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Abstract Purpose: Irofulven (6-hydroxymethylacylful-
vene, MGI 114, NSC 683863) is a semisynthetic deriv-
ative of illudin S, a toxin present in the Omphalotus
mushroom. Irofulven has demonstrated activity against
a broad range of solid tumors in both xenograft models
and human trials. The potential application of admin-
istering irofulven in combination with aziridine-con-
taining chemotherapeutic agents was evaluated in this
study. Methods: Human lung carcinoma MVS522 cells
and BALB/c athymic mice bearing the human lung
carcinoma MV522 xenograft were used to evaluate the
activity of irofulven in combination with aziridine-con-
taining drugs. Results: Irofulven in combination with
either thiotepa or mitomycin C demonstrated a strong
synergistic (supraadditive) activity both in vitro and in
vivo, that exceeded results obtained with monotherapy
at the same or higher doses of these agents. The majority
of xenograft-bearing animals that received subtoxic
doses of irofulven, and either thiotepa or mitomycin C,
demonstrated a complete cure. In contrast, there was no
detectable synergistic activity between irofulven and
other aziridine-containing drugs, including AZQ and
thiotepa metabolites such as TEPA or AZD. Conclu-
sions: These results indicate that the therapeutic activi-
ty of irofulven is enhanced when combined with
mitomycin C or thiotepa, and further evaluation of these
combinations is therefore warranted.
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Introduction

The illudins are natural sesquiterpene products isolated
from the mushroom Omphalotus illudens and related
species of basidiomycetes [27, 28]. The interest in illudin-
derived agents as antineoplastic agents stems from the
discovery that they are active against solid tumor cells at
nano- to picomolar concentrations with short exposure
times [14, 15], and produce a unique type of DNA
damage [16, 17]. The preferential cytotoxicity towards
tumor cells stems from a combination of intracellular
drug accumulation [13, 19, 21, 22] and sensitivity of
tumor cells to illudin-induced apoptosis [42]. Normal
cells display marginal levels of apoptosis even
after prolonged exposure to high concentrations of
illudin-derived agents [41].

Irofulven (MGI 114, HMAF, NSC 683863) is a
semisynthetic analogue of the fungal toxin illudin S
[18, 29]. Irofulven has demonstrated significant antitu-
mor activity against a variety of tumor models such as
MV522 lung carcinoma, MXI1 breast, and HT29 carci-
noma xenografts [18, 26]. In addition, MDRI1- and
MRPI1-positive xenografts retain sensitivity to irofulven,
but display resistance to conventional chemotherapeutic
agents [20, 23]. On this basis, irofulven was chosen as the
initial illudin-derived candidate for human trials. Iro-
fulven has been evaluated in a variety of phase I and II
clinical trials with promising results [8, 38], and a
large phase III trial in gemcitabine-refractory pancre-
atic cancer was initiated this year (Dr. John MacDonald,
MGI PHARMA, Bloomington, Minn., personal
correspondence).

While irofulven has displayed impressive single-agent
activity in several clinical trials, a number of studies
examining irofulven in combination with other an-
tineoplastic agents have demonstrated an enhanced an-
titumor activity in various cell lines and xenografts. A
synergistic or supraadditive activity has been noted be-
tween irofulven and topoisomerase I inhibitors in several
studies, paclitaxel, and SFU [2, 12, 24, 39]. We began a



systematic study to further define the potential of
coadministering irofulven with other chemotherapeutic
agents. Here we present evidence of a synergistic inter-
action between the aziridine-containing drugs mitomy-
cin C and thiotepa, but not with aziridine-containing
thiotepa metabolites or the aziridine prototype drug
AZQ.

Materials and methods

Athymic mice

Balb/c nu/nu 4-week-old female mice weighing 18-22 g were ob-
tained from Simonsen (Gilroy, Calif.) and maintained in the A-
thymic Mouse Colony of the University of California, San Diego,
under pathogen-free conditions using HEPA filter hoods. The
animals were housed in groups of four in plastic cages vented with
polyester fiber filter covers, and provided with sterilized food and
water ad libitum. Clean, sterilized gowns, gloves, masks, shoe and
hood covers were worn by all personnel handling the animals.
Studies were conducted in accordance with the guidelines of the
National Research Council “Guide for Care and Use of Labo-
ratory Animals”, and the University of California, San Diego,
guidelines for assessing illness and morbidity in rodents used in
studies involving experimental neoplasia. All studies were ap-
proved by the University Institutional Animal Care and Use
Committee.

Cell lines

The following cell lines were maintained in either RPMI-1640 or
Dulbecco’s modified Eagle’s medium supplemented with 10% fetal
bovine serum (Hyclone, Logan, Utah) as previously described [14]:
human lung adenocarcinoma cell line MV522 [37], colon adeno-
carcinoma line HT29 [25], and human breast carcinoma cell lines
MCEF7 [7]. All cell lines were routinely screened for mycoplasma.
For determining the cytotoxic activity of irofulven in combination
with other agents, cells were plated in 96-well plates, allowed to
recover overnight, and various concentrations of the desired
drug(s) were added. After 48 h incubation, the medium was re-
moved, cells were washed twice with sterile saline, and cell viability
determined using MTT. Briefly, the synergy studies were performed
by adding the selected drugs together at various concentrations, but
always maintaining a fixed ratio of drug A to drug B within an
individual experiment [3, 4, 5]. Results were compared with those
from control cultures (no drug) and cultures containing only an
individual drug added at identical concentrations. The median-ef-
fect principal of Chou was used to determine whether a drug
combination at a given concentration and ratio was synergistic (see
Statistical analysis).

Drugs

Pharmaceutical grade irofulven (NSC 683863) was obtained from
MGI PHARMA (Minneapolis, Minn.). Pharmaceutical grade
thiotepa (NSC 6396) and mitomycin C (NSC 26980) were
obtained from the UCSD Pharmacy. TEPA (NSC 54054), the
aziridine analog (NSC 524926), and AZQ (NSC 182986) were
obtained from the NCI DTP repository. Thiotepa and mitomycin
C were reconstituted with sterile saline. TEPA, aziridine, and
AZQ were dissolved in 1 ml 100% DMSO and diluted with
sterile normal saline until a 10% DMSO/normal saline solution
was achieved. Irofulven was dissolved in 100% ethanol and di-
luted with normal saline until a 10% ethanol/normal saline so-
lution was achieved. The maximum tolerated dose (MTD) for
irofulven and mitomycin C in this strain of mice had previously
been determined [18] and is defined as the maximum dose
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administered for 3 weeks on a given schedule that produces a
weight loss of < 15%. Initial starting doses for thiotepa and
AZQ were chosen on the basis of previous reports [10, 31].

In vivo evaluation using the MV522 xenograft model

Mice were randomized into treatment groups of eight animals each.
Each animal was earmarked and followed individually throughout
the experiment. The mice received s.c. injections of 8-10x10°
MV522 cells over the shoulder. All drugs were administered i.p.
three times a week for 3 weeks, starting on day 10 after tumor
implantation. Tumor size was measured in two perpendicular di-
ameters and tumor weight estimated according to the equation
w = (width® x length/2) [33]. Relative weights (RW) were calcu-
lated to standardized variability in tumor size amongst test groups
at initiation of the treatment using the equation RW=Wt/Wi,
where Wi is the tumor weight for a given animal at the beginning of
drug treatment and Wt is the tumor weight at a subsequent time
[33].

Statistical analysis and determination of synergistic activity

To compare the relative tumor weights between the groups of
animals, ANOVA followed by Tukey-Kramer multiple compari-
son post-ANOVA analysis was performed. Survival curves
between groups of animals was compared using the method of
Kaplan and Meier [1]. Probability values less than 0.05 were
considered statistically significant. The relative tumor weight data
and life-span data were analyzed using Instat (version 2.02) and
Prism (version 3.0) software packages (GraphPad, La Jolla,
Calif.).

To determine whether synergy existed between irofulven and
other agents, we used the median-effect principle of Chou [3, 4, 5]
to determine the dose-effect parameters for two drugs individually
and for their different combinations. Median-effect computer
software (CalcuSyn for Windows, Biosoft, Ferguson, Mo.) was
used to generate the isoeffective dose (Dx) values which were used
to generate the combination index (CI), where a CI values of <1,
=1, and >1 indicate synergism (i.e. the effect of the drug combi-
nation is greater than anticipated from the additive effect of the
individual agents), an additive effect, and antagonism, respectively
[3, 4, 5].
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Fig. 1. Structures of irofulven and other agents used in this study
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Results
Mitomycin C and thiotepa studies

The activity of irofulven (Fig. 1) in combination with
either mitomycin C or thiotepa was examined in vitro
using a continuous 48-h exposure in MV522 cells.
Analysis by the median- effect principal revealed an in-
creasing CI with increasing cytotoxicity (Fig. 2), which
can be classified as strong synergy [3, 4, 5]. An initial in
vivo study indicated that both irofulven and mitomycin
C at the MTD were capable of inhibiting tumor growth
(Fig. 3) and producing partial remissions, in accordance
with the findings of previous studies [18]. Thiotepa at its
MTD, however, had only a minor effect and produced

[ ]

< .
o 104 - - - Additive
3
s ] [ [ J
> s
3 [ ] [ ]
] n
£
5 0.6 ® ] <- Synergism
3 n
< i
5 04
5

< .
S ool Strong Synergism

0.0 T T T T T
0.0 0.2 04 0.6 0.8 1.0
Cytotoxicity Effect

Fig. 2. Combination index (CI) plot displaying the in vitro
interaction between irofulven and either mitomycin C or thiotepa.
The classifications of the extent of synergy are as defined previously
by Chou et al. [4, 5] (circles irofulven and mitomycin C together,
squares irofulven and thiotepa together)
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tumor growth inhibition but not overt tumor regression.
With the exception of one irofulven-treated animal, all
tumors recurred within days in animals treated with
single agents. When irofulven was coadministered with
either mitomycin C or thiotepa, at the nontoxic dose of
two-thirds MTD for each drug, there was marked tumor
regression in all eight treated animals (Fig 3, Table 1).
All eight animals in the combination irofulven and mi-
tomycin treatment group were alive on day 120, and five
had no evidence of tumor by palpation. All eight ani-
mals in the combination irofulven and thiotepa treat-
ment groups were alive on day 120 and four had no
evidence of tumor by palpation. In contrast, only one
irofulven-treated animal survived until day 120, and
there were no surviving animals in any of the mitomycin
C- or thiotepa-treated groups (Table 1).

The median survival times were 27 days in control
animals, 35 days in animals receiving thiotepa at its
MTD, 60 days in animals receiving mitomycin C at
its MTD, 75 days in animals receiving irofulven at its

Fig. 3. Efficacy of irofulven in combination with thiotepa or
mitomycin C versus single-agent therapy in the MV522 xenograft
model. MV522-bearing animals received 10% DMSO/saline as
control (solid squares), thiotepa at the MTD of 10 mg/kg (solid
diamonds), thiotepa at two-thirds the MTD or 6.67 mg/kg (open
diamonds), irofulven at the MTD of 10 mg/kg (solid triangles),
irofulven at two-thirds the MTD of 6.67 mg/kg (open triangles),
mitomycin C at the new MTD of 1.8 mg/kg (solid circles),
mitomycin C at two-thirds the MTD of 1.2 mg/kg (open circles),
irofulven at two-thirds the MTD plus mitomycin at two-thirds the
MTD (crosses), irofulven at two-thirds the MTD plus thiotepa at
two-thirds the MTD (asterisks). All drugs were administered i.p.
three times a week for 3 weeks, starting on day 10 after tumor
implantation. There were eight animals per group and the data
points indicate means for each group and the bars represent SE
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Table 1. The number of MV522 human lung tumor xenograft-bearing mice displaying partial tumor remission (PR) or complete tumor remission (CR) after receiving irofulven in

combination with other aziridine drugs

Experiment C

Experiment B

Experiment A

CR

PR

Dose

CR Drug

PR

Dose

CR Drug

PR

Dose

Drug

Normal saline/

DMSO

Normal saline/

Normal saline/

DMSO

DMSO

(control)
Irofulven

(control)

Irofulven

(control)
Irofulven

10 mg/kg
(MTD)
2.5 mg/kg
(MTD)
10 mg/kg

(MTD)

10 mg/kg

10 mg/kg

(MTD)

AZQ

(MTD)
1.8 mg/kg
(MTD)

10 mg/kg

Mitomycin C

1.8 mg/kg
(MTD)
10 mg/kg
(MTD)

6.7 mg/kg

Mitomycin C

TEPA

0

Thiotepa

0

Thiotepa

(MTD)

6.7 mg/kg (two-

Irofulven 6.7 mg/kg (two-
thirds MTD)

0

2

thirds MTD)
1.2 mg/kg

Irofulven

(two-thirds MTD)

1.2 mg/kg

Irofulven

1.25 mg/kg (two-
thirds MTD)
5 mg/kg (two-

AZQ

3

Mitomycin C

Mitomycin C

thirds MTD)

Both two-

TEPA

0

0

(two-thirds MTD)

6.7 mg/kg (two-
thirds MTD)

Both two-

Thiotepa

(two-thirds MTD)

6.7 mg/kg
(two-thirds MTD)

Both two-

Thiotepa

Irofulven/

AZQ

4

Irofulven/

Irofulven/

thirds MTD

Both two-

thirds MTD

Both two-

mitomycin C

Trofulven/

thirds MTD

Both two-

mitomycin C

Irofulven/

Irofulven/

TEPA

4

thirds MTD

thirds MTD

thiotepa

thirds MTD

thiotepa
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MTD, and >120 days in animals receiving both the
irofulven plus mitomycin C and the irofulven plus
thiotepa combinations. The animals receiving either the
combination irofulven and mitomycin C treatment, or
the irofulven plus thiotepa treatment, had significant
increases in life-span when compared with control ani-
mals (P<0.001 for both groups) and when compared
with animals receiving irofulven at its MTD (P =0.033
and P=0.026, respectively), indicating that the combi-
nation therapy was markedly effective at prolonging life-
span as compared with single-agent treatment. A second
study (experiment B, Table 1) was performed to confirm
the synergistic activity of irofulven with either mitomy-
cin C or thiotepa. Again, when irofulven was coadmin-
istered with either mitomycin C or thiotepa, there was
marked tumor regression in all treated animals (Ta-
ble 1), and 50% of each group had no evidence of tumor
by palpation on day 120.

TEPA and AZQ studies

The activity of thiotepa has been attributed, in part, to
its metabolism to TEPA and subsequent metabolic
conversion to aziridine moieties [1, 30]. Therefore, we
determined whether the synergistic activity noted with
thiotepa could be attributed to one of these metabolites.
The antitumor activities of TEPA and the prototype
aziridine drug, AZQ, were determined independently
and in combination with irofulven. TEPA and AZQ at
their MTD were minimally active in the MV522 xeno-
graft model and produced only limited tumor growth
inhibition (Fig. 4, Table 1). The combinations of iro-
fulven, and either TEPA or AZQ, demonstrated mini-
mal activity in vitro (Fig. 4, Table 1), which is in
contrast to the in vitro activity noted with the combi-
nation of irofulven and either thiotepa or mitomycin C
(Fig. 2).

Because of the unexpected lack of synergy with
TEPA and AZQ, the in vitro screening studies were
performed using these agents as well as porfiromycin
(mitomycin-related analog) and AZD, an aziridine
prototype thiotepa metabolite. There was no detectable
synergy between irofulven and either TEPA or AZQ, in
accordance with the xenograft results (Fig. 5). Schedule
dependency was examined by adding one agent prior to
the addition of the other agent. Regardless of whether
irofulven was added first or second, there was still no
detectable synergy between the drug and either TEPA or
AZQ (Fig. 5). There was in vitro synergy between
porfiromycin and irofulven that was independent of
schedule (Fig. 6). However, there was no detectable
synergy between irofulven and AZD (Fig. 6). To deter-
mine whether the synergy between thiotepa and iroful-
ven was unique to MV522 lung carcinoma cells, we also
examined their activity in colon HT29 and breast MCF7
carcinoma cells. There was also synergy between iro-
fulven and thiotepa in both of these cell lines, but not
between irofulven and TEPA (data not shown), indi-
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Fig. 5. Combination index (CI) plot displaying the in vitro
interaction between irofulven and either TEPA or AZQ. The
classifications of the extent of synergy are as defined previously by
Chou et al. [4, 5] (solid squares irofulven and TEPA added together,
solid diamonds irofulven added first and TEPA added 4 h later,
solid circles TEPA added first and irofulven added 4 h later, open
squares 1irofulven and AZQ added together, open diamonds
irofulven added first and AZQ added 4 h later, open circles AZQ
added first and irofulven added 4 h later)

Fig. 6. Combination index (CI) plot displaying the in vitro
interaction between irofulven and either AZD or porfiromycin.
The classifications of the extent of synergy are as defined previously
by Chou et al. [4, 5] (solid squares irofulven and AZD added
together, solid diamonds irofulven added first and AZD added 4 h
later, solid circles AZD added first and irofulven added 4 h later,
open squares irofulven and porfiromycin added together, open
diamonds irofulven added first and porfiromycin added 4 h later,
open circles porfiromycin added first and irofulven added 4 h later)

cating that the synergy was not unique to the MV522 cell
line.

Discussion

It is tempting to assign the in vitro and in vivo syner-
gistic activity noted between irofulven and mitomycin C
or thiotepa to the presence of the aziridine group in the
latter drugs. However, other aziridine-containing com-
pounds (TEPA, AZD, AZQ) did not demonstrate any
enhanced antitumor activity with irofulven in either the
in vitro or the in vivo studies.



The enhanced cytotoxic activity noted in this study
may have been due in part to additive effects of
combining a cell cycle-specific agent with agents that
are not cell cycle-specific. Irofulven blocks the G;/S
phase interface suggesting either a selective death of
cells synthesizing DNA or complete inhibition of DNA
synthesis. In contrast, thiotepa is not cell cycle-specific
as the active alkylating radicals, the ethylenimine
moieties, are metabolically produced [9]. Similarly, the
cytotoxic action of mitomycin C is also reportedly not
cell cycle-specific, although the cytotoxic effect is
maximized if cells are treated in late G; or early S
phase.

The metabolic activation of thiotepa to a cytotoxic
species is mediated by a microsomal process that is
both NADPH- and oxygen-dependent [36]. It has been
suggested that the cytotoxicity of mitomycin C is in
part due to oxygen free radicals which contribute to
DNA strand breaks. It has recently been reported that
the combination of irofulven and radiation, the latter
mediating toxicity in part via oxygen-derived radicals,
also enhances cytotoxicity [40]. Thus, the common
factor for enhanced cytotoxicity between irofulven and
these agents may be the production of oxygen-derived
radicals by the latter. In support of this hypothesis is
the finding that AZQ, which displays no synergistic
activity with irofulven, demonstrates radical produc-
tion and cytotoxicity independent of oxygen tension
[11].

The enhanced activity of the combination of iroful-
ven and either mitomycin C or thiotepa may be via a
decreased ability to repair DNA. In contrast to other
agents, functional helicase activity is critical to the repair
of illudin-induced damage and a deficiency in these he-
licase enzymes results in sensitivity to illudins [16, 19].
However, functional helicase activity is also required for
the nucleotide excision repair system to handle lesions
induced by other agents including mitomycin C [35].
Thus, combining irofulven with other DNA-damaging
agents may result in DNA repair being selectively
overwhelmed. Helicases already committed to repairing
damage induced by mitomycin C or thiotepa would not
be available for repair of illudin-induced damage, re-
sulting in a functional depletion of activity, and a further
sensitivity to irofulven.

It is plausible that the enhanced activity noted be-
tween irofulven and mitomycin C or thiotepa is not due
to decreased DNA repair, but production of a specific
type of DNA lesion associated with the latter agents and
not with other aziridine-containing agents. In support of
this hypothesis is the intriguing finding noted by others
that thiotepa produces interstrand DNA crosslinks,
whereas TEPA produces alkali-labile DNA lesions [6].
Mitomycin C also produces predominantly interstrand
DNA crosslinks [34]. Although AZQ is capable of pro-
ducing interstrand crosslinks, the predominant DNA
damage appears to be alkali-labile sites [32], similar to
that noted with TEPA [6]. This difference, in the type
of DNA damage produced, may explain why some
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aziridine-containing drugs are synergistic in combina-
tion with irofulven while others are not.

In summary, the exact nature of the synergistic action
between irofulven and mitomycin C or thiotepa is not
clear, but likely involves production of reactive oxygen
species, a specific type of DNA damage, or a combina-
tion of these two processes. The unique synergistic ac-
tivity of combinations of irofulven and mitomycin C or
thiotepa suggests that further evaluation of these com-
binations is warranted.

Acknowledgements Supported by funds provided by the Cigarette
and Tobacco Tax Fund of the State of California through the
Tobacco-Related Diseases Research Program of the University of
California (award 9RT-0057), and by funds provided by MGI
PHARMA, Inc., Bloomington, Minnesota.

References

1. Altman DG (1991) Practical statistics for medical research.
Chapman and Hall, New York, pp 355-394

2. Britten CD, Hisenbeck SG, Eckhardt SG, Marty J, Mangold
G, MacDonald JR, Rowinsky EK, Von Hoff DD, Weitman S
(1999) Enhanced antitumor activity of 6-hydroxymethylacyl-
fulvene in combination with irinotecan and 5-fluorouracil in the
HT29 human colon tumor xenograft model. Cancer Res
59:1049-1053

3. Chou T-C (1991) The median-effect principle and the combi-
nation index for quantification of synergism and antagonism.
In: Chou TC, Rideout DE (eds) Synergism and antagonism in
chemotherapy. Academic Press, New York, pp 61-102

4. Chou T-C, Talky P (1987) Applications of median-effects
principle for the assessment of low-dose risk of carcinogens and
for the quantitation of synergism and antagonism of chemo-
therapeutic agents. In: Harrap KR, Connors TA (eds) New
avenues in developmental cancer chemotherapy. Academic
Press, New York, pp 37-64

5. Chou T-C, Motzer RJ, Tong Y, Bosl GJ (1994) Computerized
quantitation of synergism and antagonism of taxol, topotecan,
and cisplatin against human teratocarcinoma cell growth: a
rational approach to clinical protocol design. J Natl Cancer
Inst 86:1517-1523

6. Cohen NA, Egorin MJ, Snyder SW, Ashar B Weitharn BE,
Pann SS, Ross DD, Hilton J (1991) Interaction of N,N’,N”-
triethylenethiophosphoramide and N,N’,N”-triethylenephos-
phoramide with cellular DNA. Cancer Res 51:4360-4366

7. Cowan KH, Batist G, Tulpule A, Sinha BK, Myers CE (1986)
Similar biochemical changes associated with multidrug resis-
tance in human breast cancer cells and carcinogen-induced
resistance to xenobiotics in rats. Proc Natl Acad Sci U S A
83:9328-9332

8. Eckhardt SG, Baker SD, Britten CD, Hidalgo M, Siu L,
Hammond LA, Villalova-Calero MA, Felton S, Drengler R,
Kuhn JG, Clark GM, Smith SL, MacDonald JR, Smith C,
Moczygemba J, Weitman S, Von Hoff DD, Rowinsky EK
(2000) Phase I and pharmacokinetic study of irofulven, a novel
mushroom-derived cytotoxin, administered for five consecutive
days every four weeks in patients with advanced solid malig-
nancies. J Clin Oncol 18:4086-4097

9. Egorin MJ, Snyder SW (1990) Characterization of nonex-
changeable radioactivity in L1210 cells incubated with [**C]
thiotepa: labeling of phosphatidylethanolamine. Cancer Res
50:4044-4049

10. Egorin MJ, Akman SR, Gutierrez PL (1984) Plasma pharma-
cokinetics and tissue distribution of thiotepa in mice. Cancer
Treat Rep 68:1265-1268

11. Gutierrez PL, Egorin MJ, Fox BM, Friedman R, Bachur NR
(1985) Cellular activation of diaziquone [2,5-diaziridinyl-3,6-bis



418

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

(carboethoxyamino)-1,4-benzoquinone] to its free radical spe-
cies. Biochem Pharmacol 34:1449-1455

. Hammond LA, Hilsenbeck SG, Eckhardt SG, Marty J,

Mangold G, MacDonald JR, Rowinsky EK, Von Hoff DD,
Weitman S (2000) Enhanced antitumor activity of 6-hydrox-
ymethylacylfulvene in combination with topotecan or paclit-
axel in the MV522 lung carcinoma xenograft model. Eur
J Cancer 36:2430-2436

Herzig MC, Arnett B, MacDonald JR, Woynarowski JM
(1999) Drug uptake and cellular targets of hydroxymethyla-
cylfulvene (HMAF). Biochem Pharmacol 58:217-225

Kelner MJ, McMorris TC, Beck WT, Zamora JM, Taetle R
(1987) Preclinical evaluations of illudins as anticancer agents.
Cancer Res 47:3186-3189

Kelner MJ, McMorris TC, Taetle R (1990) Preclinical evalu-
ation of illudins as anticancer agents: basis for selective cyto-
toxicity. J Natl Cancer Inst 82:1562-1565

Kelner MJ, McMorris TC, Estes L, Rutherford M, Montoya
M, Goldstein J, Samson K, Starr RJ, Taetle R (1994) Char-
acterization of illudin S sensitivity in DNA repair-deficient
Chinese hamster cells. Biochem Pharmacol 48:403-409

Kelner MJ, McMorris TC, Estes L, Starr RJ, Rutherford M,
Montoya M, Samson KM, Taetle R (1995) Efficacy of acyl-
fulvene illudin analogues against a metastatic lung carcinoma
MV522 xenograft nonresponsive to traditional anticancer
agents: retention of activity against various mdr phenotypes
and unusual cytotoxicity against ERCC2 and ERCC3 DNA
helicase-deficient cells. Cancer Res 55:4936-4940

Kelner MJ, McMorris TC, Estes L, Wang W, Samson KM,
Taetle R (1996) Efficacy of HMAF (MGI-114) in the MV522
metastatic lung carcinoma xenograft model nonresponsive to
traditional anticancer agents. Invest New Drugs 14:161-167
Kelner MJ, McMorris TC, Montoya MA, Estes L, Rutherford
M, Samson KM, Taetle R (1997) Characterization of cellular
accumulation and toxicity of illudin S in sensitive and non-
sensitive tumor cells. Cancer Chemother Pharmacol 40:65-71
Kelner MJ, McMorris TC, Estes L, Samson KM, Bagnell RD,
Taetle R (1998) Efficacy of MGI 114 against the mdrl/gp170
metastatic MV522 lung carcinoma xenograft. Eur J Cancer
34:908-913

Kelner MJ, McMorris TC, Montoya MA, Estes L, Uglik SF,
Rutherford M, Samson KM, Bagnell RD, Taetle R (1998)
Characterization of acylfulvene histiospecific toxicity in human
tumor cells. Cancer Chemother Pharmacol 41:237-242

Kelner MJ, McMorris TC, Montoya MA, Estes L, Uglik SF,
Rutherford M, Samson KM, Bagnell RD, Taetle R (1999)
Characterization of MGI 114 (HMAF) histiospecific toxicity in
human tumor cell lines. Cancer Chemother Pharmacol 44:235—
240

Kelner MJ, McMorris TC, Estes LA, Oval MY, Rojas RJ,
Lynn JR, Lanham KA, Samson KM (2000) Efficacy of MGI
114 against the MRP-positive metastatic MV522 lung carci-
noma xenograft. Anticancer Drugs 11:217-224

Kelner MJ, McMorris, Estes L, Samson KM, Trani NA,
MacDonald JR (2000) Anti-leukemic action of the novel agent
MGI 114 (HMAF) and synergistic action with topotecan.
Leukemia 14:136-141

Leibovitz A, Stinson JC, McCombs WB 3rd, McCoy CE,
Mazur KC, Mabry ND (1976) Classification of human colo-
rectal adenocarcinoma cell lines. Cancer Res 36:4562-4569
MacDonald JR, Muscoplat CC, Dexter DL, Mangold GL,
Chen S-F, Kelner MJ, McMorris TC, Von Hoff DD (1997)
Preclinical antitumor activity of 6-hydroxymethylacylfulvene, a
semisynthetic derivative of the mushroom toxin illudin S.
Cancer Res 57:279-283

217.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

McMorris TC, Anchel M (1963) The structures of the basidi-
omycete metabolites illudin S and illudin M. J Am Chem Soc
85:831-832

McMorris TC, Anchel M (1965) Fungal metabolites. The
structures of the novel sesquiterpenoids illudin-S and -M.
J Am Chem Soc 87:1594-1600

McMorris TC, Kelner MJ, Wang W, Diaz MA, Estes LA,
Taetle R (1996) Acylfulvenes, a new class of potent antitumor
agents. Experientia 52:75-80

Phillips RM, Bibby MC, Double JA (1988) Experimental cor-
relations of in vitro drug sensitivity with in vivo responses to
thiotepa in a panel of murine colon tumors. Cancer Chemother
Pharmacol 21:168-172

Spiegel JF, Egorin MJ, Collins MJ, Lerner BD, Bachur NR
(1983) The murine disposition and pharmacokinetics of the
antineoplastic agent, diaziquone (NSC 182986). Drug Metab
Dispos 11:41-46

Szmigiero L, Kohn KW (1984) Mechanism of DNA strand
breakage and interstrand cross-linking by diaziridinylbenzo-
quinone (diaziquone) in human cells and relation to cell killing.
Cancer Res 44:4447-4452

Taetle R, Rosen F, Abramson I, Vendetti J, Howell S (1987)
Use of nude mouse xenografts as preclinical drug screen: in
vivo activity of established chemotherapeutic agents against
melanomas and ovarian carcinoma xenografts. Cancer Treat
Rep 71:297-304

Teicher BA, Waxman DJ, Holden SA, Wang Y, Clarke L,
Sotomayor EA, Jones SM, Frei E III (1989) Evidence for en-
zymatic activation and oxygen involvement in cytotoxicity and
antitumor activity of N,N’, N”-triethylene-thiophosphoramide.
Cancer Res 49:4996-5001

Thompson LH, Rubin JS, Cleaver JE, Whitmore GF,
Brookman K (1980) A screening method for isolating DNA
repair-deficient mutants of CHO cells. Somat Cell Genet 6:
391405

Tomasz M, Palom Y (1997) The mitomycin bioreductive an-
titumor agents: cross-linking and alkylation of DNA as the
molecular basis of their activity. Pharmacol Ther 76:73-87
Varki NM, Roome L, Sparkes RS, Miller JE (1987) Micro-
scopic metastasis of a human lung carcinoma cell line in a-
thymic nude mice: isolation of a metastatic variant. Int
J Cancer 40:46-52

Von Hoff DD, Cox JV, Tempero MA, Eder JP, Eckhardt SG,
Rowinsky EK, Smith SL, Smith CL, Stuart KE, Proper J,
MacDonald JR (2000) Phase II trial of irofulven (MGI 114) in
patients with advanced pancreatic cancer who have progressed
on gemcitabine. Proc Am Soc Clin Oncol 19:309a

Weitman S, Barrera H, Moore R, Gonzalez C, Marty J, Hil-
senbeck S, MacDonald JR, Waters SJ, Von Hoff DD (2000)
MGI 114: augmentation of antitumor activity when combined
with topotecan. J Pediatr Hematol Oncol 22:306-314
Woynarowska BA, Roberts K, Woynarowski JM, MacDonald
JR, Herman TS (2000) Targeting apoptosis by hydroxymeth-
ylacylfulvene in combination with gamma radiation in prostate
tumor cells. Radiat Res 154:429-438

Woynarowska BA, Woynarowski JM, Herzig MCS, Roberts
K, Higdon AL, MacDonald JR (2000) Differential cytotoxicity
and induction of apoptosis in tumor and normal cells by hy-
droxymethylacylfulvene (HMAF). Biochem Pharmacol 59:
1217-1226

Woynarowski JM, Napier C, Koester SK, Chen S-F, Troyer D,
Chapman W, MacDonald JR (1997) Effects on DNA integrity
and apoptosis induction by a novel antitumor sesquiterpene
drug, 6-hydroxymethylacylfulvene (HMAF, MGI 114). Bio-
chem Pharmacol 54:1181-1193



