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Abstract Purpose: Acylfulvene derivatives demonstrate
marked e�cacy in xenograft carcinoma models as
compared with the parent illudin compounds. To eluci-
date the increased therapeutic e�cacy of acylfulvene
analogs, we compared them with the illudin compounds
in terms of their in vitro cytotoxicity, cellular accumu-
lation and DNA incorporation. Methods: The cytotox-
icity of various acylfulvene analogs was tested in vitro
against a variety of tumor cell lines. Radiolabelled
acylfulvene analog was prepared and used for cellular
accumulation and DNA incorporation studies. Results:
The prototype acylfulvene analog retained selective
histiospeci®c toxicity towards myeloid leukemia and
various carcinoma cell lines. In vitro killing of tumor
cells by acylfulvene required up to a 30-fold increase in
molecules per cell, as compared with illudin S, indicating
that acylfulvene was less toxic on a cellular level. At
equitoxic concentrations, acylfulvene incorporation into
genomic tumor cell DNA was equivalent to illudin S
suggesting that cellular metabolism has a role in acyl-
fulvene cytotoxicity. Analysis of cellular accumulation
of acylfulvene into tumor cells revealed a markedly
higher Vmax for tumor cells, and a lower Vd for di�usion
accumulation into other cells. Conclusions: The combi-
nation of higher Vmax and lower Vd may explain the
increased in vivo e�cacy of acylfulvene.
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Introduction

Illudins are sesquiterpene compounds derived from the
mushroom Omphalotus illudens and related species of
basidiomycetes [1±6], whose chemical structure is dif-
ferent from known chemotherapeutic agents [4]. Using
short (2-h) in vitro exposures, illudins are preferentially
cytotoxic to a variety of hematopoietic and solid tumor
cells at nano- to picomolar concentrations [7, 8]. In
contrast, normal bone marrow progenitors or ®broblasts
are relatively resistant to illudins and require exposures
to micromolar concentrations for equivalent in vitro
cytotoxicity [7, 8]. The preferential illudin cytotoxicity
stems from di�erences in intracellular accumulation of
the drug resulting from an energy-dependent uptake
process absent in most nontumor cells [8]. In contrast to
DNA damage produced by many other anticancer
drugs, the repair of illudin-induced DNA damage re-
quires early action of the ERCC2 and ERCC3 DNA
helicases before repair can proceed [9].

Although Illudin S has proved too toxic for e�ective
use in vivo [7, 10], we have synthesized analogs more
e�cacious against in vivo experimental tumors than the
parent compound. The ®rst group (dehydroilludin M)
increases the lifespan in a human lung carcinoma
xenograft model resistant to ten conventional chemo-
therapeutic agents including paclitaxel [10, 11]. The
second group of analogs (acylfulvenes) are even more
e�ective in the lung xenograft model [12]. One acyl-
fulvene analog, 6-hydroxymethylacylfulvene, has dem-
onstrated marked e�cacy in the MV522 lung carcinoma,
MX1 breast carcinoma, KB epidermoid carcinoma,
and HT29 colon carcinoma xenograft models [13, 14],
and is currently in phase I chemotherapeutic clinical
trials.

Acylfulvene analogs possess other desirable charac-
teristics as cancer chemotherapeutic agents. Multidrug-
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resistant cell lines, resistant by di�erent mechanisms,
remain sensitive in vitro to acylfulvene analogs [12].
DNA helicase-de®cient cells remain sensitive to the
acylfulvenes indicating that repair of acylfulvene-
induced DNA damage requires action of ERCC2 and
ERCC3 DNA helicases before repair can proceed [12].
In contrast, repair of DNA damage produced by other
anticancer agents does not require the action of these
DNA-repair helicases [9].

For the above reasons, we chose an acylfulvene an-
alog for detailed in vitro cytotoxicity studies on the basis
that increased acylfulvene in vivo e�cacy (versus illu-
dins) is unclear. The increased antitumor e�cacy of
acylfulvenes may arise from di�erences in energy-
dependent accumulation in tumor cells, di�erences in
intracellular metabolism, or di�erences in DNA damage
or repair. We present evidence that in vivo e�cacy of
acylfulvenes is likely related to preferential energy-
dependent accumulation of illudins in tumor cells.

Materials and methods

Cell lines

The following cell lines were maintained in either RPMI-1640 or
Dulbecco's modi®ed Eagle's medium (DMEM) supplemented with
10% fetal bovine serum (Hyclone, Logan, Utah) as previously
described [7, 8]: human myeloid leukemia cell line HL60 [15]; hu-
man B-cell-derived leukemia/lymphoma cell line 8392 [16]; human
lung adenocarcinoma cell line MV522 [17]; colon adenocarcinoma
lines HT29 [18] and SW48 [19]; and human breast carcinoma cell
lines MCF7 [20], MDA231 [21] and MDA468 [22]. The CHO AA8
line was obtained from Dr. Larry Thompson [23]. All cell lines were
routinely screened for mycoplasma. The cytotoxic e�ects of acyl-
fulvene in vitro were assayed by either viable cell counts, inhibition
of thymidine incorporation into DNA, or by clonogenic colony-
forming assays (CFA) as previously described [7, 8].

Preparation of illudin analogs and radiolabelled acylfulvene

Omphalotus illudens subtype S.B. Carey 4435 (formerly Clitocybe
illudins) was obtained from the New York Botanical Garden (New
York, N.Y.). Illudin S and illudin M were prepared from cultures
as previously described [1±3]. Dehydroilludin M was prepared as
previously described by oxidation of the parent component illudin
Mwith pyridinum dichromate inmethylene chloride [4]. Acylfulvene
and acylfulvene dimer were prepared from the parent compound
illudin S by reaction with 2 M H2SO4 [24, 25]. Bromofulvene was
prepared by reacting acylfulvene with N-bromosuccinimide in ace-
tonitrile and iodofulvene was prepared by reacting the acylfulvene
with iodine in a solution of methylene chloride with silver tri¯uo-
roacetate [24]. The chemical structures of the analogs are shown in
Fig. 1. Radiolabelled illudin S was prepared by the addition to the
fermentation broth of the precursor tritiated sodium acetate [9].
The radiolabelled illudin S was converted to radiolabelled
acylfulvene as previously described [12]. The speci®c activity of the
radiolabelled acylfulvene used in this study was 320 mCi/mmol.

Illudin cellular and genomic DNA accumulation studies

Uptake of the tritiated acylfulvene into tumor cells was performed as
previously described [8, 9, 26]. Incorporation of tritiated acylfulvene
into genomic DNA was detected as previously described using a G-
NOME DNA Isolation Kit (BIO-101, Vista, Calif.) [9].

Statistics

Statistical analysis of data included linear regression (least squares),
correlation coe�cients, and the nonparametric Mann-Whitney
analysis for comparing acylfulvene with illudin S. Analysis was
performed using GraphPad Instat Software (version 2.02) (La
Jolla, Calif.).

Results

Cytotoxicity studies

Although acylfulvene derivatives are markedly e�ca-
cious in the MV522 xenograft model [12], they were less
toxic in vitro than illudin S in both the HL60 and
MV522 target cell lines with a 2-h exposure period
(Table 1). The prototype fulvene analog, acylfulvene,
was markedly less active against 8392 B-cell line
(Table 1) using a 2-h exposure. As this compound has a
short in vivo half-life in animals of approximately 8 min
[27, 28], we studied the cytotoxicity of this derivative
against the cell lines using a 15-min exposure and CFAs.
Using these conditions acylfulvene was markedly less
toxic to MV522 and HL60 cells than illudin S (Fig. 2).
However, the relative selective in vitro cytotoxicity ob-
served with other illudins remained, as acylfulvene was
relatively nontoxic to the 8392 B-cell tumor cell lines
even at high micromolar concentrations (Fig. 2).

Various cell lines have been previously noted to be
comparatively sensitive to illudin S after 48 h [7, 8], but
marked variation in cell line sensitivity has been noted
with a 2-h exposure [7, 8]. Again, acylfulvene retained
this pattern. The cell lines tested were sensitive to acyl-
fulvene using 48-h exposure (Table 2), but there was

Fig. 1 Chemical structures of the illudin derivatives studied
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marked variation in acylfulvene sensitivity with a 2-h
exposure.

The IC50 values obtained using CFAs were correlated
(r = 0.9977, P < 0.001) with values obtained from the
rapid thymidine inhibition incorporation assay
(Table 2). Cell lines previously noted to display energy-
dependent cellular accumulation of illudin S were more
sensitive to the acylfulvene analog using a 2-h exposure.
In contrast, the 8392 B-cell line, previously shown to
lack energy-dependent accumulation of illudin S [8], was
resistant to acylfulvene with a short 2-h exposure
(Table 2).

Cellular uptake and incorporation into genomic DNA

Tumor cells were incubated with acylfulvene at the low
concentration of 462 nM (100 ng/ml) and the initial in-
tracellular accumulation rate and total cellular accu-
mulation determined (Table 3). The number of
acylfulvene molecules required to kill 50% of cells (as
determined using the CFA) after a 2-h exposure was
determined to compare the results with those of prior
studies with illudin S. Despite a several log variation in
the in vitro IC50 value (Table 2), the estimated number
of molecules of acylfulvene required to kill a cell ap-
peared relatively constant, with the possible exception of
the HL60 myeloid line (Table 4). The number of acyl-
fulvene molecules required to kill a speci®c tumor cell
line, however, was signi®cantly more (Mann-Whitney
P < 0.01) than the number of molecules of the parent
illudin S compound required (Table 4). The amounts of
acylfulvene incorporated into genomic DNA at the re-
spective IC50 values were generally similar in the various
cell lines (Table 5); the exception was the relatively re-
sistant 8392 B-cell line which required a ®vefold higher
incorporation of acylfulvene for equivalent killing.

Characterization of acylfulvene energy-dependent
cellular accumulation

The acylfulvene energy-dependent cellular accumulation
into the HL60 and MV522 tumor cells was assessed and
compared with that of illudin S. Acylfulvene uptake into
HL60 cells increased with time and was retarded by the
presence of the metabolic inhibitors, 2-deoxyglucose and

Table 2 Cytotoxicity of acylfulvene with short (2 h) and prolonged
exposure (48 h) in various tumor cell lines. The values are the mean
(�SD) IC50 values (nM ) from three to ®ve experiments. (Td thy-
midine inhibition assay, CFA colony-forming assay, TB trypan
blue exclusion assay (see Methods), NT not tested)

2-h Td 2-h CFA 48-h TB

HL60 988 � 244 2 100 � 100 364 � 74
SW48 4 900 � 1100 5 500 � 900 590 � 40
HT29 460 � 20 1 800 � 100 760 � 20
MCF7 4 700 � 700 1 000 � 160 200 � 20
MDA231 1 300 � 200 900 � 100 70 � 20
MDA468 600 � 20 NT 660 � 60
MV522 1 200 � 100 2 200 � 100 350 � 20
8392 66 000 � 13000 81 900 � 2700 830 � 150

Table 1 Cytotoxicity of illudin analogs in the screening cell lines. The 2-h exposure screening assays were performed using inhibition of
thymidine incorporation into genomic DNA (see Methods). Values are the means � standard deviation of three to ®ve experiments

Analog Exposure time (h) Cell line
HL60 (nM ) 8392 (nM ) MV522 (nM )

Illudin S 2 10 � 1 236 � 31 19 � 6
Dehydroilludin M 2 377 � 81 36 000 � 4000 1 830 � 380
Acylfulvene 2 998 � 244 66 000 � 13 000 1 200 � 100
Acylfulvene dimer 2 24 000 � 4000 46 000 � 1400 10 500 � 1500
Iodofulvene 2 2 600 � 300 10 300 � 500 1 000 � 150
Bromofulvene 2 800 � 100 17 200 � 900 4 200 � 400

Fig. 2 Cytotoxicity of acylfulvene compared with illudin S in
human tumor cell lines with a 15-min exposure, as determined by a
colony-forming assay (h illudin S toxicity in HL60 myeloid
leukemia cell lines, s MV522 lung carcinoma, n 8392 B-cells; n
acylfulvene toxicity in HL60 myeloid leukemia cell lines, d MV522
lung carcinoma, m 8392 B-cells)

Table 3 Intracellular accumulation of acylfulvene

Ratea (pmol/h) 2-h totalb (pmol)

HL60 17 � 2 24 � 1
MV522 201 � 10 147 � 8
SW48 16 � 2 17 � 1
HT29 274 � 30 190 � 10
8392 3.7 � 0.5 7.4 � 1.0

a Initial rate of acylfulvene intracellular accumulation per 10 mil-
lion cells when exposed to 462 nM (100 lg/ml) acylfulvene for 15
min (n = 3, mean � SD)
bAmount of acylfulvene (pmol) accumulated intracellularly in 10
million cells with a 2-h exposure to 462 nM (100 lg/ml) of acyl-
fulvene (n = 3, mean � SD)
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antimycin A (Fig. 3), similar to results previously ob-
tained with illudin S [8]. Acylfulvene accumulation in
MV522 cells, however, was markedly increased as
compared with that of illudin S (P < 0.01), and was
also retarded by the presence of metabolic inhibitors
(Fig. 3).

Energy-dependent uptake of acylfulvene into both
MV522 and HL60 cells was concentration-dependent at

low external concentrations, but saturated at high con-
centrations (Fig. 4). The energy-dependent acylfulvene
cellular uptake Vmax and Km values in HL60 myeloid

Table 4 Number of acylfulvene
molecules required to kill 50%
of cells as determined using a
CFA with a 2-h exposure

Cell line Acylfulvene
(no. of molecules/cell)

Illudin Sa

(no. of molecules/cell)

HL60 3 000 000 � 420 000b 78 000 � 12 000
MV522 29 700 000 � 600 000 1 720 000 � 70 000
8392 24 600 000 � 4 400 000 852 000 � 108 000
SW48 13 900 000 � 300 000 452 000 � 30 000
HT29 39 200 000 � 1 100 000 480 000 � 18 000
MDA231 8 700 000 � 300 000 516 000 � 18 000
MCF7 7 700 000 � 800 000 1 140 000 � 36 000
AA8 8 900 000 � 200 000 751 000 � 5800

a The illudin S values are as previously reported [30] listed here to allow a direct comparison with
acylfulvene
bRefers to the mean � standard deviation (n = 3)

Table 5 Incorporation of
acylfulvene into DNA or RNA
after 2 h

Cell line IC50
a (nM/l) DNA incorporation

(femtomoles/lg)
RNA incorporation
(femtomoles/lg)

HL60 443 17.3 � 0.8 12.1 � 0.2
MV522 477 21.1 � 0.7 11.9 � 0.3
MDA231 190 10.5 � 1.7
MCF7 212 15.0 � 0.5
SW48 1 180 16.0 � 0.8
HT29 379 19.3 � 1.3
8392 17 670 85 � 25

a IC50 refers to the acylfulvene concentration at which 50% killing occurs by CFA for that cell line, and
is the concentration to which that cell line was exposed for 2 h, before determining incorporation of
acylfulvene into DNA or RNA

Fig. 3 Energy-dependent cellular accumulation of acylfulvene as a
function of time in HL60 myeloid leukemia (n) and MV522 lung
carcinoma cells (d). The isolated points represented by an open
triangle and an open diamond indicate acylfulvene uptake in the
presence of the metabolic inhibitors 2-deoxyglucose and antimycin
A into HL60 and MV522 cells, respectively. The isolated points
represented by an open square and an open circle indicate illudin S
uptake into HL60 and MV522 cells, respectively

Fig. 4A,B Comparison of Michaelis-Menten analysis for illudin S
(s) and acylfulvene (d) energy-dependent cellular accumulation in
(A) HL60 myeloid leukemia cells and (B) in MV522 lung carcinoma
cells
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cells were similar to those previously reported for illu-
din S (Table 6). The Km value for acylfulvene in MV522
cells was also similar to that previously reported for
illudin S (Table 6). The Vmax for acylfulvene in MV522
cells, however, was markedly higher than that for
illudin S (Table 6). We were unable to detect evidence of
energy-dependent cellular accumulation in the 8392 cells
using a 15-min exposure. With a 1-h exposure, however,
there was low level energy-dependent cellular accumu-
lation with a relatively high Km value when analyzed by
a nonlinear algorithm method.1 The Vmax and Km values
for acylfulvene in 8392 cells were similar to those of
illudin S [8], but the Vd value was ®vefold lower.

Discussion

The prototype fulvene analog, acylfulvene (Fig. 1), has
been previously noted to be e�ective in a metastatic
xenograft lung carcinoma model resistant to treatment
with ten conventional chemotherapeutic agents [12]. In
addition, acylfulvene retains promising features of illu-
dins, such as the ability to kill multidrug-resistant cells
resistant by a variety of mechanisms. DNA helicase-
de®cient cells are also sensitive to acylfulvene as previ-
ously demonstrated for illudin S. These DNA helicase-
de®cient cells do not display increased sensitivity to
other chemotherapeutic agents, suggesting that acyl-
fulvene produces an unusual DNA damage also noted
with illudins [9].

The present studies showed that acylfulvene retained
the selective in vitro cytotoxicity towards myeloid leu-
kemia, breast, colon, and lung carcinoma cells using

short exposure periods (Fig. 2). As with other illudins,
with a more prolonged exposure, acylfulvene was
equally toxic to all cell lines tested (Table 2). Prior
studies have shown that prolonged exposure allows
illudins to passively di�use across cell membranes, while
the selective in vitro cytotoxicity using short exposure
times correlates with energy-dependent illudin accumu-
lation [8, 30].

In vitro killing of tumor cells by acylfulvene required
up to a 70-fold increase in molecules per cell compared
with illudin S (Table 4), indicating that on a cellular
level, acylfulvene is less toxic than the parent compound
illudin S (nonparametric Mann-Whitney test,
P < 0.01). At equitoxic concentrations, however, the
incorporation of acylfulvene into tumor cell genomic
DNA (Table 5) was equivalent (P > 0.20) to the in-
corporation of illudin S [30]. The relatively high number
of acylfulvene molecules required, combined with the
equivalent genomic DNA incorporation, indicates that
cellular metabolism is likely to play a role in the reduced
in vitro cytotoxicity of acylfulvene.

Analysis of cellular accumulation of acylfulvene into
MV522 tumor cells (Figs. 3 and 4) revealed a markedly
higher Vmax for energy-dependent accumulation of
acylfulvene compared with that of illudin S (Table 6). In
a cell line lacking the energy-dependent process, the 8392
B-cell line, there was a markedly lower Vd coe�cient.
Together these two ®ndings may explain the increased
in vivo e�cacy of acylfulvene compared with illudin S.
The higher Vmax allows increased accumulation of
acylfulvene into tumor cells at low plasma concentra-
tions. The markedly higher Km and relatively lower Vd

coe�cient for the acylfulvene will result in a reduction in
the number of molecules either actively (energy-depen-
dent) or passively entering nontumor cells, explaining
the decrease in nonspeci®c in vivo toxicity of acylfulvene
(as compared with illudin S).

The e�ect of these alterations can best be observed by
comparing the cellular accumulation of acylfulvene and

Table 6 Analysis of acylfulvene
cellular uptake

Cell line Parameter Acylfulvene Illudin S

Michaelis-Menton
(linear)

Algorithma

(nonlinear)
Michaelis-Menton
(linear)

Algorithma

(nonlinear)

HL60 Vmax 3.6 � 0.2b 3.6 � 0.5 27.8 � 2.0 29.0 � 5.1b

Km 7.8 � 1.5 7.8 � 3.2 7.1 � 1.5 7.1 � 1.6
Vd 0.018 0.34

MV522 Vmax 348 � 19 333 � 41 33.6 � 1.6 34.8 � 3.0
Km 18.1 � 2.6 16.2 � 4.8 5.6 � 0.9 6.0 � 1.4
Vd 0.013 0.13

8392 Vmax NDc 4.04 � 1.7d 6.0 � 2.6 3.0 � 0.9
Km ND 73 � 5 81.0 � 5.0 25 � 2
Vd 0.010 0.05

aAnalysis of data using nonlinear regression algorithm was performed using the Kinetics software [29]
bVm in picomoles/minute for 10 million cells; Km in lM; Vd in min)1 for 10 million cells when S
expressed in lM
c Linear Michaelis-Menton analysis did not yield an answer for the 8392 B-cell line (see text)
dAnalysis of 8392 energy-dependent cellular accumulation required a 1-h exposure in contrast to the
15 min required for the HL60 and MV522 cell lines

1 Linear transformation of the Michaelis-Menten equation does not
weight all data points equally, and often leads to erroneous
determination of kinetic parameters. The use of nonlinear regres-
sion algorithms which ®t data directly to the equation, without
prior weighting of data points, eliminates this problem. For further
discussion see reference 29.
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illudin S in relatively sensitive and insensitive cells.
Cellular accumulation follows the standard formula:

V � �Vmax � S�
�Km � S� � �Vd � S�

Administering a therapeutic dose of acylfulvene of 5 mg/
kg to dogs by a 15-min intravenous infusion results in a
steady-state plasma concentration of 5 lM [27, 28]
during the infusion. Under these conditions the 8392 B-
cells (nontarget) would accumulate acylfulvene at
0.3 pmol/10 million cells per minute whereas MV522
cells (target) accumulate the drug at 79 pmol/10 million
cells per minute, a 263-fold increase. In contrast, at a
5 lM plasma concentration of illudin S, relatively re-
sistant 8392 B-cells would accumulate the toxin at 0.8
pmol/10 million cells per minute, whereas MV522 cells
would accumulate illudin S at 10.3 pmol/10 million cells
per minute, or only a 13-fold di�erence. Thus, phar-
macologic concentrations of acylfulvene permit prefer-
ential accumulation into tumor cells compared with the
natural product precursor illudin S toxin.
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