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ABSTRACT

Four second-generation Illuditi analogues were synthesized and tested

for antitumor activity using a metastatic lung carcinoma xenograft model
resistant to conventional antitumor agents. One analogue, the parent
illudofulvene-derivative called Acylfulvene, inhibited xenograft primary
tumor growth and prolonged life span of tumor-bearing animals when

administered i.p. or i.v. The efficacy of Acylfulvene exceeded that of
mitomycin C, cisplatin, paclitaxol, the parent compound Illudili S, and an
earlier analogue, dehydroilludin M. Promising features of this new ana
logue are: (a ) the retention of in vitro activity against a variety of mdr
tumor phenotypes including gpl70+, gpl50+, GSHTR-Pi, topoisomerase

I, and topoisomera.se II mutants; and i/Â»an apparent selective Cytotoxicity
toward cells deficient in either ERCC2 or ERCC3 DNA helicase activity.

INTRODUCTION

Carcinoma of the lung is the leading cause of death from cancer in
the United States (1). Reports indicate the proportion of lung cancer
classified as ACL3 is increasing and outnumbers all other histological

types (2). In contrast to therapy for small cell lung cancer which can
be somewhat effective (3), systemic chemotherapy for ACL has
limited activity. The majority of ACL patients have mÃ©tastasesat
presentation, and patients with localized disease often develop sys
temic disease after treatment (4, 5).

Reviews of single-agent and combination-agent chemotherapy for

ACL concluded that there was no indication any agent was active, and
no combination of agents was superior to any single-agent treatment

(6, 7). The National Cancer Institute Office of the Director in 1992
stated, "There is no group of patients with non-small cell lung cancer
(including ACL) in which chemotherapy is unequivocally effective"

(5). Several studies report limited success in selected patients (8-12).
A recent meta-analysis of chemotherapy trials for non-small cell lung

cancer concluded that chemotherapy in patients with disease limited
to the chest may prolong life but only by several months (13). Thus,
for the majority of ACL patients, chemotherapy does not increase
survival or quality of life. The difficulty in treating ACL patients with
chemotherapy is due to the development of mÃ©tastasesand multidrug
resistance (mdr) phenotypes (14).

We previously identified a class of compounds, termed Illudins,
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which are preferentially cytotoxic in vitro with short exposure times to
a variety of adenocarcinomas including ACL (15-17). This preferen

tial Cytotoxicity towards adenocarcinoma tumor cells appears to be
due to rapid intracellular accumulation of the toxin by an energy-
dependent process (18, 19). Repair of Illudin-induced DNA damage,

in contrast to other known chemotherapeutic agents (such as mitomy
cin C, BCNU, or cisplatin), requires the action of the ERCC2 and
ERCC3 DNA repair enzymes (also known as the DNA helicases) of
the TFIIH complex (20). Illudins were also cytotoxic to mdr CEM
glycoprotein-180 positive or negative cell lines (15).

We previously developed a metastatic xenograft model in athymic
nude mice (21, 22) that uses the human lung adenocarcinoma cell line
MV522 (22-25). The MV522 cells metastasize from local sites to the

lungs, spleen, and lymph nodes and eventually kill the animal within
6-8 weeks (21-25). We demonstrated previously that this model is

resistant to conventional experimental therapeutic agents, as defined
by failure to increase life span (21, 22). Of 10 conventional agents,
only mitomycin C at a toxic dose (LD2(,) caused a mild, but variable,
increase in median life span (41 to 61%; Refs. 21 and 22). As
described here, two new Illudili analogues are effective against this
human lung adenocarcinoma xenograft model.

MATERIALS AND METHODS

Athymic Mice. BALB/c nu/nu 4-week-old female mice weighing 18-22 g

were obtained from Simonsen, Inc. (Gilroy, CA) and maintained in the athymic
mouse colony of the University of California (San Diego, CA) under pathogen-

free conditions using HEPA filter hoods. Animals were provided with steril
ized food and water ad libitum in groups of 5 in plastic cages vented with
polyester fiber filter covers. Clean, sterilized gowns, gloves, face masks, and
shoe and hood covers were worn by all personnel handling the animals. All
studies were conducted in accordance with guidelines of the NIH "Guide for
Care and Use of Animals" and approved by the University Institutional Animal

Care and Use Committee (Protocol 3-006-2).

Cell Lines, Culture Conditions, and Cytotoxicity Assays. The MVS22
lung carcinoma line used for xenograft studies was derived as described
previously (21-23) and maintained in antibiotic-free RPMI 1640 (Mediatech,

Herndon, VA) supplemented with 10% fetal bovine serum and 2 mM glutamine
in 37Â°Chumidified 5% carbon dioxide incubator. The various mdr cell lines

and their parental drug-sensitive lines were obtained from other investigators:
CEM human T-cell parent and CEM/VM-1 (topoisomerase II mutant) were
obtained from Dr. William Beck (31, 32); MDA-231 human breast carcinoma
and the doxorubicin-resistant daughter line MDA 3-1 (gp 170+) from Dr.
William McGuire (33); the MCF7/wt breast carcinoma and doxorubicin-

resistant daughter line MCF7/ADR (resistant by expression of an embryonic
glutathione transferase that produces a 50-fold increase in cellular glutathione

transferase detoxification capacity) from Dr. Charles E. Myer (34, 35); HL60
human promyelocytic and doxorubicin-resistant daughter line HL60/Adr
(resistance is mediated by a glycoprotein termed gpl80/MRP that is immuno-

logically distinct from the more commonly found gpl70 protein) from Dr. M.
Center (36, 37); DC3F Chinese hamster line and DC3F/C10 (topoisomerase I
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Fig. I. Structures of Illudin S and the Illudin fulvene analogues tested in this study.

mutant) from Dr. Yves Pommier (38, 39); the L1210 murine leukemia and
daughter lines L1210/DDPT, L1210/BCNU, L1210/PAM, and L1210/CPA
from Dr. D. P. Griswold, Jr. (40); and the 8226 human myeloma and daughter
lines 8226/DOX and 8226/LR5 from Dr. William Dalton (41). These mdr cell
lines and parental lines were maintained in RPMI 1640, DMEM, or HITES
media supplemented with 10% fetal bovine serum and 2 mM glutaminc. in
accordance with instructions provided by other investigators.

The parental or wild-type Chinese hamster ovary AA8 strain, the UV-
sensitive DNA-repair deficient daughter cell lines UV20 (ERCC1 deficient),

UV5 (ERCC2 deficient), UV24 (ERCC3 deficient), UV41 (ERCC4 deficient),
and UV135 (ERCC5 deficient), and the ethylmethane sulfonate-sensitive line
EM9 (deficient in XRCC1 DNA-repair gene and not an ERCC) were kindly
provided by Dr. Larry Thompson (42-47). The UV61 (ERCC6 deficient) line
was provided by Dr. David Busch (48). The transgenic cell line 5T4-12 was
provided by Dr. Christine Weber. This 5T4-12 line is a transgenic UV5-

derived (deficient in ERCC2 DNA helicase) line in which human ERCC2
DNA helicase activity is expressed through incorporation of genomic ERCC2
DNA (49, 50).

The toxicity of the Illudin analogues toward mdr strains and parental lines
was determined using a continuous 48-h exposure, with cell viability assayed

by trypan blue exclusion, to allow comparison to previous studies using the
parental compound Illudin S (15, 16). The toxicity of Illudin analogues toward
the DNA repair-deficient and parental lines was determined using a 4-h

exposure followed by a clonogenic assay, as described previously (15), to
allow comparison to the parental compound Illudin S (20). The uptake of the
radiolabeled Acylfulvene analogue into the DNA repair-deficient strains, the
transgenic 5T4-12, and the parental AA8 line was determined as described

previously (16, 20).
Testing was performed on all cell lines to confirm the absence of Myco-

plasma contamination.
Drugs. Conventional anticancer drugs used as control agents for the in vivo

xenograft were obtained from the UCSD Medical Center Pharmacy and
formulated with supplied diluent according to directions provided by the
manufacturer. Drugs included: paclitaxol (Taxol; Bristol-Myers, Princeton,
NJ), reconstituted in Cremophor EL; cisplatin (Platino!; Bristol-Myers), recon
stituted in normal saline; mitomycin C (Mutamycin; Bristol-Myers), reconsti
tuted in sterile water; BCNU (BiCNU; Bristol-Myers), reconstituted in sterile
ethanol and water; cyclophosphamide (Cytoxan; Bristol-Myers), reconsti
tuted in sterile water; doxorubicin (Adriamycin-PFS; Adria Laboratories,

Dublin. OH), already in sterile solution for injection; and 5-fluorouracil (Flu-

orouracil; Roche Laboratories, Nutley, NJ), already in sterile solution for

injection.
Illudin analogues were prepared for in vivo testing by dissolving at their

maximum solubility in a sterile 40% DMSO/normal saline mixture (21, 22).
Analogues noted to be effective against the MV522 model were also tested at
one-half this dosage.

Illudin Isolation and Analogue Synthesis. Illudin S and Illudin M were
isolated from the corn steep broth as described previously (26. 27). Dehydro-

illudin M was prepared from Illudin M and pyridinium chlorochromate (28).
Acylfulvene and dimer were prepared from Illudin S by reacting with 2 M
H2SO4 as described previously (19. 29, 51). Bromoilludofulvene was prepared
from Acylfulvene using /V-bromosuccinimide, and iodoilludofulvene was pre

pared from Acylfulvene using silver trifluoroacetate. Complete description of
the bromoilludofulvene and iodoilludofulvene compounds, including spectro-

scopic data, will be published elsewhere. Chemical structures of the com
pounds arc provided in Fig. 1. Radiolabeled Illudin analogues were prepared
by the addition to the fermentation broth of tritiated sodium acetate, which is
used by the fungus to synthesize the parent Illudins S and M, as described
previously (20).

Assessment of Drug Activity using the MV522 Xenograft Model. Mice
were randomized into treatment groups of five animals each for initial studies
and groups of 16-20 animals for confirming analogue efficacy. Each animal

was earmarked and followed individually throughout the experiments. Mice
received s.c. injections of the parental cell line MV522 using 10 million
cells/inoculation over the shoulder. Ten days after s.c. implantation of the
MV522 cells, when s.c. tumors were approximately 5x5 mm in size, animals
received the desired drug and dosage. The effect of the drug on life span was
calculated from median survival.

Although MV522 cells kill mice by mÃ©tastases(21-25), we monitored

primary s.c. tumor growth over the shoulder starting on the first day of
treatment and at weekly intervals thereafter. Tumor size was measured in two
perpendicular diameters. Tumor weights were estimated according to the
formula ir = (width)- X length/2) (30). Relative weights (RW) were calculated

to standardize variability in tumor size among test groups at initiation of
treatment using the formula RW = Wilwi, where Wi is the tumor weight for a

given animal at beginning of drug treatment and Wt is tumor weight at a
subsequent time. Animals were necropsied, and organs were examined for
evidence of mÃ©tastases.

Statistics. Comparison of survival curves between groups of animals was
by the method of Kaplan and Meir. For comparison of relative tumor weights
between multiple groups of animals, ordinary ANOVA followed by Tukey-

Kramer Multiple Comparison post ANOVA analysis was performed. Proba
bility values less than 0.05 were considered statistically significant. The life
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Fig. 2. Efficacy of Acylfulvene analogue against the MV522 xenograft. Controls
received 20% DMSO/saline (O), cisplatin 3.2 mg/kg 3 times/week for 3 weeks (â€¢).
Acylfulvene 6.6 mg/kg i.v. for 5 days (â€¢).Acylfulvene 6.6 mg/kg i.v. 3 times/week for
3 weeks (A). Acylfulvene 13.2 mg/kg i.v. 3 limes/week for 3 weeks ( * ), or Acylfulvene
13.2 mg/kg i.p. 3 times /week for 3 weeks ( x ). All groups consisted of five animals. Data
points indicate means; bars, SE.
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Table 1 Efficacy of Acyifuivene analogues in ihe MV522 xenograft model

DrugExperiment
1*Illudin

SDoxorubicinExperiment

2AcyifuiveneCisplatinExperiment

3Acyifuivene
dimerCyclophosphamide5FUExperiment

4lodoilludofulveneBromoilludofulvenePaclitaxolDehydroilludin

MDose

mg/kg0.253.06.66.613.213.2193.2III2030202(12030Scheduleperwk3X3x5X'3X3X3X3X3X3X3X3X3X3X5X3xRoutei.p.i.p.i.v.i.V.i.v.i.p.i.p.i.p.i.p.i.p.i.p.i.p.i.p.s.c.i.p.%T/CÂ°(day35)6699501056330NA'1377(112912254NA''6654%ILS(median)+26r-6+94'+

120'+
134'+

18o''-89Â«+30+52+19+23+

11-36"+26+86'

" %T/C (mean tumor weight of treated animals/mean tumor weight of untreated animals) X 100; %ILS. median increase in life span.
h Mean and median survival days for each experiment are: Exp. 1, 51 and 49 days; Exp. 2, 36 and 35 days; Exp. 3, 55 and 52 days; and Exp. 4. 48 and 44 days. 5FU. 5-fluorouracil.
' The Illudin S data were published previously (22) and are provided here for comparison.
'' All drugs were for 3 weeks, except for this group, which received Acyifuivene daily for 5 days only (total of 5 doses).
'/><O.OI.

NA, not applicable (no surviving animals at day 35).
KToxic dose (all animals died during drug treatment).
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by inhibiting both primary tumor growth and markedly increasing
median life span (Fig. 2; Table 1).

Acyifuivene efficacy was directly compared to mitomycin C using
a larger number of animals. Mitomycin C at MTD of 2.0 mg/kg
inhibited primary tumor growth (Fig. 3) but had no effect on life span
(controls versus mitomycin C; P > 0.5; Fig. 4). Acyifuivene again
inhibited MV522 primary tumor growth (Fig. 3) but markedly pro
longed life span when compared to controls (P < 0.005) or to mito
mycin C (P < 0.01; Fig. 4). The efficacy of the Acyifuivene exceeded
an earlier analogue, dehydroilludin M, described previously (22).

Several analogues of Acyifuivene were synthesized and tested for
untitumor efficacy in the MV522 model. The Acyifuivene dimer was
compared to Cyclophosphamide and 5FU. The Acyifuivene dimer
inhibited primary tumor growth (Table 1) and moderately increased
life span (P = 0.035 versus control animals). The halogenated ana

logues, bromoilludofulvene and iodoilludofulvene, were compared
with paclitaxol s.c as a control. Bromoilludofulvene analogue at 20

Fig. 3. Efficacy of Acyifuivene and mitomycin C at inhibiting primary MV522 tumor
growth. Control animals received 20% DMSO/salinc (O); Acyifuivene at MTD of 13
mg/kg (â€¢):or mitomycin C al MTD of 2.0 mg/kg (â€¢).All drugs were administered i.p.
3 times/week for 3 weeks. Data points indicate means for 16 animals in each group; bars,
SE.

span and relative tumor weight were analyzed using Prism (Version 1.0) and
Instai software (Version 2.02), respectively (Graph Pad Inc., La Jolla, CA).

RESULTS

In Vivo Efficacy of Illudin Analogues. The acylfulvene Illudin
derivatives were tested for efficacy against the MV522 xenografts.
Chemical structures of the various compounds are depicted in
Fig. 1. The parent compound, Illudin S, at 0.25 mg/kg (75% of
LO,,,,,) was previously tested against the MV522 xenograft and
failed to inhibit growth of the primary MV522 tumor or increase
life span (22). The parent acylfulvene agent, Acyifuivene, was
tested by both i.p. and i.v. administration in the MV522 xenograft
model with cisplatin as a control. In the initial screening study, this
Illudin analogue demonstrated marked efficacy against the MV522
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Fig. 4. Efficacy of Acylfulvene on prolonging life span. Control animals (n = 16)
received 20% DMSO/saline ( ); Acylfulvene (n = 16) at MTD of 13 mg/kg (--); or
mitomycin C (n = 16) at MTD of 2.0 mg/kg (â€¢â€¢â€¢).
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mg/kg was markedly toxic and had no inhibiting effect on primary
tumor growth (Table 1). lodoilludofulvene analogue had a moderate
effect on primary MV522 tumor growth but no effect on life span

(P > 0.3; Table 1). Paclitaxol s.c. at MTD (20 mg/kg, 5 times/week for
3 weeks) had minimal effect on primary tumor growth rate and no
effect on life span (P > 0.3; Table 1).

In Vitro Efficacy of Illudili Analogues. CEM mdr daughter lines
were noted previously to be sensitive to Illudin S, the parent
compound (15). The mechanism of resistance for these mdr daugh
ter lines was unknown at that time. Since then, different mecha
nisms for mdr have been reported. Therefore, we tested the effi
cacy of Acylfulvene against a variety of mdr daughter cell lines
and their parental line.

The mdr daughter lines are resistant by a variety of mechanisms;
gpl7() + , gpl50+, GSHTR-Pi, topoisomerase I, and topoisomerase II.

None of the mdr lines were resistant to Acylfulvene (Table 2).
The parent compound, Illudin S, was noted previously to be selec

tively cytotoxic to cell lines deficient in ERCC2 and ERCC3 DNA
helicases (20), as compared to cell lines deficient in other ERCC DNA
repair enzymes. These DNA helicase-deficient cell lines are not
selectively sensitive to conventional and other experimental antican-

cer agents such as doxorubicin. cisplatin. mitomycin C, or BCNU
(20). Acylfulvene retained this unusual selective toxicity toward the
UV5 (ERCC2 deficient) and UV24 (ERCC3 deficient) cell lines
(Table 3). The sensitivity of the DNA helicase-deficient cell lines was

not due to variation of intracellular Acylfulvene accumulation (Table
3). The UV5-derived transgenic cell line 5T4-12, in which ERCC2

DNA helicase activity is reexpressed, lost its selective sensitivity (as
compared to parental AA8 line), indicating that sensitivity is due to
deficiency of the helicase activity (Table 3).

DISCUSSION

The Acylfulvene analogue described here markedly prolongs life

span in the metastasizing human carcinoma MV522 xenograft model.
This MV522 model was demonstrated previously to be refractory to

nine standard chemotherapeutic agents under the conditions tested (i.p
administration at the MTD for 1 or 3 dosages/week for 3 weeks; Refs.

Table 2 Toxicity (tf Acylfulvene against nitir Â¡

Table 3 Tnxtciiy and cellular uptake of Acylfulvene in DNA repair-deficient cell*

Cellline"HL60

myeloidHL6()/AdrMCF7

breastMCF7/AdrMDA

231breastMDA
3-1L1210/W1L1210/CPAL12IWBCNUL1210/PAML1210/DDPT8226/wt

myeloma8226/DOX8226/LR5CEMCEM/VM-1DC3FDC3F/C10Mechanism''Parentgpl80/MRPParentGSHTR-PiParentgpl70ParentParentIncreased

thiolcontentParentTopoisomerase

11ParentTopoisomerase

I48-h

1C,,,(nM)600

Â±1501380
Â±100290
Â±50230
Â±3090
Â±13105
Â±12540
Â±ISO500
Â±120430
Â±140630
Â±100650
Â±1202630
Â±8603330
Â±5804220
Â±1901220

Â±3501240
Â±270910
Â±180910
Â±70

" These parent cell line lC5(,s were obtained using the parental cell line provided with

the mdr daughter line and vary slightly from values reported previously, which were
derived using cell lines obtained from the American Type Culture Collection. Adr,
Adriamycin; wt, wild type; CPA, cyclophosphamide; RAM, mclphalan; DDPT, cÃÃ-

diamminedichloroplatinum; DOX, doxorubicin.
' Mechanism of mdr phcnotypc (if known). Complete description of cell lines and mdr

CelllineAA8UV2I)UV5UV24UV41UV135UV615T4-12''

EM9'CG"Wt123456
(2 - wt)
(XRCC1)IC50

toxicity*1440

+70144Â±460

Â±7127
Â±13167

Â±10174
Â±22366

Â±18
1380 Â±30
1197 Â±444-h

uptake'

(pmol/10 millioncells)51Â±558

Â±256
Â±262
Â±361

Â±3

" CG refers to complementation group or specific ERCC DNA repair enzyme that the

cell line is deficient in. As an example. UV20 belonging to CG group 1 is deficient in
ERCC I DNA repair enzyme, whereas UV5 is deficient in the ERCC2 DNA repair
enzyme.

Toxicity expressed as (he concentration (n,M)of Acylfulvene that inhibits 50% of cell
survival as determined by colony formation assays (n = 3, mean Â±SD).

' Refers to picomoles of Acylfulvene intracellularly accumulated in 10 million cells

with a 4-h exposure to 1(X)ng/ml Acylfulvene (n = 3, mean Â±SD).
'' 5T4-12 is a transgenic CHO UV5 (deficient in ERCC2 homologue) cell line in which

human ERCC2 is expressed through incorporation of genomic ERCC2 DNA.
' EM9 is deficient of the XRCC1 DNA repair gene and not an ERCC.

21 and 22).4 Mitomycin C i.p. at a toxic dose of 2.4 mg/kg (LD2CI)had

a mild effect on median life span, but as demonstrated here at the
MTD of 2.0 mg/kg was inferior at extending life span as compared to
Acylfulvene. Paclitaxol was also tested by s.c. administration due to
a previous report (52) but had no effect on median life span.

Promising features of this second generation analogue are the
retention of in vitro activity against a variety of mdr phenotypes and
an unusual cytotoxicity against cells deficient in ERCC2 or ERCC3
DNA helicase activity. Cell lines deficient in ERCC1, ERCC4,
ERCC5, and ERCC6 are sensitive to conventional anticancer agents
(i.e., cisplatin, BCNU, and doxorubicin), whereas cell lines deficient
in ERCC2 and ERCC3 helicase activity are not markedly sensitive to
conventional anticancer agents (20). Cell lines deficient in ERCC1,
ERCC4, ERCC5, and ERCC6 are sensitive to Acylfulvene, similar to
that noted with conventional anticancer agents. The ERCC2- and
ERCC3-deficient cell lines, however, are also sensitive to Acylful

vene, a pattern noted previously only with the parental compound
(20). Thus, the DNA damage induced by the Acylfulvenes differs
from that produced by conventional anticancer agents.

Preliminary studies also indicate that the Acylfulvene analogue is
efficacious against autochthonous canine metastatic mammary carci
noma, not responsive to conventional anticancer agents, as evidenced
by the disappearance of pulmonary mÃ©tastases.5The in vitro and in

vivo properties of llludins continue to justify efforts to exploit them as
chemotherapeutic agents.
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