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Abstract

Pharmacogenetic analysis of polymorphisms in drug metabolizing enzymes is currently generating considerable interest as a means of
individualizing patient therapy. Recent studies have suggested that patients that are homozygous for a polymorphic variant (a C to T
transition at position 609 of the cDNA sequence) of the enzyme NAD(P)H:quinone oxidoreductase (NQO1) may be resistant to Mitomycin
C (MMC). Genotyping of a panel of 54 human tumor xenografts by polymerase chain reaction restriction fragment length polymorphism
(PCR-RFLP), classified tumors as wild type (40/54), heterozygotes (11/54), and homozygous mutants (3/54). Previously, 37 of these tumors
had been characterized in terms of their response to MMC in vivo, and in this study, a further nine tumor xenografts have been characterized
in terms of their response to MMC. No correlation could be found between the NQO1 polymorphic status of xenografts and their response
to MMC in vivo. In terms of genotype/phenotype relationships, NQO1 activity in tumors genotyped as wild type, heterozygotes, and
homozygous mutants were 311.1 � 421.9 (N � 40), 76.9 � 109.5 (N � 11), and 0.2 � 0.17 (N � 3) nmol/min/mg, respectively.
Genotyping of patients may provide a useful initial step in identifying patients who are unlikely to benefit from quinone-based chemo-
therapy. In the case of MMC, however, the work presented here demonstrates that genotyping of individuals with respect to NQO1 is
unlikely to be beneficial in terms of predicting tumor responses to MMC. © 2001 Elsevier Science Inc. All rights reserved.
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1. Introduction

The ability to tailor chemotherapy to individual patients
has been a major objective in cancer therapy for many years,
but despite extensive studies using a variety of chemosen-
sitivity tests [1], no predictive assay is currently in wide-
spread use today. Individualizing patient therapy remains a

major issue in modern anticancer drug development, and
this objective forms one of the cornerstones for the rapidly
growing field of pharmacogenetics [2]. The enzyme NAD-
(P)H:quinone oxidoreductase (E.C. 1.6.99.2, NQO1 [also
known as DT-diaphorase]) has generated considerable in-
terest within the field of bioreductive drug development
because of its ability to activate certain quinone-based com-
pounds to cytotoxic products, and elevated levels of NQO1
have been found in several tumor types, particularly
NSCLC (non-small cell lung cancer) [3,4]. In 1992, Traver
et al. [5] identified a C to T point mutation at position 609
(C609T) in exon 6 of the NQO1 cDNA isolated from BE
human colon carcinoma cells. Despite detectable levels of
NQO1 mRNA, cells were devoid of NQO1 activity, and
NQO1 protein was undetectable by immunoblot analysis.
Subsequent studies have demonstrated that C609T mutation
is a true polymorphism [6,7], suggesting that affected indi-
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viduals may exhibit resistance to quinone-based cancer ther-
apy. The widely used anticancer agent, Mitomycin C
(MMC), is a quinone-based compound that can be reduced
by NQO1 to DNA damaging species in cell free assays [8].
Resistance to MMC has been documented in cell lines that
are homozygous for the C609T polymorphism [5,9]. Recent
studies have indicated that patients with gastric cancer or
disseminated peritoneal cancer (of gastrointestinal or other
origin) with this polymorphism have reduced response to
MMC at both the cellular level and in terms of overall
survival [10,11]. While these reports are preliminary, they
are very significant in that they represent the first direct
evidence that the C609T polymorphic variant could have a
major impact on the outcome of MMC chemotherapy. If
substantiated, screening of patients for the NQO1 C609T
polymorphism could be used to identify those patients who
are unlikely to benefit from MMC therapy.

For the polymorphic variant to have a direct impact on
tumor response to MMC, it must be clearly demonstrated
that NQO1 plays a pivotal role in MMC activation. The role
of NQO1 in MMC activation is, however, controversial, and
there is considerable doubt as to whether or not cellular
response to MMC can be predicted on the basis of NQO1
activity [3,12]. Recent studies in this laboratory have also
demonstrated that the response of a large panel of human
tumor xenografts to MMC in vivo cannot be predicted on
the basis of NQO1 enzyme activity [13]. These findings
cast some doubt over whether or not analysis of the
C609T NQO1 polymorphism would lead to a better pre-
diction of MMC activity in vivo than does enzyme activ-
ity. It should, however, be stressed that the measurement
of NQO1 activity in human tumor xenografts was per-
formed on tumor tissues that represent a mixture of both
stromal cells (predominantly of murine origin) and tumor
cells. Becuase components of stromal tissue such as vas-
cular endothelial cells have been shown the express
NQO1 protein [14], it is conceivable that the NQO1
activity measurements obtained do not accurately reflect
NQO1 activity in tumor cells. Genotyping of NQO1
using RFLP-PCR techniques has the potential to circum-
vent this problem by the use of primers specific to human
NQO1. In view of this, plus the potential significance of
clinical findings reported in the literature [10,11], the
principle aim of this study was to examine whether or not
tumor response to MMC can be predicted on the basis of
NQO1 genotype status. In addition, studies using cell
lines have demonstrated that NQO1 activity may be fore-
cast on the basis of NQO1 genotype with wild-type cells
having higher levels of NQO1 than do heterozygotes,
whereas mutant cells are devoid of NQO1 activity [15,
16]. As NQO1 activity has been previously determined
[13], a secondary aim of this study was to determine the
genotype-phenotype relationship in this panel of human
tumor xenografts in vivo.

2. Materials and methods

2.1 Tissue collection and DNA extraction

Tissues of human tumor xenograft growing subcutane-
ously in thymus aplastic nude mice (NMRI background)
were collected from the Freiburg Tumor Bank. This bank
comprises over 350 human tumor xenograft models that
were established in serial passage in vivo [17]. A number of
these xenografts have been previously characterized in
terms of their response to MMC in nude mice (37 tumors
[13,17]) and NQO1 activity (58 tumors [13]). In addition to
the 37 tumors that have been characterized for MMC sen-
sitivity in vivo, the response of a further nine tumors to
MMC were included in this study (BXF 1301, CNXF 498,
LXFL 1072, MAXF 401, RXF 944LX, PAXF 736, SXF
1410, UXF 1138, and XF 575). Of the 58 tumors charac-
terized for NQO1 activity [13], nine tumors from this orig-
inal panel were not available for genotyping in this study
(CXF HT29X, BXF 1036, LXFA 418, CXF 609, MEXF
514, BXF 439, LEXF HL60X, MEXF 134,1 and CEXF
633). Five additional tumors (HNXF 675, MAXF 401,
OVXF 1619, SXF 1186, and UXF 1138) were included in
this study for evaluating genotype-phenotype relationships.

All tumor samples were initially frozen in liquid nitrogen
and stored at �80o for analysis. In addition, livers from
non-tumor-bearing mice were also collected. Genomic
DNA was extracted from tissue fragments (�10mg) using
the Puregene DNA isolation kit (Gentra Systems, Minneap-
olis, USA) and stored at �20o.

2.2. Restriction fragment length polymorphism of
Polymerase chain reaction products

Polymerase chain reaction restriction fragment length
polymorphism (PCR-RFLP) analysis was conducted ac-
cording to the method published by Eickelmann et al. [9].
Primers (synthesised by Cruachem, Glasgow, UK) for PCR
amplification of NQO1 from genomic DNA were forward
primer 5� GAG ACG CTA GCT CTG AAC TGA T 3� and
reverse primer 5� ATT TGA ATT CGG GCG TCT GCT G
3�. PCR was conducted by using the PCR core kit (Roche
Diagnostics Ltd., Lewes, UK), and each reaction contained
10 �L 10X PCR buffer (without magnesium), 5 �L Mag-
nesium Chloride (25 mM), 2 �L dNTPs (10 mM), 1 �L
each of forward and reverse primers (16.3 nmol mL�1), 1
�L Taq polymerase (5 units �L�1), 1 �L genomic DNA
(0.1 �g mL�1) and was made up to a final volume of 100
�L using sterile, deionized water. Thermal cycling condi-
tions following an initial denaturation step of 94o for 4 min
were, 94o (1 min), 65o (1 min), and 72o (1 min). Following
35 cycles of PCR, samples were maintained at 72o for 5
min. PCR product (25 �L) was then digested with Hinf 1
(10 U) for 2 hr at 37o, and the products separated on a 2%
TAE agarose gel (run at 100 V for 2 hr) and stained with
ethidium bromide. Products were visualized under UV tran-
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sillumination and permanent records made by using a Po-
laroid camera. As a positive control, primers designed to
amplify murine K-ras were employed [18], the sequences of
which were forward primer 5� AAC TTG TGG TGG TTG
GAG GTG 3� and reverse primer 5� CTC ATC CAC AAA
GTG ATT CT 3�. Reaction conditions and thermal cycling
parameters for amplification of K-ras were identical to that
of NQO1 apart from the use of 48oC annealing temperature.
Expected PCR product size was 106 bp.

2.3. Assessment of in vivo activity of MMC in human
tumor xenograft models and NQO1 enzyme activity

The response of 37 human tumor xenografts following
the intraperitoneal administration of MMC in vivo has been
described in detail elsewhere [13,17] and indicated as such
in Table 1. The response of nine tumors that have not
previously been characterized for MMC sensitivity were
also included in this study. These tumors were BXF 1301,
CNXF 498, LXFL 1072, MAXF 401, RXF 944LX, SXF
1410, XF 575, PAXF 736, and UXF 1138. Chemotherapy
and assessment protocols were identical to those described
previously [13,17]. Briefly, all tumors were implanted sub-
cutaneously into both flanks of outbred, athymic nude mice
of NMRI genetic background, and treatment was started
when the tumors reached a median size of 6 mm in diameter
(Day 0). MMC was administered intravenously at the max-
imum tolerated dose of 2 mg Kg�1 on Days 1 and 15.
Antitumor effects were determined by two dimensional cal-
iper measurements, and measurements were normalized rel-
ative to tumor volume on Day 0. Experiments were termi-
nated when tumors reached a size of approximately 1.5 cm
in diameter. Activity was expressed in terms of percentage
of the optimal T/C (i.e. relative tumor volume of treated
tumors divided by the relative tumor volume of control
tumors � 100 at the time of maximum drug effect). All
animal experiments were performed in accordance with
German Animal License Regulations (Tierschutzgestz),
which are identical to United Kingdom Co-ordinating Com-
mittee on Cancer Research Guidelines for the Welfare of
Animals in Experimental Neoplasia [19]. NQO1 activity in
five additional tumors (HNXF 675, MAXF 401, OVXF
1353, SXF 1186, and UXF 1138) was determined in this
study according to procedures published elsewhere [13].

3. Results

The results of PCR-RFLP analysis of three xenografts
representing the three possible genotypes of NQO1 is pre-
sented in Fig. 1. PCR amplification of NQO1 produced
products of 240 bp (Fig. 1, lanes 2–4) that, on digestion
with Hinf I, generated clear products at 218 bp for wild type;
218, 165, and 53 for heterozygotes; and 165 and 53 for
homozygous mutants (Fig. 1, lanes 5–7). The 22 bp frag-
ment produced following Hinf I digestion of all three PCR

products was not visible because of poor detection on
ethidium bromide-stained agarose gels, but its presence was

Table 1
Relationship between response of tumors to MMC in vivo and NQO1
polymorphic status

Tumor Tumor response
(% T/C)*

NQO1
status

BXF 1258 41.6a wt
BXF 1299 88.6a wt
BXF 1301 24.0 wt
CNXF 498 60.8 wt
CXF 1103 57.8b het
CXF 158 67.5b wt
CXF 280 5.2b wt
CXF HCT116 40.0a wt
GXF 209 6.3b wt
GXF 214 59.4b wt
GXF 251 31.1b wt
GXF 97 2.6b wt
HNXF 536 74.4a wt
LXFA 289 8.3b wt
LXFA 526 76.9b wt
LXFE 211 8.3b wt
LXFE 397 67.8b wt
LXFE 409 3.6b wt
LXFE 839 6.4a wt
LXFL 1072 96.0 wt
LXFL 529 5.2b wt
LXFS 538 1.5b wt
LXFS 650a 57.2b wt
LYXF 1189 63.2a wt
MAXF 1162 70.90b mut
MAXF 401 2.6 het
MAXF 449 8.1b mut
MAXF 857 79.2b wt
MEXF 535 85.3b mut
MEXF 989 21.7b wt
OVXF 1023 7.9b wt
OVXF 1353 100b wt
OVXF 899 29.8b wt
PAXF 546 49.1a wt
PAXF 736 70.2 wt
PRXF 1369 69.2a wt
PRXF DU145 79.6a wt
PRXF PC3MX 100a wt
RXF 1220 86.4b wt
RXF 423 74.2b het
RXF 486 88.0b het
RXF 944LX 42.2 wt
SXF 1410 89.0 wt
TXF 881 31.4a het
UXF 1138 2.8 het
XF 575 42.7 wt

* Superscript text a and b denote data previously published by Phillips et
al. [13] and Fiebig et al. [17], respectively BXF: Bladder, CNXF Central
Nervous System, CXF: Colorectal, GXF: Gastric, HNXF: Head and Neck,
LXFA: Lung (Adenocarcinoma) LXFE: Lung (Epidermoid), LXFL: Lung
(Large cell), LXFS: Lung (SCLC), LYXF: Lymphoma, MAXF: Mam-
mary, MEXF: Melanoma, OVXF: Ovarian, PAXF: Pancreatic, PRXF:
Prostate, RXF: Renal, SXF: Sarcoma, TXF: Testis, UXF: Uterine, XF:
mixed histology. ND: not determined. Wt, het, and mut denote tumors
classified as wild type, heterozygotes, and homozygous mutants with
respect to NQO1 C609T, respectively.
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confirmed by capillary electrophoresis (data not shown). No
PCR products at 240 bp were produced following the am-
plification of murine genomic DNA (Fig. 1, lane 8) dem-
onstrating that the primers used to amplify NQO1 are spe-
cific for human NQO1. Possible errors in genotyping arising
from host cell infiltration into tumor tissue are, therefore,
unlikely. As a positive control to check the integrity of
murine genomic DNA, PCR amplification of K-ras pro-
duced the expected product at 106 bp (Fig. 1, lane 9).

A total of 54 human tumor xenografts have been geno-
typed with respect to NQO1. The incidence of the three
NQO1 variants and their relationship to the response of 46
of these tumors to MMC in vivo is presented in Table 1 and
Fig. 2. The remaining eight tumors (BXF 1352, CXF 883,
CXF DLD1LX, HNXF 675, OVXF 1619, RXF488, SXF
1186, and SXF 627) were genotyped for NQO1, but no data
is available with regards to their sensitivity to MMC in vivo.
The genotype status of these tumors is reported in Table 2.
Of the 54 tumors genotyped, 40 (74.1%) were wild type, 11
(20.3%) were heterozygous, and 3 (5.6%) were homozy-
gous mutant with respect to NQO1. The response of tumors
to MMC in vivo and the relationship between NQO1 geno-
type status and antitumor activity is presented in Fig. 2 and
Table 1. Antitumor data exists for 46 tumors (37 tumors
previously characterized, and 9 tumors where response to
MMC has been determined in this study). Mean tumor
responses � SD (expressed as % T/C) were 48.4 � 32.6
(N � 37), 42.7 � 36.4 (N � 6), And 54.7 � 41.0 (N � 3)
for wild type, heterozygotes, and mutants, respectively. Dif-
ferences between the three groups did not reach significance

(P � 0.05 as determined by the Mann–Whitney U test).
Considerable heterogeneity in tumor response to MMC ex-
isted within each group, particularly within tumors classi-
fied as wild type (Fig. 2). In this case, tumor response to
MMC ranged from resistance (T/C � 100%) to complete
response (T/C � 1.5%). No correlation exists between
NQO1 genotype and tumor response to MMC (Fig. 2).

In terms of genotype-phenotype relationships, NQO1
activity and genotype status for 54 human tumor xenografts
is presented in Table 2 and Fig. 3. NQO1 activity (expressed
as mean � SD) in wild-type tumors was generally higher
than in heterozygotes [311.1 � 421.9 (N � 40) And 76.9 �
109.5 (N � 11) nmol/min/mg, respectively], although the
difference between the groups was not significant (P � 0.05
as determined by the Mann–Whitney U test). A broad spec-
trum of NQO1 activity was observed in wild-type tumors
ranging from 1843.8 to 1.1 nmol/min/mg. Tumors classified
as mutant with respect to NQO1 were devoid of enzyme
activity (0.2 � 0.17 nmol/min/mg, N � 3).

4. Discussion

The results of this study clearly demonstrate that geno-
typing of tumors with respect to the NQO1 C609T poly-
morphic variant does not correlate with tumor response to
MMC in vivo. This finding is consistent with our previous
study, which demonstrated a lack of correlation between
NQO1 activity and tumor response to MMC in vivo [13],
and both studies together strongly argue against NQO1
playing a major role in MMC activation. This point is

Fig. 1. PCR-RFLP analysis of NQO1. Lane 1 represents molecular weight
markers (pUCBM21 cut with Hpa II, Dra I, and Hind III, Roche Diag-
nostics Ltd, Lewes, UK). Lanes 2–4 represent undigested PCR products of
genomic DNA derived from CNXF 498, RXF 486, and MAXF 449 tumors,
respectively. Lanes 5 to 7 represent Hinf I digest of PCR products derived
from CNXF 498, RXF 486, and MAXF 449 tumors, respectively. Lane 8
represents mouse genomic DNA (isolated from mouse liver) amplified by
using NQO1 primers, and lane 9 represents mouse genomic DNA amplified
with K-ras primers.

Fig. 2. The relationship between NQO1 genotype and the response of a
panel of human tumor xenografts to MMC.
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strikingly illustrated in the case of MAXF 449, which de-
spite being homozygous for the polymorphism and devoid

of NQO1 activity, is responsive to MMC (T/C � 8.1%).
Furthermore, tumors that are wild type with respect to
NQO1 and have high NQO1 activity, such as PRXF DU145
and LXFL 1072, are relatively resistant to MMC, with T/C
values of 79.6% and 96.0%, respectively (Tables 1 and 2).
The reasons why MAXF 449 responds to MMC in vivo are
not clear, although other enzymes have been implicated in
MMC activation [12]. Physiological parameters, such as
hypoxia, have a significant influence on MMC activation
with high hypoxia selectivity ratios reported, particularly
for NQO1 deficient tumors [20,21]. In addition the final
outcome of chemotherapy in vivo is likely to be determined
by several parameters involved not only in bioreductive
drug activation, but also by drug delivery to tumors and the
inherent ability of tumor cells to repair DNA damage. Fur-
ther studies are required to determine why tumors such as
MAXF 449 and LXFL 1072 respond quite differently to
MMC, but it is clear from this and previous studies in this
laboratory [13] that accurate predictions of tumor response
to MMC in vivo on the basis of the activity or genotype of
NQO1 are unlikely.

In terms of genotype-phenotype relationships (Table 2),
the results of this study are consistent with previous reports
in that cells or tissues genotyped as wild type tend to have
higher levels of NQO1 activity than do heterozygotes,
whereas mutant cells are devoid of NQO1 activity [15,16].
Lack of NQO1 activity in xenografts genotyped as mutant
(Table 2, Fig. 3) are entirely consistent with studies using
cell lines and human tissues [5,6,15,16]. Previous studies
have reported that a significant difference exists between
wild type and heterozygotes in terms of either NQO1 ac-
tivity [16] or NQO1 protein levels as determined by immu-

Table 2
Relationship between DT-diaphorase activity and NQO1 polymorphic
status

Tumor DT-diaphorase (nmol/min/ms) NQO1 status

BXF 1258 11.9 wt
BXF 1299 362.5 wt
BXF 1301 6.0 wt
BXF 1352 169.2 wt
CNXF 498 9.7 wt
CXF 1103 61.8 het
CXF 158 120.3 wt
CXF 280 238.9 wt
CXF 883 93.3 wt
CXF HCT116 155.0 wt
CXF DLD1LX 55.3 het
GXF 209 660.5 wt
GXF 214 510.6 wt
GXF 251 980.5 wt
GXF 97 582.8 wt
HNXF 536 159.3 wt
HNXF 675 4.90* het
LXFA 289 554.4 wt
LXFA 526 20.5 wt
LXFE 211 64.6 wt
LXFE 397 15.2 wt
LXFE 409 1.1 wt
LXFE 839 564.4 wt
LXFL 1072 800.3 wt
LXFL 529 322.2 wt
LXFS 538 125.4 wt
LXFS 650a 1.9 wt
LYXF 1189 1.7 wt
MAXF 1162 0.4 mut
MAXF 401 71.6* het
MAXF 449 �0.1 mut
MAXF 857 1.4 wt
MEXF 535 �0.1 mut
MEXF 989 229.4 wt
OVXF 1023 4.3 wt
OVXF 1619 352.4* het
OVXF 1353 58.3 wt
OVXF 899 1375.4 wt
PAXF 546 300.9 wt
PAXF 736 415.6 wt
PRXF 1369 16.2 wt
PRXF DU145 1075.1 wt
PRXF PC3MX 144.4 wt
RXF 1220 799.2 wt
RXF 423 23.0 het
RXF 486 6.1 het
RXF 488 120.5 wt
RXF 944LX 1.8 wt
SXF 1410 25.4 wt
SXF 1186 35.0* het
SXF 627 3.6 het
TXF 881 15.9 het
UXF 1138 216.8* het
XF 575 1843.8 wt

DT-diaphorase enzyme activity measurements taken from Phillips et al.
[13] with the exception of those marked * where DT-diaphorase activity
was determined in this study according to previously published method-
ology [13].

Fig. 3. The relationship between NQO1 genotype status and NQO1 activity
in a panel of human tumor xenografts.
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noblotting [15]. These results suggest that genotype status
may provide a reliable initial estimate of NQO1 activity,
although some overlap in values between cells genotyped as
wild type and heterozygotes was observed [16]. In this
study, however, the differences in NQO1 activity between
tumors classified as wild type [311.1 � 421.9 (N � 40)
nmol/min/mg] and heterozygotes and [76.9 � 109.5 (N �
11) nmol/min/mg] were not significant, with considerable
heterogeneity observed in NQO1 activity within both
groups. Heterogeneity was particularly marked in the wild-
type group (Table 2, Fig. 3), with several tumors having
very low or barely detectable levels of NQO1 activity.
These included RXF 944LX, LXFE 409, MAXF 857,
LYXF 1189, OVXF 1023, and LXFS 650a, all of which
have NQO1 activities of less than 5.0 nmol/min/mg (Table
2). While the results of this study are in general agreement
with previously published data (particularly with regards to
cells genotyped as mutants), characterization of tumors with
respect to wild type or heterogeneous NQO1 does not nec-
essarily provide an indication of NQO1 activity in tumor
tissue. In a clinical setting, genotyping of patients would
certainly be of use for identifying patients who are unlikely
to respond (i.e. those who are devoid of NQO1 activity as a
result of the C609T polymorphism) to quinone-based ther-
apeutics where NQO1 plays a prominent role in drug acti-
vation.

In conclusion, the results of this study demonstrate that
genotyping of tumors with respect to the NQO1 C609T
polymorphism is unlikely to be of benefit in terms of pre-
dicting tumor response to MMC. These results do not sup-
port the clinical findings of Fleming et al. [10] and Yano et
al. [11], where the NQO1 polymorphic variant was associ-
ated with poor response to MMC at both the cellular level
and in terms of survival times. It should, however, be
stressed that the in vivo endpoint used in this study repre-
sents maximal tumor response and may not be directly
comparable with the final outcome of chemotherapy in
terms of patient survival times. Further studies are required
to validate the findings of Yano et al. [11]. Nevertheless, the
results of this study in conjunction with the controversy in
the literature surrounding NQO1 and its role in determining
cell and tumor response to MMC [8,12,13,22–25] suggest
that tailoring MMC therapy to patients on the basis of
NQO1 genotype status is unlikely to be clinically useful. In
the case of novel compounds entering clinical evaluation
[e.g. RH1 (2;5-diaziridinyl-3-(hydroxymethyl)-6-methyl-1;
4-benzoquinone) and 17-allylamino 17-demthoxygldano-
mycin] [26,27], where there is evidence for NQO1 involve-
ment in their mechanism of action, genotyping of tumors
may prove valuable in terms of identifying patients who are
unlikely to benefit from such therapy. For novel compounds
in preclinical development, it is essential to demonstrate
that NQO1 plays a central role in determining tumor re-
sponse in vivo if genotyping or enzyme profiling is to be of
any value. In this respect, the use of xenografts that have
been characterized in terms of both NQO1 activity and

genotype status should provide a useful experimental tool
for establishing proof of principle in vivo for NQO1 acti-
vated prodrugs.
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