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ABSTRACT. The metabolism, cytotoxicity, and genotoxicity of streptonigrin (SN) were determined in two 
human colon carcinoma cell lines: HT-29 with high NAD(P)H:quinone oxidoreductase (EC 1.6.99.2, DTD) 

activity and BE with undetectable DTD activity. Dicumarol-sensitive oxidation of NADH was observed with 

HT-29 cytosol, but not with BE cytosol. Oxygen consumption was also observed using HT-29 cytosol, but was 

absent with BE cytosol. Dicumarol inhibited oxygen consumption with HT-29 cytosol, but deferoxamine had no 

effect, suggesting that divalent metal cations were not necessary for efficient auto-oxidation of SN hydroquinone. 
In cytotoxicity studies, SN was much more toxic to the DTD-rich HT-29 cells than to the DTD-deficient BE 

cells. Deferoxamine decreased toxicity in both cell lines, implicating hydroxyl radicals produced during Fenton- 
type reactions as the toxic species. In the genotoxicity assay, SN induced a much higher incidence of DNA 
strand breaks in HT-29 cells than in BE cells, and deferoxamine protected against DNA strand breaks in both 

cell lines. Some evidence of DNA repair was also observed in the two cell lines. These results support an 

important role for DTD in the cytotoxicity and genotoxicity of SN in the high DTD HT-29 colon carcinoma 

cell line. BIOCHEM PHARMACOL 51;5:645-652, 1996. 
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SNS[ is an antitumor antibiotic from Streptomyces flocculus 
[l] that has antitumor activity against a broad range of tumors 

[2-4]. Clinical use of SN has been limited by reports of delayed 

myelotoxicity [5-71, but positive results have been reported for 

SN both as a single agent [8, ‘31 and in combination therapy 

[lo, 111. 

SN is a phenyl-pyridylquinoline with an aminoquinone 

moiety and multiple metal complexation sites [12]. Formation 

of SN-metal-DNA complexe:j has been demonstrated [13- 

151, but neither covalent binding nor intercalation appears to 

be involved in the interaction [16]. SN has been shown to 

inhibit synthesis of both DNA and RNA [17], to cause single- 
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strand cleavage of DNA after reduction by NADH [16], to 

cause extensive chromosomal breakage and abnormalities in 
uivo [18], and to inhibit topoisomerase II [19]. SN requires 

reductive activation and the presence of oxygen to produce its 

DNA-damaging effects [16]. Activation of SN can be accom- 

plished via either a one- or two-electron reductase to produce 

a semiquinone radical or hydroquinone, respectively. Either 

form can react with molecular oxygen to produce reactive 

oxygen species and regeneration of the parent quinone. In the 

presence of metal ions, hydroxyl radicals may be produced via 

a Fenton-type reaction. These radicals are believed to be re- 

sponsible for the DNA degradation [16, 201. 

Bachur et al. [21] demonstrated that SN can be reduced to 

the semiquinone by purified P450R, a one-electron reductase, 

with subsequent production of superoxide. Lawn and cowork- 

ers [16] showed that the hydroquinone of SN could be gener- 

ated by reduced pyridine nucleotides in a two-electron reduc- 

tion. In this case, reduction led to single-strand cleavage of 

DNA, a process that was enhanced by cuprous and ferrous ions 

and inhibited by superoxide dismutase, catalase, and free rad- 

ical scavengers. DTD is a flavoprotein that catalyzes the two- 

electron reduction of quinones. It is unique for its ability to 

utilize either NADH or NADPH as an electron source, and it 

can be inhibited by dicumarol [22]. Although DTD is gener- 

ally known for its detoxifying properties [23, 241, it may also 
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function as an activating enzyme for antitumor agents requir- 

ing bioreductive activation. MC [25], AZQ [26] and its analog 

MeDZQ [27], the indoloquinone E09 [28], and the dinitro- 

phenylaziridine CB 1954 [29] can be bioactivated by DTD, 

and we have shown recently that SN is an excellent substrate 

for both rat and human recombinant DTD [30, 311. 

Elevated levels of DTD or DTD mRNA have been found in 

tumors or tumor cell lines from the lung [32,33], liver [32,34], 

colon [32], breast [32, 351, and brain [36]. DTD levels have 

been shown to be elevated markedly in NSCLC relative to 

SCLC and normal lung [33]. We demonstrated recently that 

there was a good correlation between DTD activity and cyto- 

toxicity of MC and MeDZQ in a panel of lung and breast 

cancer cell lines [31]. In the same report, E09 and SN were 

found to have the greatest selective toxicity to a lung cancer 

cell line with high DTD activity versus a lung cancer cell line 

with undetectable DTD activity [31]. An enzyme-directed ap- 

proach to cancer chemotherapy that targets tumors with high 

DTD activity using bioreductive antitumor agents that are 

efficient substrates for DTD has the potential for improving 

selectivity and decreasing toxicity. 

In this report, we demonstrate that SN is preferentially 

genotoxic and cytotoxic to DTD-rich HT-29 human colon 

carcinoma cells versus DTD-deficient BE human colon carci- 

noma cells. We also present evidence for hydroxyl radical 

(OH’) mediated DNA single-strand breaks in HT-29 cells 

following exposure to SN. 

MATERIALS AND METHODS 

Materials 

SN, DCPIP, dicumarol, deferoxamine, NADH and NADPH 

were obtained from the Sigma Chemical Co., St. Louis, MO. 

All other reagents were at least of analytical grade. 

Cell Culture 

HT-29 and BE human colon carcinoma cells were maintained 

at 37” under an atmosphere of 95% sir/5% CO,. The cells 

were grown as monolayers in Eagle’s minimum essential me- 

dium supplemented with 10% bovine calf serum, 2 mM L-glu- 

tamine, and gentamicin or penicillin/streptomycin. 

CeEZ Cytosol Preparation 

Cell cytosol from HT.29 and BE cells was obtained from six 

lOO-mm tissue culture dishes. Cells were grown to 80% con- 

fluence and washed with PBS. The cells were trypsinized, me- 

dium was added to inactivate the trypsin, and the cells were 

pelleted by centrifugation at 4” in 15 mL conical tubes. The 

cell pellets were washed twice with PBS followed each time by 

centrifugation. The cell pellets were suspended in ice-cold 

buffer containing 25 mM Tris-HCl and 125 mM sucrose (pH 

7.4). The suspensions were probe sonicated for 30 set on ice 

and centrifuged at 100,000 g for 1 hr at 4” to yield a clear 

cytosolic fraction. 

HPLC Analysis 

Reduction of SN was followed by HPLC using an Alltech Cl8 

(5 pm, 250 mm x 4.6 mm) column with a Shimadzu HPLC 

system (SCL-6A controller, SPD-6AV UV-Vis detector, two 

LC-GA pumps, and a CR3A integrator). The solvent program 

used a linear gradient of 5 to 80% B over 10 min, 80% B for 

5 min, then 80 to 5% B over 5 min (solution A, 10 mM 

potassium phosphate buffer, pH 6.0; solution B, methanol). 

Reactions (1 mL) were run in 50 mM potassium phosphate 

(pH 7.4) containing 200 PM NADH, 50 PM SN, and HT-29 

or BE cytosol. NADH oxidation was quantified at 340 nm 

following 30-min incubations at 22”. Reactions were also run 

in the presence of a selective DTD inhibitor, dicumarol (20 

PM). 

Oxygen Uptake 

Oxygen uptake experiments were performed with a Clark-type 

electrode (Yellow Springs Instrument Co., Yellow Springs, 

OH) using air-saturated water for calibration. The oxygen 

content of air-saturated water was adjusted for temperature 

and altitude. Reactions (3 mL) were run in 50 mM potassium 

phosphate (pH 7.4) containing 200 PM NADH, 50 /.tM SN, 

and HT-29 or BE cytosol. Oxygen uptake was followed over a 

30-min period at 22”. Reactions were also run in the presence 

of dicumarol(20 /_tM) and an iron chelator, deferoxamine ( 100 

PM)* 

Drug Treatment 

Drug treatments were performed as previously described [26]. 

Cells were exposed to SN for 2 hr. 

Cytotoxicity Assay 

Inhibition of colony-forming ability in HT-29 and BE cells was 

determined using a standard clonogenic assay as previously 

described [26]. 

Cjenotoxicity Assay 

Genotoxicity in the HT-29 and BE cells was assessed using an 

alkaline elution method for determining the extent of DNA 

single-strand breaks. Alkaline elution experiments were car- 

ried out as described [37] and modified [26]. In addition, ex- 

periments were performed to study the capacity for repair of 

DNA strand breaks in these cells. After a 2-hr drug treatment, 

the drug solution was removed and replaced with drug-free 

medium. The cells were incubated for 0, 6, 12 and 24 hr to 

allow the cells to repair their DNA. Alkaline elution experi- 

ments were then performed as above. 

Bioreductive Enzyme Activities in HT.29 and BE Cells 

DTD activity was measured as the dicumarol-sensitive reduc- 

tion of DCPIP as described [26]. P450R activity was measured 

as NADPH-dependent reduction of cytochrome c according to 
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the method of Vermillion and Coon [38], and B5R activity 

was measured as the NADH-dependent reduction of cy- 

tochrome c. X0 and XDH activities were determined by fol- 
lowing the formation of uric acid from xanthine by the method 
of Stirpe and Della Corte [39]. Enzymes were assayed using cell 
cytosol with the exception of P450R and B5R, which were 
measured using cell sonicates. 

RESULTS 

Reduction of SN by HT-29 and BE cytosol was quantified by 
following the oxidation of NADH in the presence and absence 

of dicumarol, a selective inhibitor of DTD. These results are 

presented in Fig. 1. Dicumarol-sensitive oxidation of NADH 

was observed with HT-29 cytosol, but not with BE cytosol, 

suggesting that DTD was responsible for the reduction of SN 
by HT-29 cytosol. 

Since the DNA-damaging effects of SN are dependent on 

its ability to redox cycle [16], oxygen uptake by HT-29 and BE 
cytosol was also investigated (Table 1). Consistent with the 

HPLC data, reduction of SN by HT-29 cytosol in the presence 

of NADH led to substantial (oxygen uptake while no oxygen 
uptake was observed with BE cytosol. HT-29 cytosol-mediated 

oxygen uptake was inhibited by 20 PM dicumarol, which again 

suggested that DTD was responsible for the activation of SN 
by HT-29 cytosol. Oxygen uptake by HT-29 cytosol was not 

inhibited by 100 PM deferoxamine, an iron chelator. 
The cytotoxicity of SN was studied in the HT-29 and BE 

cells using a clonogenic assay, and the results are presented in 
Fig. 2. SN was much more toxic to the DTD-rich HT.29 cells 
than to the DTD-deficient BE cells. A concentration of 40 nM 
SN produced only about 1% :survival in HT-29 cells, whereas 

in BE cells 400 nM led to greater than 10% survival, suggest- 
ing that SN was selectively toxic to the high DTD cell line. In 
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q + Dicumarol 

HT-29 BE 

Cell Line 

FIG. 1. Metabolism of SN by HT.29 and BE cytosol as mea- 
sured by NADH oxidation. Reactions contained 200 pM 
NADH, 50 pM SN, and HT-29 or BE cytosol in SO mM potas- 
sium phosphate buffer (pH 7.4). Values are means f SD for N 
= 3 experiments. 
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TABLE 1. Oxygen consumption from SN metabolism by HTd 
29 and BE cytosol 

Oxygen consumption 
Cell line (nmol . min-’ . mg-‘) 

HT-29 
Cytosol only 93.9 f 12.9* 
+lOO FM Deferoxamine 97.3 + 4.7 
+20 PM Dicumarol ND? 

BE 
Cytosol only ND 

Reactions contained 200 FM NADH, 50 pM SN, HT-29 or BE cytosol, and 50 mM 
potassium phosphate buffer (pH 7.4) at 22’. Control rates were <OS nmol/min. 

*Mean k SD for N = 3 experiments. 
t ND, <detectable. 

Fig. 3, the effects of the iron chelator deferoxamine on toxicity 
are shown. Deferoxamine decreased toxicity in both HT-29 
and BE cells. Since production of hydroxyl radicals in a Fen- 
ton-type reaction requires a metal-ion catalyst, this provides 
evidence for the role of hydroxyl radicals in the toxicity of SN. 

In control experiments, deferoxamine had no effect on cell 
survival at the concentrations used. 

Genotoxicity was assessed in the HT-29 (Fig. 4) and BE 

(Fig. 5) cells using alkaline elution. The HT-29 and BE cells 
were labeled with [3H]thymidine, and L1210 cells labeled with 

[14C]thymidine were used as an internal control. All cells were 
irradiated, which causes DNA fragmentation. Larger molecu- 
lar weight fragments are retained on polycarbonate filters so a 

decrease in the amount of [3H]DNA retained is indicative of 
DNA strand breaks. As illustrated in Figs. 4 and 5, increasing 
SN concentration resulted in a higher incidence of DNA 
strand breaks. As expected, this effect was greater for the high 

l HT-29 

0 BE 

CONCENTRATION (nM) 
FIG. 2. Cytotoxicity of SN to HT.29 and BE cells via clono- 
genie assay. Values are means * SD for a minimum of N = 3 
experiments. 
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FIG. 3. Cytotoxicity of SN to HT-29 and BE cells in the presence and absence of deferoxamine (DF). Values are 
means 2 SD for a minimum of N = 3 experiments. 

DTD HT-29 cells than for the BE cells, which had no detect- 
able DTD activity. The protective effect of deferoxamine that 
was observed in the cytotoxicity studies was also seen in the 
genotoxicity studies (Figs. 4 and 5). Deferoxamine protected 
against DNA strand breaks in both HT-29 and BE cells, sug- 
gesting that hydroxyl radicals produced by the redox cycling of 
SN were responsible for the DNA strand breaks. Some DNA 
repair was also evident in both cell lines, since a decrease in 
the amount of strand breaks was observed when the drug was 
removed and cells were incubated for an additional 6, 12 and 
24 hr in drug-free medium prior to alkaline elution analysis. 

DISCUSSION 

In the present study, we have compared SN metabolism, 
genotoxicity, and cytotoxicity in two human colon cancer cell 
lines: HT-29 with high DTD activity and BE with undetect- 
able DTD activity. The BE cell line has a point mutation in 
the DTD gene which prevents the expression of an active 
DTD protein [41]. The bioreductive enzyme profiles for these 
two cell lines are presented in Table 2. While there are minor 
differences in some of the other bioreductive enzymes in the 
two cell lines, the difference in DTD activity is clearly the 
most significant. These results are consistent with those re- 
ported earlier [26]. 

SN is a redox-cycling antitumor quinone that is believed to SN metabolism was observed in HT-29 cytosol in the pres- 
cause DNA damage by producing hydroxyl radicals [16, 201. ence of NADH, and metabolism was inhibited by dicumarol. 
Selective activation of SN in tumor cells with elevated levels Conversely, no metabolism was detected using BE cytosol. 
of DTD could provide a means of increasing antitumor efficacy Similar results were seen in the oxygen uptake studies. With 
and decreasing toxicity to non-cancerous cells. Recently, we HT-29 cytosol, nearly stoichiometric oxygen uptake was ob- 
showed that SN was an excellent substrate for both rat and served, which was inhibited completely by 20 PM dicumarol. 
human recombinant DTD, that reduction of SN by DTD led As expected, BE cytosol produced no detectable oxygen up- 
to stoichiometric oxygen consumption, and that SN was se- take. These results suggested that DTD played an important 
lectively toxic to an NSCLC cell line (H460) with high DTD role in the bioactivation of SN in HT-29 cells and that SN 
activity versus an NSCLC cell line (H596) with undetectable could be activated selectively in tumor cells with elevated 
DTD activity 1311. In fact, SN was 86-fold more toxic to the DTD activity. Interestingly, deferoxamine had no effect on the 
H460 cell line than to the H596 cell line based on q. values. auto-oxidation of the SN hydroquinone following reduction 

When studied in the NC1 human tumor cell line panel, SN 
showed the best correlation between DTD activity and toxic- 
ity of the over 31,000 compounds tested [40]. 
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FIG. 4. Genotoxicity of SN (O-50 nM) in HT.29 cells in the presence and absence of 100 pM deferoxamine (DF). Alkaline elution 
was carried out at 0,6,12, and 24 hr after removal of SN to assess DNA repair capacity. SN concentrations: 0 nM (0), 12.5 nM (O), 
25 nM (O), 50 nM (V). 

by DTD since oxygen uptake was unchanged essentially in the 

presence of deferoxamine in the HT-29 studies. This was 
somewhat surprising, since Lown and coworkers [16] reported 

that complexes of divalent metal cations with reduced quin- 
olinequinone model compounds were important for the auto- 
oxidation of those hydroquinones. Our results suggest that 

such complexes are not necessary for efficient redox cycling of 

SN reduced by DTD. 
In cytotoxicity studies, SN was found to be much more toxic 

to the high DTD HT-29 cells than to the DTD-deficient BE 

cells. As described above, this was consistent with our earlier 
work with lung tumor cell lines. These results further support 
the role of DTD as a potential target enzyme for cytotoxic 
drugs that are good substrates for DTD, such as SN. Toxicity 
was decreased by increasing concentrations of deferoxamine in 
both cell lines, but the effect was greatest with the HT-29 cell 
line. This suggests that hydroxyl radicals (OH’) produced by 
redox cycling of SN may be responsible for the cytotoxicity 
observed with SN (Fig. 6). Superoxide (0,‘) anions are gen- 
erated from the interaction of oxygen and the SN hydroqui- 
none. H,O, is formed from the dismutation of superoxide, and 
in the presence of reduced iron (Fe”), the highly reactive 
hydroxyl radicals (OH’) may be produced via a Fenton reac- 
tion. The oxidized iron (Fe3’) that results can be reduced to 

Fe2+ by additional superoxide molecules, and the process may 

be repeated. Deferoxamine blocks this reaction by chelating 

divalent iron, and in the present study, toxicity was decreased 
by deferoxamine, supporting the role of hydroxyl radicals 

(OH’) in the toxicity of SN. In the BE cell line, one-electron 
reductases may generate SN semiquinone radicals that, after 

reaction with oxygen, may produce 0,’ and H,O,. Although 

NADH-dependent redox cycling was not observed in BE cy- 
tosol, some of the more important one-electron reductases are 

known to be NADPH dependent, such as P450R. Low levels 

of P450R have been detected in BE cells [26], and this may 
explain the observation that, although SN is markedly less 
toxic to BE cells, toxicity can be inhibited with deferoxamine. 

A much higher incidence of DNA strand breaks was ob- 
served in the HT-29 cells than in the BE cells upon exposure 

to SN. Genotoxicity from DNA strand breaks was probably 
responsible for the increased cytotoxicity that was also ob- 
served in the HT-29 cells. Again, this adds to the evidence 
supporting the role of DTD in the bioactivation of SN in the 
DTD-rich HT-29 cell line. Deferoxamine was effective in pre- 
venting strand breaks in both HT-29 and BE cells, indicating 
that hydroxyl radicals may be responsible for the DNA strand 
breaks produced in these cells. Some DNA repair was observed 
since the amount of DNA damage was reduced when cells 
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FIG. 5. Genotoxicity of SN (O-400 nM) in BE cehs in the presence and absence of 100 u;M deferoxamine (DF). Alkaline elution was 
carried out at 0,6, 12, and 24 hr after removal of SN to assess DNA repair capacity. SN concentrations: 0 nM (0), 100 nM (@), 200 
nM (V), and 400 nM (7). 

were incubated for up to 24 hr following SN exposure prior to 
alkaline elution. The ability of cells to repair DNA damage in 

the form of DNA strand breaks could be an important con- 
sideration when determining dosage and frequency of admin- 

istration of potential cytotoxic drugs such as SN. 

In this report, metabolism, cytotoxicity, and genotoxicity of 
SN in DTD-rich HT-29 and DTD-deficient BE human colon 

carcinoma cells were evaluated. Reduction and oxygen con- 
sumption were observed in HT-29 cytosol, but were not de- 
tectable in BE cytosol. Cytotoxicity and genotoxicity were also 

TABLE 2. Bioreductive enzyme activities in HTa29 and BE ccl- 
1 lines 

Enzyme 

Enzyme activity (nmol - mm-’ - mg-‘) 

HT.29 cells BE cells 

DTD 1240 f 230* 
P450R 5.42 + 0.13 
B5R 6.62 f 0.06 
x0 ND 
XDH ND 

* Mean k SD for N = 3 experiments. 

t ND, <detectable. 

NDt 
6.57 + 0.16 
6.35 f 0.11 

ND 
ND 

much greater in HT-29 cells than in BE cells. In addition, 

evidence was presented for the role of hydroxyl radicals in 

both cytotoxicity and genotoxicity in these cells. These data 
establish the importance of DTD in the bioactivation of SN in 

a high DTD cell line, and suggest that SN, if its myeloid 

toxicity [5-71 can be controlled, may be an effective agent for 
the treatment of tumors with elevated DTD activity. 

DTD 
(2 e’ reduction) 

Ic 

SN n SNH2 
2 OF’- 2 02 

OH’ - Toxicity 

H202 

FIG. 6. Bioactivation of SN by DTD to cytotoxic species. 



1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15 

16 

17 

18. 

19. 

20. 

Rao KV and Cullen WP, Streptonigrin, an antitumor substance. 
In: Antibiotics Annual 1959-1960 (Eds. Welch H and Marti- 
lbanez F), pp. 950-953. Med.cal Encyclopedia, Inc., New York, 
1960. 
Oleson JJ, Calderella LA, Mjos KJ, Reith AR, Thie RS and 
Toplin I. The effects of streptonigrin on experimental tumors. 
Antibiot &mother 11: 158-1.64, 1961. 
Teller MN, Wagshul SF and Woolley GW, Transplantable hu- 
man tumors in experimental chemotherapy: Effects of strepto- 
nigrin on HS#l and HEp#3 in the rat. Antibiot C&mother 11: 
165-173, 1961. 
Reilly HC and Sigiura K, An antitumor spectrum of strepto- 
nigrin. Antibiot Chemother 11: 174-177, 1961. 
Hackethal CA, Golbey RB, Tan CTC, Karnofsky DA and 
Burchenal JH, Clinical observations on the effects of strepto- 
nigrin in patients with neoplastic disease. Antibiot Chemother 11: 
178-183, 1961. 
Humphrey EW and Blank N, Clinical experience with strepto- 
nigrin. Cancer Chemother Rep 12: 99-103, 1961. 
Rivers SL, Whittington RM and Medrek TJ, Treatment of ma- 
lignant lymphomas with methyl ester of streptonigrin (NSC 
45384). Cancer 19: 1377-1385, 1966. 
Kaung DT, Whittington RM. Spencer HH and Patno ME, Com- 
parison of chlorambucil and streptonigrin (NSC-45383) in the 
treatment of chronic lymphocytic leukemia. Cancer 23: 597- 
600, 1969. 
Kaung DT, Whittington RM, Spencer H and Patno ME, Com- 
parison of chlorambucil and streptonigrin (NSC-45383) in the 
treatment of malignant lymphomas. Cancer 23: 1280-1283, 
1969. 
Banzet P, Jacquillat C, Civatte J, Puissant A, Maral J, Chastang 
C, Israel L, Belaich S, Jourdain J-C, Weil M and Auclerc G, 
Adjuvant chemotherapy in the management of primary malig- 
nant melanoma. Cancer 41: 1240-1248, 1978. 
Forcier RJ, McIntyre OR, Nissen NI, Pajak TF, Glidewell 0 and 
Holland JF, Combination chemotherapy of non-Hodgkin lym- 
phoma. Med Pediatr Oncol4: 351-362, 1978. 
Hadju J and Armstrong EC, l.nteraction of metal ions with strep- 
tonigrin. 1. Formation of copper(I1) and zinc(lI) complexes of 
the antitumor antibiotic. .I Am Chem Sot 103: 232-234, 1981. 
Sugiura Y, Kuwahar J and Suzuki T, DNA interaction and nu- 
cleotide sequence cleavage of copper-streptonigrin. Biochim Bio- 
phys Acta 782: 254-261, 1954. 
White JR, Streptonigrin-transition metal complexes: Binding to 
DNA and biological activity. Biochem Biophys Res Commun 77: 
387-391, 1977. 
Sinha BK, Irreversible binding of reductively activated strepto- 
nigrin to nucleic acids in the presence of metals. Chem Biol 
Interact 36: 179-188, 1981. 
Cone R, Hasan SK, Lown JW and Morgan AR. The mechanism 
of the degradation of DNA by streptonigrin. Can 1 Biochem 54: 
219-223, 1976. 
Mizuno NS, Effects of streptonigrin on nucleic acid metabolism 
of tissue culture cells. Biochem Biophys Acta 108: 394-403, 1965. 
Cohen MM, Shaw MW anl;l Craig AP, The effects of strepto- 
nigrin on cultured human leukocytes. Proc Natl Acad Sci USA 
50: 16-24, 1963. 
Yamashita Y, Kawada S-Z, Fujii N and Nakano H, Induction of 
mammalian DNA topoisomerase II dependent DNA cleavage by 
antitumor antibiotic streptcnigrin. Cancer Res 50: 5841-5844, 
1990. 
Lown JW, Sim S-K and Chen H-H, Hydroxyl radical production 
by free and DNA-bound aminoquinone antibiotics and its role in 

DT-diaphorase in Cytotoxicity and Genotoxicity of Streptonigrin 651 

ThisevorkwussupportedbyhJIHGrantCA51210(D. R.,N. W. G.). 

21. 

References 

DNA degradation. Electron spin resonance detection of hydroxyl 
radicals by spin trapping. Can J Biochem 56: 1042-1047, 1978. 
Bachur NR, Gordon SL, Gee MV and Kon H, NADPH cy- 
tochrome P-450 reductase activation of quinone anticancer 
agents to free radicals. Proc Natl Acad Sci USA 76: 954-957, 
1979. 

22. 
23. 

24. 

25. 

26. 

27. 

28. 

29 

30 

31 

32. 

33. 

34. 

35. 

36. 

Ernster L, DT-diaphorase. Methods Enzymol 10: 309-317, 1967. 
Thor H, Smith MT, Hartzell P, Bellomo G, Jewel1 SA and Or- 
renius S, The metabolism of menadione (2-methyl-1,4-naphtho- 
quinone) by isolated hepatocytes. A study of the implication of 
oxidative stress in intact cells. .J Biol Chem 257: 12419-12425, 
1982. 
Lind C, Hochstein P and Ernster L, DT-Diaphorase as a quinone 
reductase: A cellular control device against semiquinone and 
superoxide radical formation. Arch Biochem Biophys 216: 178- 
185, 1982. 
Siegel D, Gibson NW, Preusch PC and Ross D, Metabolism of 
mitomycin C by DT-diaphorase: Role in mitomycin C-induced 
DNA damage and cytotoxicity in human colon carcinoma cells. 
Cancer Res 50: 7483-7489, 1990. 
Siegel D, Gibson NW, Preusch PC and Ross D, Metabolism of 
diaziquone by NAD(P)H:(quinone acceptor) oxidoreductase 
(DT-diaphorase): Role in diaziquone-induced DNA damage and 
cytotoxicity in human colon carcinoma cells. Cancer Res 50: 
7293-7300, 1990. 
Lee C-S, Hartley JA, Berardini MD, Butler J, Siegel D, Ross D 
and Gibson NW, Alteration in DNA cross-linking and sequence 
selectivity of a series of aziridinylbenzoquinones after enzymatic 
reduction by DT-diaphorase. Biochemistry 3 1: 3019-3025, 1992. 
Walton MI, Bibby MC, Double JA, Plumb ]A and Workman P, 
DT-diaphorase activity correlates with sensitivity to the indolo- 
quinone E09 in mouse and human colon carcinomas. Eur J Can- 
cer 28A: 1597-1600, 1992. 

Knox RJ, Boland MP, Friedlos F, Coles B, Southan C and Rob- 
erts JJ, The nitroreductase enzyme in Walker cells that activates 
5-(aziridin-1-yl)-2,4-dinitrobenzamide (CB1954) to 5-(aziridin- 
1-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. 
Beall HD, Mulcahy RT, Siegel D, Traver RD, Gibson NW and 
Ross D, Metabolism of bioreductive antitumor compounds by 
purified rat and human DT-diaphorases. Cancer Res 54: 3196- 
3201, 1994. 
Beall HD, Murphy AM, Siegel D, Hargreaves RHJ, Butler J and 
Ross D, NAD(P)H:quinone oxidoreductase (DT-diaphorase) as a 
target for bioreductive antitumor quinones: Quinone cytotoxicity 
and selectivity in human lung and breast cancer cell lines. Mel 
Phamol48: 499-504, 1995. 
Schlager JJ 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. 
Malkinson AM, Siegel D, Forrest GL, Gazdar AF, Oie HK, Chan 
DC, Bunn PA, Mabry M, Dykes DJ, Harrison SD Jr and Ross D, 
Elevated DT-diaphorase activity and messenger RNA content in 
human non-small lung carcinoma: Relationship to the response 
of lung tumor xenografts to mitomycin C. Cancer Res 52: 4752- 
4757, 1992. 
Cresteil T and Jaiswal AK, High levels of expression of the 
NAD(P)H:quinone oxidoreductase (NQO,) gene in tumor cells 
compared to normal cells of the same origin. Biochem Pharmacol 
42: 1021-1027, 1991. 
Workman P, Walton MI, Bailey SM and Suggett NR, Enzyme- 
directed bioreductive drug development: Molecular features 
which favour activation of quinone bioreductives by DT-diapho- 
rase. BT J Cancer 64 (Suppl 15): 4, 1991. 
Berger MS, Talcott RE, Rosenblum ML, Silva M, Ah-Osman F 
and Smith MT, The use of quinones in brain tumor chemother- 



652 H. D. Beall et al. 

apy. Preliminary results from preclinical investigations. 1 Toxicol 
Environ Health 16: 713-719, 1985. 

37. Kahn KW, Ewig RAG, Erickson LC and Zwelling LA, Measure- 
ment of strand breaks and cross-links by alkaline elution. In: 
DNA Repair: A Laboratory Manual of Research Procedures (Eds. 
Friedberg EC and Hanowalt PC), pp. 379-401. Marcel Dekker, 
New York, 1981. 

38. Vermillion VL and Coon MJ, Purified liver microsomal 
NADPH-cytochrome P450 reductase. _I Biol Chem 253: 2694- 
2704, 1978. 

39. Stirpe F and Della Carte E, The regulation of rat liver xanthine 
oxidase. Conversion in vitro of the enzyme activity from dehy 

drogenase (type D) to oxidase (type 0). I Biol Chem 244: 3855- 
3863, 1969. 

40. Paul1 K, Camalier R, Fitzsimmons SA, Lewis AD, Workman P 
and Grever M, Correlations of DT-diaphorase expression with 
cell sensitivity data obtained from the NC1 human tumor cell 
line panel. Proc Am Assoc Cancer Res 35: 369, 1994. 

41. Traver RD, Horikoshi T, Danenberg KD, Stadlbauer THW, 
Danenberg PV, Ross D and Gibson NW, NAD(P)H:quinone 
oxidoreductase gene expression in human colon carcinoma cells: 
Characterization of a mutation which modulates DT-diaphorase 
activity and mitomycin sensitivity. Cancer Res 52: 797-802, 
1992. 


