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DT-Diaphorase), Functions and Pharmacogenetics

By David Ross and David Siegel

Introduction

NQO1 is a flavoprotein that is known to catalyze two electron reduction
of a broad range of substrates.1–3 As the name of the enzyme suggests, a
common group of substrates are quinones, which are reduced via a hydride
transfer mechanism to generate the corresponding hydroquinone deriva-
tive. Elucidation of the mechanism of catalysis has been facilitated by elu-
cidation of the crystal structure of the enzyme and has been recently
summarized.4–7 The broad substrate specificity has also been explained
by structural studies demonstrating the presence of a highly plastic active
site that can accommodate a range of structures.8 Because of the many
deleterious effects of quinonoid compounds, including their capacity to
arylate nucleophiles and generate aggressive oxygen species via redox
cycling mechanisms, removal of a quinone from a biological system by
NQO1 has been considered to be a detoxification reaction.9–12 Two elec-
tron reduction of certain antitumor quinones such as mitomycin C, E09,
streptonigrin and B-lapachone by NQO1, however, results in bioactivation
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of these compounds to more toxic metabolites.13–16 Since NQO1 is ex-
pressed at high levels throughout many human solid tumors,17,18 com-
pounds efficiently bioactivated by NQO1 have been designed for the
therapy of tumors rich in NQO1.8,19–21 Currently, a new NQO1-targeted
aziridinylbenzoquinone, RH1,20 is undergoing phase 1 clinical trials. The
role of NQO1 in chemoprotection and its contrasting role in bioactivation
of antitumor quinones22,23 and both the gene and protein structure of
NQO124,25 have been recently summarized. The purpose of this review is
to introduce the enzyme, to review the possible functions of NQO1, to
summarize current information on polymorphic forms of NQO1 and
finally, to summarize the relevance of the common NQO1*2 polymorphism
for chemoprotection, susceptibility to disease and cancer chemotherapy.
Possible Functions of NQO1

Early Work on Mitochondrial Electron Transport and
Vitamin K Metabolism

When NQO1 was first isolated by Ernster,26,27 there was considerable
controversy regarding a potential role for NQO1 in mitochondrial electron
transport. This work was summarized in a fascinating historical review of
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the enzyme by Ernster in 1987.28 NQO1 was found not to be a component
of the mitochondrial respiratory chain, and attention turned to other pos-
sible physiological functions for the enzyme such as a potential role in vita-
min K metabolism, suggested in the early 1960s by Martius.29 The role of
NQO1 in generating reduced vitamin K1 cofactor and triggering protein
carboxylation critical to prothrombin synthesis was suggested in rat liver,30

but vitamin K1 was found not to be a substrate for purified NQO1 isolated
from rat liver cytosol, suggesting that other enzyme systems may be more
important for vitamin K1 reduction.31

Detoxification of Quinones via Two Electron Reduction

A considerable body of literature exists supporting the role of NQO1 as a
detoxification system. Induction of NQO1 has been demonstrated to protect
against the cytotoxicity, mutagenicity and carcinogenicity of many com-
pounds.32–34 Induction of NQO1 occurs however via the XRE and ARE
elements in the NQO1 promoter,35 and many protective enzymes in ad-
dition to NQO1 may also be induced via this mechanism. For example,
recent work using t-butylhydroquinone, a common inducer used to elevate
NQO1, increased the expression of 63 different genes as indicated by micro-
array analysis.36 This observation emphasizes the need to perform specific
studies to define the role of a particular gene in detoxification and a good
example is work performed with menadione.

Work by two independent groups a few miles apart in Stockholm in the
early 1980s using the naphthoquinone menadione9,10 defined the role of
NQO1 as a detoxification enzyme in quinone metabolism. Both mena-
dione-induced arylation of cellular nucleophiles and generation of aggres-
sive oxygen species were diminished in the presence of functional NQO1.
Detoxification of quinones by NQO1 has been confirmed by studies in
NQO1 knockout mice that demonstrated increased menadione toxicity
in NQO1-deficient animals.37 NQO1 knockout animals also demonstrate
28 L. Ernster, Chemica Scripta, 27A, 1 (1987).
29 C. Martius, in ‘‘The Enzymes’’ (P. D. Boyer, H. Lardy, and K. Myrback, eds.), Vol. 7,
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33 A. M. Benson, M. J. Hunkler, and P. Talalay, Proc. Natl. Acad. Sci. USA 77, 5216 (1980).
34 P. Talalay and H. J. Prochaska, Chemica Scripta 27A, 61 (1987).
35 J. K. Kepa, R. D. Traver, D. Siegel, S. L. Winski, and D. Ross, Rev. Toxicol. 1, 53 (1997).
36 J. Li, J. M. Lee, and J. A. Johnson, J. Biol. Chem. 277, 388 (2002).
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increased benzo[a]pyrene and 7,12-dimethylbenzanthracene-induced mouse
skin carcinogenesis.38,39 A role for NQO1 in detoxification is consistent
with the distribution of the enzyme in animal and human systems. In mice,
rats and humans, NQO1 is mainly localized to epithelial and endothelial
tissues,17,18 which facilitates exposure of compounds entering the body to
NQO1. An interesting and puzzling species difference in enzyme distribu-
tion is that both rat and mouse liver contain high levels of NQO1, but only
trace levels of NQO1 could be detected by immunoblot analysis in five
human liver samples.18 This confirms earlier work demonstrating a low
activity of NQO1 in human liver cytosol relative to other species.30

Sharpening the Double-Edged Sword: NQO1 in Bioactivation

It is often difficult to generalize whether NQO1 functions as a detoxifi-
cation enzyme or a toxification system with an individual substrate. The re-
actions of the hydroquinone generated will determine whether NQO1
mediated reduction results in deleterious or protective effects in a cellular
system. Hydroquinones are not necessarily innocuous species and may
autoxidize to generate reactive oxygen species or rearrange to produce re-
active arylating species.23 Efficient detoxification of quinones via two elec-
tron reduction relies on excretion of the more water soluble hydroquinone
or conjugation with glucuronide or sulfate and subsequent excretion.

NQO1 is expressed at high levels throughout many human solid tumors,
and a number of compounds clinically used as antitumor agents or in devel-
opment as experimental antitumor agents can be efficiently bioactivated by
NQO1.23,40–42,43 Apart from the bioactivation of antitumor quinones such
as mitosenes, indolequinones, aziridinylbenzoquinones and others, NQO1
can also bioactivate simpler quinones. Even though the naphthoquinone
menadione is detoxified by NQO1, closely related naphthoquinones such
as 2-hydroxy-1,4-naphthoquinone44 and �-lapachone can be activated by
NQO1.16 Interestingly, although NQO1 is predominantly a cytosolic
enzyme, recent work has demonstrated a significant nuclear pool of
38 D. J. Long, R. L. Waikel, X. J. Wang, L. Perlaky, D. R. Roop, and A. K. Jaiswal, Cancer

Res. 60, 5913 (2000).
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NQO1 in human tumor cells when using both confocal microscopy and
immuno-electron microscopy.45 A nuclear pool of NQO1 may be of consid-
erable importance for the bioactivation of NQO1-directed antitumor qui-
nones that are designed to crosslink DNA. Whether a similar pool of
nuclear NQO1 exists in normal cells is currently unclear.

NQO1 as an Antioxidant Enzyme: Role in Ubiquinone and
Vitamin E Metabolism

In addition to activation and deactivation of exogenous compounds,
NQO1 has been shown to play a role in the metabolism of endogenous
quinones such as ubiquinone and vitamin E quinone. These quinones have
very large hydrophobic tails, and in their reduced state they protect cellular
membranes against lipid peroxidative injury. The reduction of ubiquinone
by NQO1 has been shown to generate ubiquinol, and this compound pos-
sesses excellent antioxidant properties.46,47 Vitamin E quinone is formed
during free radical attack on vitamin E and has been shown to undergo re-
duction by NQO1 to generate vitamin E hydroquinone.48 Since vitamin E
quinone is devoid of antioxidant activity, in this situation NQO1 may
extend the antioxidant potential of vitamin E by generation of vitamin E
hydroquinone, a compound that has been suggested to have antioxidant
properties superior to vitamin E.49

NQO1 as a Component of a Stress Response: Stabilization of p53

Studies with proteins typically considered as metabolic enzymes suggest
that these proteins may have additional roles outside the range of their
normal metabolic functions. For example, glutathione-S-transferase associ-
ates with c-Jun N terminal kinase leading to inhibition of kinase activity
and modulation of signaling and cellular proliferation.50–52 Recent studies
45 S. L. Winski, Y. Koutalos, D. L. Bentley, and D. Ross, Cancer Research 62, 1420 (2002).
46 R. E. Beyer, J. Segura-Aguilar, S. Di Bernardo, M. Cavazzoni, R. Fato, D. Fiorentini,

M. Galli, M. Setti, L. Landi, and G. Lenaz, Proc. Natl. Acad. Sci. USA 93, 2528 (1996).
47 L. Landi, D. Fiorentini, M. C. Galli, J. Segura-Aguilar, and R. E. Beyer, Free Radic. Biol.
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50 T. Wang, P. Arifoglu, Z. Ronai, and K. D. Tew, J. Biol. Chem. 276, 20999 (2001).
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have shown that NQO1 may influence the stability of the tumor suppressor
protein p53 by inhibiting its degradation.53–55 In these studies the authors
hypothesized that the NQO1-mediated conversion of NADH to NADþ

promoted stabilization of p53. Our own work has shown a direct physical
interaction between p53 and NQO1.56 In these studies, p53 was found to
directly associate with NQO1 in an in vitro translation/transcription
system and in human cancer and primary cell lines. The association be-
tween p53 and NQO1 was not affected by pretreatment with ES936, a
mechanism based inhibitor of NQO1, suggesting that the catalytic activity
of NQO1 was not needed for a protein-protein interaction of p53 and
NQO1 proteins. Anwar et al. proposed that the protein-protein inter-
action of NQO1 and p53 may represent an alternative mechanism of p53
stabilization by NQO1,56 as shown in Fig. 1.
53 G. Asher, J. Lotem, B. Cohen, L. Sachs, and Y. Shaul, Proc. Natl. Acad. Sci. USA 98, 1188

(2001).
54 G. Asher, J. Lotem, R. Kama, L. Sachs, and Y. Shaul, Proc. Natl. Acad. Sci. USA 99, 3099
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55 G. Asher, J. Lotem, L. Sachs, C. Kahana, and Y. Shaul, Proc. Natl. Acad. Sci. USA 99,

13125 (2002).
56 A. Anwar, D. Dehn, D. Siegel, J. K. Kepa, L. J. Tang, J. A. Pietenpol, and D. Ross, J. Biol.

Chem. 278, 10368 (2003).
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Future Work on Possible Physiological Roles of NQO1

A number of possible functions of NQO1 have been investigated. Many
of the pharmacological studies of NQO1 have relied on the use of the inhibi-
tor dicoumarol. The major problem with the use of dicoumarol is its non-
specific nature.57 The recent development of a mechanism-based inhibitor
of NQO158 offers the promise of more specific targeting of NQO1. Taken to-
gether with the application of gene targeting methods59 and the develop-
ment of NQO1 knockout animals,37 these approaches should be able to
more precisely define the role of NQO1 in cellular systems.

Pharmacogenetics of NQO1

There are two well-characterized polymorphisms in NQO1 with defined
phenotypes and population frequencies—the NQO1*260,61 and NQO1*362,63

polymorphisms. A recent review by Nebert and coworkers64 screened the
SNP database at the University of Utah and identified 22 SNPs in NQO1.
Three of these SNPs had been reported earlier in a study of 84 Japanese
volunteers.65 In addition to the NQO1*2 polymorphism, 5 SNPs were
found in the 50 flanking region of NQO1, 10 SNPs at 9 sites in intron 1, a
synonomous mutation in exon 2, 2 SNPs in the 30 untranslated region and
3 SNPs in the 30 flanking region of the gene.64 The NQO1*3 polymorphism
was not detected in the SNP database study. Apart from the NQO1*2 and
NQO1*3 polymorphisms, the frequency of the additional 21 variant alleles
in the population is unknown and their significance, if any, for phenotype
remains to be characterized. Further work needs to be performed to deter-
mine if any of the SNP’s characterized in the SNP database64 represent true
polymorphisms with allele frequencies of greater than 1%.

The two NQO1 variant alleles that have been well-characterized
are both coding region alleles that are of sufficient frequency to be
57 P. C. Preusch, D. Siegel, N. W. Gibson, and D. Ross, Free Rad. Biol. Med. 11, 77 (1991).
58 S. L. Winski, M. Faig, M. A. Bianchet, D. Siegel, E. Swann, K. Fung, M. W. Duncan, C. J.

Moody, L. M. Amzel, and D. Ross, Biochemistry 40, 15135 (2001).
59 T. Yoshida and H. Tsuda, Biochem. Biophys. Res. Commun. 214, 701 (1995).
60 R. D. Traver, T. Horikoshi, K. D. Danenberg, T. H. W. Stadlbauer, P. V. Danenberg,

D. Ross, and N. W. Gibson, Cancer Res. 52, 797 (1992).
61 R. D. Traver, D. Siegel, H. D. Beall, R. M. Phillips, N. W. Gibson, W. A. Franklin, and

D. Ross, Br. J. Cancer 75, 69 (1997).
62 S. S. Pan, G. L. Forrest, S. A. Akman, and L.-T. Hu, Cancer Res. 55, 330 (1995).
63 L. T. Hu, J. Stamberb, and S. S. Pan, Cancer Res. 56, 5253 (1996).
64 D. W. Nebert, A. L. Roe, S. E. Vandale, E. Bingham, and G. G. Oakley, Genet. Med. 4, 62

(2002).
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Nakamura, J. Hum. Genet. 46, 225 (2001).
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characterized as polymorphisms (allele frequency > 0.01). The most preva-
lent variant allele is the NQO1*2 polymorphism,66,67 which has profound
implications for phenotype68; individuals carrying the homozygous
NQO1*2 allele have no NQO1 activity. The phenotypic implications
of the NQO1*3 allele vary according to substrate,62 and the frequency of
the NQO1*3 allele in the population is very low.66

Research into the identification and significance of NQO1 polymor-
phisms is increasing, and a search of the PubMed database in March 2003
resulted in 82 hits when using the keywords NQO1 and polymorphism. Ten
additional studies of NQO1 polymorphisms were obvious from additional
PubMed searches of NQO1-related publications generating a total of 92
publications related to NQO1 polymorphisms. The majority of work on
NQO1 polymorphisms has focused on the NQO1*2 polymorphism, and
to give the reader some sense of impact of this polymorphism in different
disciplines, we have classified each of these studies into a particular
subgroup (Table I).
Polymorphisms in NQO1

NQO1*2 Polymorphism

Genotype-Phenotype Relationships

The NQO1*2 polymorphism was characterized in a collaboration be-
tween our own laboratory and that of Dr. Neil Gibson. During investiga-
tions of a series of human colon carcinoma cell lines60 and lung tumor
cell lines,61 a good correlation was observed between NQO1 mRNA levels
and NQO1 activity. In each series of tumor cell lines, however, one cell line
(BE human colon carcinoma cells and H596 lung cancer cells) demon-
strated high mRNA levels but no NQO1 activity. After SSCP analysis
and DNA sequencing the same homozygous point mutation—a C to T mu-
tation at position 609 of the cDNA—was identified in each cell line.60,61 Im-
munoblot analysis revealed that the reason underlying the lack of NQO1
activity in each cell line was a lack of NQO1 protein. Although the recom-
binant mutant NQO1*2 protein demonstrated poor activity relative to
wild-type protein, virtually no NQO1 protein could be detected in cells,
66 A. Gaedigk, R. F. Tyndale, M. Jurima-Romet, E. M. Sellers, D. M. Grant, and J. S. Leeder,

Pharmacogenetics 8, 305 (1998).
67 K. T. Kelsey, J. K. Wiencke, D. C. Christiani, Z. Zuo, M. R. Spitz, X. Xu, B. K. Lee, B. S.

Schwartz, R. D. Traver, and D. Ross, Br. J. Cancer 76, 852 (1997).
68 D. Siegel, A. Anwar, S. L. Winski, J. K. Kepa, K. L. Zolman, and D. Ross, Mol.

Pharmacol. 59, 263 (2001).



TABLE I

NQO1 Polymorphisms, Frequency of Citations in Different Fields
a

Field Number of citations

Toxicological 9

Association with specific cancers (apart from leukemia) 29

Association with leukemia 10

Association with Parkinson’s disease 2

Association with diabetes 1

Genotype distribution and phenotype 8

Mechanistic studies 15

Reviews 9

Relevance for chemotherapy 6

NQO2b 3

Total 92a

a Eighty-two studies were identified in a PubMed search using the keywords NQO1 and

polymorphism and were classified into subgroups. An additional 10 studies were

identified by PubMed searches using the key word NQO1. Each study was assigned to

one subgroup only and since some studies could be entered in various groups, this

classification solely represents the views of the authors. The table describes the wide

range of studies of NQO1 polymorphisms in different disciplines. The vast majority of the

citations listed are focused on the NQO1*2 polymorphism.
b Citations for NQO2 were also retrieved as part of this search.
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and, more importantly, in human tissues genotyped as homozygous for the
NQO1*2 polymorphism.17,18,60,61,69 A number of cell lines commonly used
in research are homozygous for the NQO1*2 polymorphism (Table II).

The NQO1*2 polymorphism shows a clear gene-dose effect with respect
to phenotype. Individuals genotyped as NQO1*1/*1 (or wild type) had the
highest levels of NQO1 protein in saliva while individuals carrying the
homozygous NQO1*2/*2 polymorphism had no detectable levels of NQO1
protein.69 Heterozygous individuals (NQO1*1/*2) had intermediate levels
of NQO1 protein.69 In other studies, cell lines and tumor samples homozy-
gous for the NQO1*2 polymorphism had no detectable NQO1 activ-
ity.60,61,70–73 In addition, tumor samples genotyped as NQO1*1/*2 or
69 D. Siegel, S. M. McGuinness, S. Winski, and D. Ross, Pharmacogenetics 9, 113 (1999).
70 V. Misra, H. J. Klamut, and A. M. Rauth, Br. J. Cancer 77, 1236 (1998).
71 P. Eickelmann, T. Ebert, U. Warskulat, W. A. Schulz, and H. Sies, Carcinogenesis 15, 219

(1994).
72 P. Eickelmann, W. A. Schulz, D. Rohde, B. Schmitz-Dräger, and H. Sies, Biol. Chem.

Hoppe Seyler 375, 439 (1994).
73 W. A. Schulz, A. Krummeck, I. Rosinger, P. Eickelmann, C. Neuhas, T. Ebert, B. Schmitz-

Dräger, and H. Sies, Pharmacogenetics 7, 235 (1997).



TABLE II

Commonly Used Human Cell Lines with the NQO1*2/*2 Genotype
a

Cell Line Tissue

BE Colon

Caco-2 Colon

NCI-H1570 Lung

NCI-H596 Lung

MDA-MB-231 Breast

MDA-MB-468 Breast

a Modified from reference 69.

TABLE III

NQO1 Allele Frequencies
a

Population

Allele

*1 *2 *3

Chinese 0.47 0.49 0.04

Inuit 0.54 0.46 <0.01

Native American 0.59 0.40 0.01

Caucasian 0.79 0.16 0.05

a Adapted from reference 66.
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heterozygous had significantly lower NQO1 activity than samples contain-
ing the wild type or concensus sequence.74

Ethnic Distribution

The allele frequency of the NQO1*2 polymorphism (Table III) has
been reported to be as high as 0.49 in some Asian populations.66 The preva-
lence of the NQO1*2/*2 genotype in different ethnic groups is shown in
Fig. 2. The NQO1*2/*2 genotype is essentially a null polymorphism and
as many as 22% of individuals in some Asian populations lack NQO1
(Fig. 2).
74 R. A. Fleming, J. Drees, B. W. Loggie, G. B. Russell, K. R. Geisinger, R. T. Morris,

D. Sachs, and R. P. McQuellon, Pharmacogenetics 12, 31 (2002).



Chinese

Korean

Native American

Mexican Hispanic

Japanese

African American

non-Hispanic white

22.4 (49)

18.8 (69)

17.9 (56)

15.5 (161)

12.2 (156)

5.2 (136)

4.4 (114)

Fig. 2. Percentage of individuals in different populations with the NQO1*2/*2 genotype.

Data are from healthy individuals and is primarily taken from reference 67 and unpublished

data in a Japanese population (A. Sadler, M. Yano, and D. Ross, unpublished) and a Native

American population (A. Sadler and D. Ross, unpublished) adapted from reference 24.
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Mechanisms Underlying the Lack of NQO1*2 Protein in Cells
and Tissues

Our studies have demonstrated that the NQO1*2 protein is rapidly de-
graded by the ubiquitin proteasomal system with a half-life of approxi-
mately 1.2 h.68 The mechanisms underlying the structural instability of
the NQO1*2 protein are unclear. Although we have generated a crystal
structure of human wild type recombinant NQO1,5 crystallization of the
NQO1*2 mutant protein for structural elucidation studies has not been pos-
sible. However, the mutation in the NQO1*2 protein is a proline to serine
at position 187, which may disrupt the structure of an external loop of the
protein. A potential role for the protein chaperone Hsp70 has also been
demonstrated in recent studies.75 NQO1 has two Hsp binding sites and
Hsp70 interacts with early immature forms of the wild-type NQO1 protein,
but not with the mature protein, presumably to assist in correct protein
folding. We were unable to detect any interaction of Hsp70 and the
NQO1*2 protein (Fig. 3) and we have hypothesized that this leads to incor-
rect folding of the NQO1*2 mutant protein followed by ubiquitination and
proteasomal degradation.75
75 A. Anwar, D. Siegel, J. K. Kepa, and D. Ross, J. Biol. Chem. 16, 14060 (2002).



NQO1*1
Association with

Hsp70/40
Correct folding

Long half-life (>18 hr)
No observed proteasomal
   degradation
Catalytically active

Wild-type

A

B

Mutant

NQO1*2
No association with

Hsp70/40
Incorrect folding

Short half-life (<1.5 hr)
Undergoes proteasomal
   degradation
Catalytically inactive

Fig. 3. The potential role of protein chaperones in the folding of the NQO1*1 protein. The

protein chaperones HSP 70 and HSP 40 interact with newly-synthesized forms of the NQO1*1

protein but not the NQO1*2 protein.75
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NQO1*3 Polymorphism: Phenotype and Implications for NQO1 mRNA
Alternative Splicing

The NQO1*3 polymorphism was characterized by Pan and col-
leagues62,63 and represents a C465T change coding for an arginine to tryp-
tophan change in the protein. The variant protein had similar stability to
wild-type protein and the implications of the NQO1*3 polymorphism for
phenotype are variable according to the substrate. For example, the
NQO1*3 recombinant protein demonstrated a similar ability to reduce
menadione relative to wild-type protein but showed a 60% decreased
ability to metabolize mitomycin C.62

At least three distinct transcripts of NQO1 mRNA (2.7, 1.7 and 1.2 kb)
have been reported because of alternative poladenylation sites in the
NQO1 gene.76 A fourth smaller transcript of 1.1 kb was identified in
human cancer cell lines as a product of alternative splicing.77 The truncated
transcript corresponds to a protein lacking exon 4 which contains the qui-
none binding site. Although the truncated protein could be expressed in
E. coli, it was not detected in human tumor cells77 or in Cos7 cells,63 so it
appears that the alternatively spliced mRNA is not translated into protein.
The recombinant NQO1*3 protein purified from E. coli had no detectable
activity when using a variety of electron acceptors,77 as would be predicted
from a protein lacking the critical quinone binding site. The truncated
mRNA could be detected in patients but expressed wide interindividual
variability.78
76 A. K. Jaiswal, O. W. McBride, M. Adesnik, and D. W. Nebert, J. Biol. Chem. 263, 13572

(1988).
77 P. Y. Gasdaska, H. Fisher, and G. Powis, Cancer Res. 55, 2542 (1995).
78 K.-S. Yao, A. K. Godwin, C. Johnson, and P. J. O’Dwyer, Cancer Res. 56, 1731 (1996).



[8] functions of NAD(P)H:quinone oxidoreductase 127
Recently Pan et al.79 have reported that in a human colon carcinoma
cell line, alternative splicing of NQO1 at the 50 splice site of intron 4 in-
creased in cells carrying the NQO1*3 polymorphism. The NQO1*3 poly-
morphism disrupts the binding of small nuclear RNA (snRNA) in
spliceosomes and transfection of snRNA constructs compensating for the
NQO1*3 polymorphism increased NQO1 protein expression and enzym-
atic activity. These authors concluded that the NQO1*3 polymorphism
was the major cause of increased alternate splicing and decreased expres-
sion of NQO1 protein in this particular colon carcinoma cell line.79 The sig-
nificance of the NQO1*3 polymorphism may therefore not be limited to the
phenotype exhibited by the recombinant NQO1*3 protein but may also
involve decreased expression of NQO1 wild type protein.

The frequency of the NQO1*3 polymorphism is low (Table III) and
varied from 0 to 0.05 in different ethnic groups.66

Relevance of the NQO1*2 Polymorphism

As stated previously, a review of PubMed citations in March 2003
resulted in 92 hits related to NQO1 polymorphisms. The vast majority of
these publications focus on the NQO1*2 polymorphism. We cannot discuss
all of these studies in detail because of limitations of space, but we have at-
tempted to summarize these studies in Table IV. Three studies on NQO2
were not included in Table IV, resulting in a total of 89 publications sum-
marized. In addition, a few areas of significance of the NQO1 polymorphism
are highlighted later.

NQO1*2 Polymorphism and Benzene Toxicity

The metabolism of benzene is complex,80 but it is clear that metabolism
is necessary for the induction of benzene toxicity. A number of reactive
metabolites have been proposed as being responsible for benzene toxicity,
and the evidence favoring each of these metabolites has recently been crit-
ically reviewed.81 The conclusion of this analysis was that there was not suf-
ficient evidence to define a particular benzene metabolite or group of
metabolites as being responsible for benzene toxicity. The greatest weight
of evidence, however, favors the generation of polyphenolics via cyto-
chrome P4502E1-mediated metabolism of benzene, accumulation of me-
tabolites such as catechol and hydroquinone in the target organ—the
bone marrow—and subsequent oxidation of these metabolites to reactive
quinone metabolites via a number of possible pathways.81
79 S. S. Pan, Y. Han, P. Farabaugh, and H. Xia, Pharmacogenetics 12, 479 (2002).
80 D. Ross, Eur. J. Haematol. 57(Suppl. 60), 111 (1996).
81 D. Ross, J. Toxicol. Environ. Health 61, 357 (2000).



TABLE IV

Studies on NQO1 Polymorphisms

First Author (Year) Study Remarks

Traver (1992)60 Characterization of

NQO1*2

The C to T substitution at position 609 of

the human NQO1 cDNA was identi-

fied in cell lines with high NQO1

mRNA expression but no NQO1 cat-

alytic activity.

Eickelmann (1994)71 Kidney Tumors No NQO1 catalytic activity was detected

in three separate kidney tumor samples

with normal NQO1 mRNA levels.

Eickelmann (1994)72 PCR-RFLP/Kidney

Tumors

A PCR-RFLP assay is described for the

detection of the NQO1*2 polymor-

phism. No NQO1 catalytic activity

was detected in kidney tumor samples

from patients genotype as homozygous

for the NQO1*2 polymorphism.

Kolesar (1995)82 Colorectal Cancer A C to T substitution at position 609 of

the human NQO1 cDNA was detected

in a patient with colon cancer.

Rosvold (1995)83 Lung Cancer and

Smoking

The NQO1 codon 187 (pro!ser) muta-

tion was identified as a polymorphism

(NQO1*2). No correlation was ob-

served between this mutant allele and

the risk of lung cancer.

Rosvold (1995)84 Colorectal Cancer A letter suggesting that the NQO1

mutation described by Kolesar (1995)

was a polymorphism.

Kolesar (1995)85 Colorectal Cancer Response by Kolesar et al.

Ross (1996a)80 Benzene Review.

Kuehl (1995)86 Characterization

of NQO1*2

Genotype-phenotype studies of the

NQO1*2 polymorphism.

Ross (1996b)87 Characterization

of NQO1*2

A letter indicating that the BE human

colon carcinoma cell line previously

genotyped by Kuehl et al. as

NQO1*1/*2 is actually NQO1*2/*2.

Rebbeck (1996)88 Breast Cancer The NQO1*2 allele was associated with

an increased risk of breast cancer.

Traver (1997)61 Characterization

of NQO1*2/Lung

Cancer

The NQO1 protein was not detected in

human tumor cell lines with the

NQO1*2/*2 genotype. This study also

suggested that the NQO1*2 poly-

morphism may be over represented in

lung cancers.

Wiencke (1997)89 Lung Cancer The NQO1*1/*1 genotype was associated

with an increased risk of lung cancer.

(continued)
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Schulz (1997)73 Urological

Malignancies

The NQO1*2/*2 genotype was associated

with an increased risk of renal cell and

urothelial carcinomas.

Rothman (1997)90 Benzene Poisoning The NQO1*2/*2 genotype and rapid

CYP4502E1 phenotypes were associ-

ated with an increased risk of benzene

poisoning.

Kelsey (1997)67 Anticancer

Chemotherapy

This study suggested that the NQO1*2

polymorphism may influence the re-

sponse of tumor cells to quinone

antitumor drugs. Prevalence of the

NQO1*2/*2 genotype was reported in

different ethnic populations.

Bartsch (1998)91 Pancreatic Disease No correlation was observed between the

NQO1*2 allele frequency and risk of

pancreatic disease.

Gaedigk (1998)66 Mutant Allele

Frequency

The NQO1*2 allele frequency was higher

in Chinese, Canadian Native Indian

and Canadian Inuit populations rela-

tive to a Caucasian population.

Kadlubar (1998)92 DNA

Adducts/Pancreas

No correlation was observed between the

NQO1*2 allele frequency and the

levels of pancreatic DNA adducts in

smokers and non-smokers.

Steiner (1999)93 Prostate Disease The NQO1*2 allele was not associated

with an increased risk of prostate

disease.

Siegel (1999)69 Genotype/Phenotype

Studies

A correlation was observed between the

amount of NQO1 protein isolated from

saliva and the NQO1*2 genotype. Indi-

viduals with the NQO1*2/*2 genotype had

no detectable NQO1 protein whereas

individuals with the NQO1*1/*2 geno-

type had intermediate NQO1 protein

levels.

Ozawa (1999)94 Bronchial DNA

Adducts

The NQO1*2 polymorphism was not

associated with an increased level of

bronchial-DNA adducts in smokers

and non-smokers.

Longuemaux (1999)95 Renal Cell Carcinoma The NQO1*2 polymorphism was not

associated with an increased risk of

renal cell carcinoma.

Clairmont (1999)96 Basal Cell

Carcinoma

The NQO1*2/*2 genotype was associated

with an increased risk of basal cell

carcinoma.

TABLE IV (continued)

First Author (Year) Study Remarks
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Smith (1999)97 Benzene Poisoning Commentary on Moran et al. 1999.

Moran (1999)98 Benzene Metabolism Human bone marrow progenitor cells

carrying the NQO1*2 allele have de-

creased NQO1 protein levels following

induction by benzene metabolites.

Chen (1999)99 Lung Cancer The NQO1*2 allele was protective

against lung cancer in a Japanese

population. Increased risk of lung

cancer was associated with the

NQO1*1 wild type allele.

Larson (1999)100 Myeloid Leukemia The NQO1*2 allele was associated with

an increased risk of therapy-related

acute myeloid leukemia.

Kristiansen (1999)101 Type I Diabetes No correlation was observed between the

NQO1*2 polymorphism and the risk of

type I diabetes in a Danish population.

Wiemels (1999)102 Pediatric Leukemias The mutant NQO1*2 allele was associ-

ated with an increased risk of infant

leukemias with chromosomal re-

arrangements.

Kelland (1999)103 17-Demethoxygeldana-

mycin

The sensitivity of tumor cells to 17-

demethoxygeldanamycin was asso-

ciated with expression of NQO1*1

protein.

Zheng (1999)104 Manganism No correlation was observed between the

NQO1*2 allele frequency and occupa-

tional chronic manganism.

Lin (1999)105 Lung Cancer No correlation was observed between the

NQO1*2 polymorphism and risk of

lung cancer in a Taiwan population.

Stratification of tumors according to

histological subtype suggested that

the NQO1*1/*1 genotype was more

common in adenocarcinomas than

controls.

Harth (2000)106 Colorectal Cancer No correlation was observed between the

NQO1*2 polymorphism and risk of

colorectal cancer.

Gaedigk (2000)107 Drug Metabolism This study describes interethnic differ-

ences in the distribution of polymor-

phisms including NQO1*2 in closely

related populations.

Shi (2000)108 High-Output

Genotyping

The NQO1*2 polymorphism was success-

fully genotyped in a high output assay

utilizing Taq poymerase and fluoro-

genic Taqman probes.

TABLE IV (continued)
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Martone (2000)109 p53 Mutations in

Bladder Cancer

No correlation was observed between the

NQO1*2 allele frequency and p53

mutations in human bladder cancers.

Nakajima (2000)110 Susceptibility to

Industrial

Chemicals

Review.

Schelonka (2000)111 Eye Disease The NQO1*2/*2 genotype was associated

with the absence of NQO1 protein in

human donor eyes.

Lafuente (2000)112 Colorectal Cancer The NQO1*2 polymorphism was associ-

ated with a increased risk of colon

cancers in association with K-ras codon

12 mutations.

Naoe (2000)113 Leukemias The NQO1*2 polymorphism was associ-

ated with an increased risk of therapy-

related leukemia and myelodysplastic

syndrome.

Ross (2000)23 NQO1 Review.

Siegel (2001)68 NQO1*2 Protein

Stability

The mutant NQO1*2 protein was found

to have a greatly reduced protein half-

life compared to the NQO1*1 protein

as a result of degradation by the

proteasomal pathway.

Pavanello (2001)114 Genotoxic Risk No correlation was observed between the

NQO1*2 polymorphism and bio-

markers of genotoxic exposure.

Peters (2001)115 Glioma No correlation was observed between the

NQO1*2 allele frequency and risk of

glioma.

Smith (2001)116 Leukemias The NQO1*2 allele was associated with

an increased risk of de novo acute

myeloid leukemia in adults.

Shao (2001)117 Parkinson’s Disease The NQO1*2 polymorphism in combin-

ation with a polymorphism in mono-

amine oxidase B resulted in an additive

increased risk of Parkinson’s disease.

Xu (2001)118 Lung Cancer No correlation was observed between the

NQO1*2 allele frequency and suscepti-

bility to lung cancer. An association,

however, was observed between the

NQO1*2/2 genotype and risk of lung

cancer in heavy former and current

smokers.

TABLE IV (continued)
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Iida (2001)65 SNPs in Quinone

Reductase

A Japanese population was screened for

single nucleotide polymorphisms in

quinone metabolizing enzymes includ-

ing NQO1 and NQO2.

Bergamaschi (2001)119 Effect of Ozone The NQO1*1/*1 genotype was associated

with both a decrease in pulmonary

function and increased serum clara cell

protein 16 in patients exposed to

ozone.

Winski (2001)21 Chemotherapy A human colon carcinoma cell line

genotyped as NQO1*2/*2 (BE) and

lacking NQO1 catalytic activity was

transfected with the NQO1*1 coding

region. Stable clones obtained

following transfection demonstrated

increased sensitivity to the DNA cross-

linking agent RH-1.

Le Marchand (2001)120 Genotyping The NQO1*2 polymorphism was success-

fully genotyped by PCR-RFLP from

buccal DNA obtained in a large,

community-based mail-in study.

Gallou (2001)121 Renal Cell

Carcinoma

No correlation was observed between the

NQO1*2 allele frequency and muta-

tions in the von Hippel-Lindau tumor

suppressor gene in renal cell carci-

noma.

Yin (2001)122 Lung Cancer The NQO1*2 allele was not associated

with an increased risk of lung cancer in

a Chinese population.

Lewis (2001)123 Lung Cancer The NQO1*2 allele was associated with

an increased risk of small cell lung

cancer. No correlation was observed

between the NQO1*2 allele and non-

small cell lung cancer.

Harada (2001)124 Parkinson’s Disease The NQO1*2 polymorphism was not

associated with an increased risk of

Parkinson’s disease.

Siegel (2001)125 Bone Marrow

Expression

NQO1 protein was detected by immuno-

histochemistry in human bone marrow

endothelial cells suggesting a role for

NQO1 in the metabolism of xenobi-

otics in the bone marrow.

TABLE IV (continued)
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Phillips (2001)126 Response to

Mitomycin C

No correlation was observed between the

NQO1*2 allele frequency and response

to mitomycin C treatment in a panel of

human tumor xenografts transplanted

into mice.

Verdina (2001)127 Urinary Biomarkers/

Benzene Exposure

No correlation was observed between the

NQO1*2 allele frequency and the

levels of benzene urinary metabolites

in policeman exposed to low concen-

trations of benzene.

Fleming (2002)74 Response to

Mitomycin C

The NQO1*2 allele was associated with

significantly lower NQO1 catalytic

activity and reduced survival in pa-

tients receiving intraperitoneal hyper-

thermic chemotherapy with mitomycin

C.

Krajinovic (2002)128 Leukemias The NQO1*2 and NQO1*3 alleles

in combination with variant alleles in

CYP2E1, MPO or GSTM1 were asso-

ciated with an increased risk of acute

lymphoblastic leukemia in children.

Siegelmann (2002)129 Breast Cancer No correlation was observed between the

NQO1*2 allele frequency and the risk

of breast cancer. The NQO1*1/*1 geno-

type however, was associated with an

increased risk of ductal carcinoma with

poor histological grade.

Anwar (2002)75 HSP70 Binding The NQO1*1 protein but not the

NQO1*2 protein was found to associ-

ate with HSP70 and HSP40 in cellular

and cell free systems. The lack of

association between NQO1*2 protein

and HSP proteins may explain the

diminished catalytic activity of the

mutant NQO1 protein.

Naoe (2002)130 Leukemias The NQO1*2 polymorphism does not

affect survival of patients with AML.

Nebert (2002)64 HUGO Review Review.

Krajinovic (2002)131 Leukemias The NQO1*2 and variant CYP1A1 alleles

were associated with a poorer progno-

sis in children with acute lymphoblastic

leukemia.
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Brockstedt (2002)132 DNA Adducts

Breast Cancer

No correlation was observed between the

NQO1*2 and NQO1*3 allele frequen-

cies and the level of DNA adducts

detected in normal human breast

tissues.

Tuominen (2002)133 PAH Exposure The NQO1*2 polymorphism may influ-

ence the DNA adduct profile in control

and aluminum smelter workers.

Hamajima (2002)134 PCR/Genotyping This study describes the use of PCR with

confronting two-pair primers as an

alternative method for single nucleo-

tide polymorphism analysis. The

NQO1*2 polymorphism was utilized

as a model.

Hamajima (2002)135 Japanese Cancers The NQO1*2/*2 genotype was not associ-

ated with an increased risk of cancer of

the stomach, colon, rectum, breast,

prostate or malignant lymphoma in a

Japanese population. This study sug-

gested that the NQO1*1/*1 genotype

was associated with an increased risk of

lung cancer. In addition, an increased

risk of lung and esophageal cancer in

combination with smoking was ob-

served for the NQO1*2/*2 genotype.

Goode (2002)136 Breast Cancer No correlation was observed between the

NQO1*2 allele frequency and survival

in women with breast cancer.

Krajinovic (2001)137 Leukemias Review.

Morgan (2002)138 Leukemia Review.

Carere (2002)139 Urban Pollution No correlation was observed between the

NQO1*2 allele frequency and genetic

biomarkers for exposure to urban air

pollution in Rome traffic policemen.

Sunaga (2002)140 Lung Cancer The NQO1*1/*1 genotype was associated

with increased risk of lung adenocarci-

noma. A greater risk was found in

combination with the NQO1*1/*1 and

GSTT-1 null genotypes. This enhanced

risk was more evident in smokers

compared to non-smokers.

Hamajima (2002)141 Japanese Noncancers Polymorphisms in drug metabolizing en-

zymes including NQO1 were analyzed

in a Japanese population.
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Zheng (2002)142 Occupational

Manganism

No correlation was observed between the

NQO1*2 allele frequency and occupa-

tional chronic manganism.

Pan (2002)79 NQO1*3

Polymorphism

The NQO1*3 (465C!T) mutation was

found to be associated with defective

NQO1 RNA splicing and decreased

NQO1 protein expression.

Asher (2002)55 p53 Interaction The mutant NQO1*2 protein, unlike the

wild type NQO1*1 protein, failed to

stabilize and prevent degradation of

wild type p53.

Kolesar (2002)143 Lung Cancer NQO1*2 in normal tissue and lung

tumors. The NQO1*2/*2 genotype was

associated with a shorter survival time

in patients treated with chemotherapy

for stage II/III non-small cell lung

cancer.

Seedhouse (2002)144 Leukemia No correlation was observed between the

NQO1*2 allele frequency and risk of

de novo or therapy-related acute mye-

loblastic leukemia.

Smith (2002)145 Leukemias The NQO1*2 polymorphism was found to

be associated with an increased risk of

de novo leukemias with MLL trans-

locations in infants and children.

Soucek (2002)146 Lymphomas No correlation was observed between the

NQO1*2 allele frequency and patients

with Hodgkin’s and non-Hodgkin’s

lymphomas.

Sachse (2002)147 Colorectal Cancer No correlation was observed between the

NQO1*2 allele frequency and the risk

of colorectal cancer.

Blanco (2002)148 Leukemia No correlation was observed between the

NQO1*2 allele frequency and the risk

of therapy-related acute myeloid leu-

kemia and myelodysplastic syndrome

in children treated for ALL.

Wan (2002)149 Benzene Poisoning Study found that Chinese patients with

the NQO1*2/*2 genotype were at in-

creased risk of benzene poisoning.

Wu (2002)150 Nasopharyngeal

Carcinoma

The NQO1*2 polymorphism was found to

be associated with genetic susceptibil-

ity to nasopharyngeal carcinoma.
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Takagi (2002)151 Colorectal Cancer A correlation was observed between the

NQO1*2/*2 genotype and telomere

shortening in colorectal cancer.

Chen (2002)152 Benzene Poisoning Review.
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In the mid 1990s, a collaborative effort led by the National Cancer In-
stitute examined the risk of benzene poisoning as a function of metabolic
phenotype and genotype of occupationally exposed workers in China.90

Benzene poisoning was defined by decreases in white blood cell and plate-
let counts after exposure and was strongly related to the subsequent devel-
opment of acute nonlymphocytic leukemia and related myelodysplastic
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homozygous NQO1*2 polymorphism (relative risk ¼ 2.4). When both of
these metabolic pathways were combined, rapid CYP2E1 metabolism
and a lack of NQO1 caused by the homozygous NQO1*2 polymorphism,
the relative risk for benzene poisoning increased to 7.6 fold.90 This was
the first study examining the significance of a sequence of metabolic path-
ways during the metabolism of benzene in humans, and studies in knockout
animals have reinforced the potential importance of both CYP2E1 and
NQO1 to benzene toxicity.153,154 Interestingly, in NQO1 knockout animals,
both male and female �/� mice were more susceptible to benzene induced
hematotoxicity relative to NQO1 þ/þ animals, but only female �/�
animals were more susceptible to benzene-induced micronuclei relative
to their NQO1 þ/þ comparison group.154 It is possible that different ben-
zene metabolites may be responsible for hematotoxicity and genotoxi-
city,154 but these data also suggest that genotoxicity as reflected by
micronuclei induction may not be related to hematotoxicity.

The mechanism proposed for the role of CYP2E1 and NQO1 in ben-
zene toxicity is shown in Fig. 4. Increased metabolism of benzene to poly-
phenolics or inhibited detoxification of benzene-derived reactive quinones
caused by the NQO1*2 polymorphism may lead to increased toxicity. One
potential problem with this mechanism was that for NQO1 to detoxify ben-
zene-derived quinones, the enzyme would have to be present in human
bone marrow, the target organ of benzene toxicity. Our studies, however,
did not detect NQO1 in human bone marrow aspirates.155,98 Two potential
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mechanisms were proposed to explain this contradiction, and both of
these mechanisms have now been confirmed. The first mechanism involved
induction of NQO1 by polyphenolic metabolites of benzene. Although
NQO1 was not present in either human bone marrow or purified CD34+
human bone marrow cells, exposure of these cells in vitro to hydroquinone
or catechol led to induction of NQO1 activity but only in cells from individ-
uals genotyped as NQO1*1/*1 or wild-type.98 No induction of NQO1 activity
was observed in individuals genotyped as NQO1*2/*2, and intermediate
levels of induction were observed in heterozygous or NQO1*1/*2 individ-
uals.98 Presumably, the lack of induction of NQO1 associated with the
NQO1*2 polymorphism reflected the instability of the NQO1*2 protein
due to proteasomal degradation68 rather than any effect on the mechanism
and extent of enzyme induction. This mechanism would therefore provide
an explanation for increased benzene toxicity associated with the NQO1*2
polymorphism; benzene metabolites would induce NQO1, which could de-
toxify benzene-derived quinones but not in individuals with the NQO1*2/*2
genotype.

The second hypothesis that we tested was that NQO1 was indeed
present in human bone marrow but was contained in cells that were not
removed by conventional aspiration techniques. We performed immuno-
histochemistry on archived bone marrow core samples and found that
NQO1 could be detected in human bone marrow but was present predom-
inantly in bone marrow endothelial cells.125 Endothelial cells are not read-
ily removed from bone marrow by aspiration. The role of bone marrow
endothelial cells in benzene toxicity is as yet unclear but is a subject of
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investigation in our laboratory. Bone marrow endothelial cells participate
in the maturation of hematopoietic progenitor cells in a number of ways,
including expression of adhesion molecules and secretion of cyto-
kines.156,157 The potential mechanisms underlying a protective role of
NQO1 against benzene toxicity in human bone marrow are summarized
in Fig. 5. Since additional roles of NQO1 are being uncovered, such as
its involvement in antioxidant defense and stabilization of p53 (see previ-
ous text), it is feasible that additional mechanisms may be involved in
NQO1-mediated protection against benzene toxicity.

NQO1*2 Polymorphism and Leukemia

Since the homozygous NQO1*2 polymorphism is effectively a null poly-
morphism and heterozygous individuals demonstrate decreased NQO1
protein and activity relative to the wild-type or concensus sequence, the
NQO1*2 polymorphism provides a convenient molecular tool to examine
the role of NQO1 in disease. Of the many cancers that have been examined
for an association with the NQO1*2 polymorphism (Table IV), the most
frequent association has been found with leukemias.

Eight separate studies have examined the possible relationship of defi-
cient NQO1 caused by the NQO1*2 polymorphism and leukemia. Two
additional studies examined the prognosis of leukemia patients with the
NQO1*2 polymorphism after chemotherapy.130,131 Of the eight studies
examining risk of leukemia, six of these found an increased risk of various
types of leukemia associated with the NQO1*2 polymorphism while two
found no association of therapy related leukemia. An increased risk of
leukemia associated with the NQO1*2 polymorphism was found in
therapy-related leukemia,100 therapy-related leukemia/myelodysplastic
syndrome,113 pediatric leukemias (particularly with MLL gene rearrange-
ments102,145), childhood acute lymphoblastic leukemia (ALL),128 and adult
de-novo leukemias, both acute myeloid leukemia (AML) and ALL.116 In
the study by Krajinovic et al.,128 the wild-type NQO1 genotype was found
to be protective against childhood ALL, whereas children carrying at least
one mutant allele of NQO1 (NQO1*2 or NQO1*3) were at increased risk.
Two additional studies found no association of the NQO1*2 polymorphism
with therapy related leukemia.158,159
156 C. Voermans, P. M. Rood, P. L. Hordijk, W. R. Gerritsen, and C. E. van der Schoot, Stem

Cells 18, 435 (2000).
157 R. Mohle, M. A. Moore, R. L. Nachman, and S. Rafii, Blood 89, 72 (1997).
158 D. J. Long, A. Gaikwad, A. Multani, S. Pathak, C. A. Montgomery, F. J. Gonzalez, and

A. K. Jaiswal, Cancer Res. 62, 3030 (2002).
159 K. Mikami, M. Naito, A. Tomida, M. Yamada, T. Sirakusa, and T. Tsuruo, Cancer Res. 56,

2823 (1996).



Fig. 5. Potential mechanisms underlying a protective role of NQO1 against benzene

toxicity. (A) Induction of NQO1 in human bone marrow mononuclear cells after exposure to

hydroquinone depends on NQO1 genotype.98 Catechol induces a similar induction of NQO1,

and induction of NQO1 by hydroquinone was also detected in bone marrow CD34þ enriched

cell populations.98 The inability of polyphenolic metabolites of benzene to increase NQO1

activity in NQO1*2/*2 cells was presumably related to the instability of the mutant NQO1*2

protein rather than any effect on induction. (B) Presence of NQO1 in bone marrow

endothelial cells. Although NQO1 could not be detected in aspirated human bone marrow

cells, it could be detected by immunohistochemistry in bone marrow endothelial cells.125

142 anticancer quinones and quinone oxidoreductases [8]



[8] functions of NAD(P)H:quinone oxidoreductase 143
The NQO1*2*2 genotype has also been associated with an increased
risk of benzene induced myelotoxicity in occupationally exposed workers
in China,82 and biologically plausible mechanisms can be proposed to
account for this increased risk (see previous text). Another important study
in NQO1 knockout animals has also recently been published158 demon-
strating that NQO1 knockout animals were at a greater risk of myeloid
hyperplasia and increased levels of blood neutrophils, basophils and eo-
sinophils. NQO1 knockout mice also contained decreased levels of p53 in
bone marrow relative to wild type animals,158 reinforcing a possible role for
NQO1 in stabilization of p53 (see previous text). Taken together, these
data suggest that low activity NQO1 genotypes, and particularly the
NQO1*2/*2 genotype, are associated with myeloid abnormalities and
increase the risk of leukemias. Assessing the impact of the NQO1*2
polymorphism should be incorporated as a part of the design of any
large epidemiological studies of genetic risk factors for the induction of
leukemia.

NQO1*2 Polymorphism and Chemotherapy

Since NQO1 can bioactivate certain antitumor quinones such as mito-
mycin C, E09 streptonigrin, �-lapachone13–16 and newer experimental
agents such as RH1,20,21 the NQO1*2 polymorphism would be expected
to impact therapy using these agents. Pre-clinical studies using gene trans-
fection and gene targeting approaches20,21,59,159 have clearly demonstrated
the role of NQO1 in bioactivation of antitumor quinones and provided
proof of principle for this approach. The impact of the NQO1*2 poly-
morphism has also been demonstrated by using excised human tumors
in vitro; tumor tissue genotyped as NQO1*2/*2 was more resistant to mito-
mycin C than tumors genotyped as wild-type.160 Perhaps the most compel-
ling study to date is a clinical study performed by Fleming et al.74 In this
work, patients with disseminated peritoneal cancer received surgical de-
bulking and intraperitoneal hyperthermic perfusions of mitomycin C. In
117 patients genotyped for the NQO1*2 polymorphism, individuals with
the low activity NQO1 genotypes (heterozygous or homozygous for the
NQO1*2 polymorphism) had reduced survival relative to individuals with
the wild type or concensus NQO1 genotype. Genotype-phenotype relation-
ships were also confirmed in this study, and NQO1*1/*2 heterozygotes had
significantly less tumor NQO1 activity than individuals with the wild-type
NQO1 genotype.74 This study demonstrates the potential importance of
the NQO1*2 polymorphism to therapy using antitumor quinones such as
160 M. Yano, Y. Akiyama, H. Shiozaki, M. Inoue, Y. Doki, Y. Fujiwara, D. Ross, A. Sadler,

and M. Monden, Proc. Amer. Assoc. Cancer Res. 41, 4585 (2000).
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mitomycin C. The relevance of the NQO1*2 polymorphism to therapy
using other compounds such as E09, RH1 and �-lapachone remains to be
determined.
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Introduction

Cytosolic NAD(P)H:quinone acceptor oxidoreductases (NQO) are fla-
voenzymes that catalyze the obligatory 2-electron reduction of quinones to
hydroquinones.1 This reaction prevents the reduction of quinones by one-
electron reductases that would result in the formation of reactive oxygen
species (ROS), generated by redox cycling of semiquinones in the presence
of molecular oxygen.2 In addition to its possible role in the detoxification of
dietary quinones, the enzyme has been shown to catalyze the reductive
activation of quinolic chemotherapeutic compounds such as mitomycins,
anthracyclines, and aziridinyl-benzoquinones. NQO type 1 (NQO1; EC
1.6.99.2; also called QR1 and DT-Diaphorase) is a 274-residue enzyme ex-
pressed under oxidative or electrophilic stress among a battery of phase II
enzymes.3–6 Also expressed as part of the same response is an iso-enzyme
called NQO type 2 (NQO2) that is 43 residues shorter at its C-terminus.
NQO2 has a 49% sequence identity with NQO1. Both enzymes can use
NAD[P]H as a source of reducing equivalents, but NQO1 uses this cofac-
tor more efficiently. NQO2 has been shown to prefer dihydronicotinamide
ribosyl (NRH) as cofactor.7,8 NQO activity is observed in many solid

1 L. Ernster and F. Navazio, Acta Chem. Scand. 12, 595–602 (1958).
2 H. Sies and H. de Groot, Toxicol. Lett. 64–65, 547–551 (1992).
3 A. Benson, M. Hunkeler, and P. Talalay, Proc. Natl. Acad. Sci. USA 77, 5216–5220 (1980).
4 H. Wefers, T. Komai, P. Talalay, and H. Sies, FEBS Lett. 169, 63–66 (1984).
5 H. J. Prochaska, P. Talalay, and H. Sies, J. Biol. Chem. 262, 1931–1934 (1987).
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(1997).
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