E.. Rosenblum. M.. and Levin. V. A. Possible role of DT-diaphorase in the
bioactivation of antitumor quiÃ±ones. Biochem. Biophys. Res. Commun.. ///: 346-

351. 1983.
36. Knox. R. J.. Boland. M. P., Friedlos, F., Coles, B., Southan. C., and Roberts, J. J. The

nitroreductase in Walker cells that actives 5-(aziridin-l-yl)-2.4-dinitrobenzamide
(CB1954) to 5-(aziridin-l-yl)-4-hydroxylamino-2-nitrobenzamide is a form of NAD-
(P)H dehydrogenase (quinone) (EC 1.6.99.2) Biochem. Pharmacol.. 37: 4671-4677,

1988.
37. Roberts. J. J.. Marchbank. T. Kotsaki-Kovatsi. V. P.. Boland. M. P. Friedlos. F.. and

Knox, R. J. Caffeine, aminoimidazolecarboxamide and dicoumarol. inhibitors of
NAD(P)H dehydrogenase (quinone) (DT diaphorase). prevent both the cytotoxicity
and DNA inlerstrand crosslinking produced by 5-(aziridin-l-yl)-2.4-dinilrobenzamide
(CB 1954) in Walker cells. Biochem. Pharmacol.. 38: 4137-4143, 1989.

38. Brautigan. D. L.. and Pinault, F. M. Activation of membrane protein-tyrosine phos-
phatase involving cAMP and Ca2 */phospholipid-dependent protein kinases. Proc.

Nati. Acad. Sci. USA, 88: 6696-6700. 1991.
39. Wise. L. S., and Green, H. Studies of lipoprotein lipase during the adipose conversion

of 3T3 cells. Cell, 13: 233-242. 1978.

1342

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/53/6/1338/2453213/cr0530061338.pdf by guest on 19 M

ay 2023




