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ABSTRACT

Illudins are low molecular weight natural products which were previ
ously evaluated as anticancer drugs using rodent tumor models. In the
present studies, we used in vitro cultures of human cancer cells to
reevaluate their potential as anticancer agents. Using continuousexpo
sure, Illudins S and M were cytotoxic to human leukemia cells at
concentrations of 6-100 mi, but dihydroilludin M was 3 orders of
magnitudeless toxic, thus identifyinga ketone site as a structural feature
critical for cytotoxicity.Cytokineticstudies showedthat illudinS caused
a complete block at the (.,-S phase interface of the cell cycle. Kinetics
of inhibitionof radiolabeled th>nudine,uridine,and leucineincorporation
suggesteda primary effecton DNA synthesis. In colonyand liquidculture
assays, cell killing was time dependent but near maximal with a 2-h
exposure. Myeloidand T-lymphocyteleukemiacells were most sensitive
(50% inhibitoryconcentration,6-11 IIM).but B-cellleukemia/lymphoma,
melanoma, and ovarian carcinoma cells were at least 10 times more
resistant. Bone marrow granulocyte/macrophageprogenitors showed in
termediate sensitivity. Illudin S was equally effective against CEM I-
lymphocyteleukemiacellsexpressing the multidrugresistance phenotype
associated with M, 180,000glycoproteinand the parental cell line. CEM
cells resistant to doxorubicin, epipodophyllotoxins,and 1-0-D-arabino-
furanosylcytosineshowedonly a 2-fold increased resistance to illudin S.
Illudins are novel and potent cytotoxins which may be preferentially
active against human myeloidand T-cell leukemias, including cells re
sistant to more conventionalchemotherapeuticagents. The present stud
ies illustrate the breadth of informationwhichcan be obtained on a new
agent using present in vitro screening proceduresand human cells.

INTRODUCTION

During the past 3 decades, many new, effective chemothera
peutic agents have been identified and introduced into clinical
practice. Although some are active against nonhemopoietic
tumors, such as testicular and ovarian cancers, their greatest
impact has been on treatment of hemopoietic malignancies. A
few agents were rationally synthesized, but most were selected
by empirically screening large numbers of compounds in rodent
tumor models (1-4). Despite successful application to treat
ment of leukemias and lymphomas, drugs with potentially
curative impact on common solid tumors have not been iden
tified.

Improved culture techniques have revived interest (5, 6) in in
vitro screening using primary human tumors and cell lines (7,
8). As reviewed previously (17), in vitro screens have advantages
over rodent tumor models in speed, accuracy, and quantities of
new drugs required. The availability of multiple tumor lines
and primary culture techniques for human tumors makes it
possible to test agents against specific tumor types and may
permit identification of compounds with antitumor efficacy
restricted to certain types of human cancer (5-8). Recent studies
suggest that in vitro testing using primary human tumors iden
tifies a different set of chemicals than rodent tumor screens (6).
Using in vitro techniques we have identified illudins as potential
chemotherapeutic agents.
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Illudins are novel natural products isolated from certain
mushrooms (9). They were previously evaluated by the NCI3-4

in a variety of rodent tumor models and were found to have a
narrow therapeutic index. The present studies show that illudins
are potent in vitro antiproliferative agents effective against
human tumor cells resistant to known anticancer drugs and
may be preferentially active against leukemias. The use of a
variety of in vitro culture methods and specialized drug resistant
human cell lines illustrates the broad range of preclinical data
which can be obtained using available in vitro systems.

MATERIALS AND METHODS

Preparation of Illudin Compounds. Illudins S and M were isolated
from cultures of Clictocybeilludins as described previously (9). Dihy
droilludin M was prepared by reduction of the parent compounds with
sodium borohydride (10). The structures of the compounds are shown
in Fig. 1. All compounds were stable in distilled water at room temper
ature or 4 ( and were diluted in medium just prior to addition to
cultures.

Cell Lines. Myeloid leukemia cell lines HL60 and KG-1, B-cell
derived leukemia/lymphoma lines Namalva and 8392, and T-cell acute
lymphoblastic leukemia lines 8402 and CEM were maintained in RPMI
1640 with 10% FBS (Hyclone, Logan, UT) as described previously
(11). Melanoma cell line 242 was established from a human tumor
xenograft and maintained in RPMI 1640supplemented with hydrocor-
tisone, insulin, estradici, transferrin, selenium, and 1% FBS as de
scribed previously (12). Ovarian carcinoma line 547 was established
and maintained in 10% FBS in a similar manner. The Mill 1 B-cell
lymphoma cell line was obtained from Gentest, Woburn, MA.

Tumor cell colony forming and liquid cultures were performed as
described previously (12). CCRF-CEM human lymphoblasts and their
drug resistant variants were maintained as described (13). The growth
inhibiting effects of illudins on these variant lines were also detected as
described previously (14).

Human bone marrow was obtained in heparin from the posterior
iliac crest of normal volunteers using procedures approved by the
Committee on Human Subjects, University of California, San Diego.
Granulocyte/macrophage colony forming units or liquid cultures were
grown using placenta conditioned medium as a source of colony stim
ulating factor (IS).

Assessment of IlludinCytotoxicity.To assess toxic effects of illudins,
various concentrations were added to cultures of HL60 cells, and cell
growth was monitored by daily cell counts. To assess cytotoxicity, cells
were incubated in media containing illudins for 1-24 h, washed 3 times,
and plated in semisolid, colony forming assays (12, 16).As an alterna
tive, cells were plated in liquid culture, pulsed with [3H]thymidinefor
4 h, and harvested as described previously (12, IS). To assess effects on
DNA or RNA synthesis, HL60 cells were incubated with 1.0 to 1000
ng/ml (3.8 to 3800 DM)illudin S for 2 h and cultured for 14-16 h, and
triplicate aliquots were pulsed with tritiated thymidine (2 MCi/ml)or
uridine (2 M'Â¡/ml)(Amersham, Arlington Heights, IL) for 4 h. Protein

synthesis inhibition was determined in a similar manner by incubating
illudin treated cells with [3H]leucine(2 /Â¿Ci/ml)for 4 h in leucine free
medium (16). Kinetic effects were examined by incubating HL60 cells
for 1 to 24 h in 38 nmol/1 of illudin S and determining tritiated
thymidine, uridine, and leucine incorporation.

Cell cycle status of illudin-treated HL60 cells was determined after
incubating cells with 100 and 1000 ng/ml (380 to 3800 n\i) of illudin
5 for 2-24 h and stainingthe cellsfor DNAcontentusingpropidium

3The abbreviations used are: NCI, National Cancer Institute; FBS, fetal bovine

serum; gpl 80, M, 180,000 glycoprotein; 1CÂ»,50% inhibitory drug concentration.
' M. Wolpert, personal communication.
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PRECLINICAL EVALUATION OF ILLUDINS

Illudin S (R = CH2OH)

Illudin M (R= CH3)

OH

Dihydroilludin M
Fig. 1. Chemical structures ut' illudili S, illudili M, and dihydroilludin M.
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ng /mi
Fig. 2. Effect of illudili S (â€¢ â€¢),illudili M (â€¢ â€¢),and dihydroilludin

M (* â€¢)on I II 60 cells as measured by a 48-h growth inhibition assay. The
standard error for each data point was 6% or less, N = 3. One ng/ml is equivalent
to 3.8 nmol/liter.

0.1 1.0 100 1000

CONCENTRATION ng/ml
Fig. 3. Colony formation of HI ho cells after exposure to illudili S for 1 (â€¢),

2 (A), 4 (â€¢).and 24 (x) h. The standard error for each data point was 8% or less,
N = 3. One ng/ml is equivalent to 3.8 nmol/liter.

iodine (IS). Cell cycle status was determined by computer analysis of
DNA histograms using an Ortho 50H cytofluorograph (15). Statistical
analysis of experimental mean values was performed using the t test
for unpaired observations.

RESULTS
The effects of illud ins S and M and of dihydroilludin M were

initially assessed on HL60 cells (Fig. 2). Various concentrations

Table 1 Illudin IC^sfor normal and malignant cells (nmol/liter for 2 h)
cpm/10* cells in controls (no illudin): HL60,5600; KG1, 5300; Namalva, 8300;

AHH, 2100; 8392, 8110; 8402, 4200; CEM, 5400; normal marrow, 3600; 242,
1500; 547, 1600. Maximum SE was Â±300cpm.

[3H]Thymidine
Colony incorporation/cpm/10'

forming assay cells

Leukemia/lymphomaHL60KG1NamalvaAHH-183928402CEMNormal

marrowSolid

tumorsMelanoma
242Ovarian

carcinoma 5471

1 Â±4Â°(4)*11

(2)77
(2)NT*31

(2)NT6

(2)58
Â±8'(3)280

Â±65(3)192
Â±00(2)19

Â±3(4)19
(2)154

Â±18(3)154
(2)192

Â±24(3)12
Â±4(3)15

(2)50
Â±5'(3)607

Â±70(3)607
(2)

â€¢Mean Â±SD.
b Numbers in parentheses, number of studies.
c NT, not tested.
Ã¡Granulocyte/macrophage progenitors.
'' Colony stimulating factor stimulated liquid culture.

1 10 100 1,000 10,000

ng/ml
Fig. 4. Macromolecule synthesis as measured by radiolabeled thymidine (A),

uridine (â€¢),or leucine (â€¢)incorporation in II1.60 cells after a 2-h exposure to
illudin S. The standard error was 8% or less for thymidine, 10% or less for
uridine, and 12% or less for leucine, A' = 3. One ng/ml is equivalent to 3.8 nmol/
liter.

of each compound were added at initiation of the culture, and
cell counts were assessed for 5 days. Results represent the means
of 3-4 experiments. At concentrations greater than 15 nM,
illudin S or M (Fig. 2) completely inhibited HL60 cell growth.
By comparison, dihydroilludin M (Fig. 2) was 10,000 times less
toxic than either of the parent compounds. These screening
studies showed that illudins were highly toxic to hemopoietic
cells. Differences between illudin and dihydroilludin toxicity
indicate the ketone site is critical to the molecule's toxicity.

To assess cytotoxicity, HL60 cells were exposed to various
concentrations of illudin S, washed, and plated in a colony
forming assay (Fig. 3). Results shown represent the means of 3
experiments. Illudin cytotoxicity was both time and concentra
tion dependent. Increasing the exposure time resulted in a
further increase in cell death and the dose-response curves
remained log-linear. The K\â€žfor a 2-h exposure to illudin S
was estimated at 2.9 ng/ml (11 HM). Thus, illudin S was
cytotoxic to human leukemia cells, and linear dose-response
relationships suggested activity against cells in all phases of the
cell cycle.

In similar studies with both colony forming assays and [3H]-

thymidine incorporation, illudin S toxicity was compared in a
variety of malignant human cells and normal marrow myeloid
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1,000

Fig. 5. DNA histograms obtained by pro-
pidium iodine staining of 111.60 cells exposed
to 100 and 1000 ng/ml (380 and 3800 nmol/
liter) of illudili S for 0 to 24 h.
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precursors (Table 1). In general, values obtained using colony
assays and isotope incorporation were in agreement (12, 15).
As discussed previously (17, 18), exceptions were attributed to
technical differences in the assay systems. As shown in Table
1, using colony assays, IC5o values varied over a 1-log range,
and even greater differences were observed using isotope incor
poration. The pattern of "resistance" was nonrandom. Solid

tumor cells were less sensitive to illuditi S than hemopoietic
cells, while myeloid and T-cell leukemias (HL60, KG1, 8402,
CEM) were more sensitive than B-cell derived tumors (Na-
malva, 8392, AHH-1). Normal bone marrow cells showed
intermediate sensitivities. The HL60 and CEM cells were sig
nificantly more sensitive to illudili S than normal marrow cells
and the melanoma cell line 242 (all values, P< 0.01) (Table 1).

Because the structure of illudins bears a superficial resem
blance to purines, we considered the possibility that they act as
cell cycle specific antimetabolites. However, both their potency
and linear dose-response curves argued against this possibility.
To further define mechanisms of drug action, kinetics of DNA
and RNA and protein synthesis inhibition were examined using
isotope incorporation. As shown in Fig. 4, DNA synthesis by
HL60 cells was preferentially inhibited, followed by RNA and
protein synthesis. These findings suggest that DNA synthesis
was the target for growth inhibition and cytotoxicity. Kinetic
studies demonstrated that at 38 UMilludili S. less than l h was
required to obtain 50% inhibition in tritiated thymidine uptake,
while greater than 2 and 24 h were required to obtain similar
inhibition of uridine or leucine uptake, respectively. Cytokinetic
studies using HL60 cells showed that a 2-h exposure to 100
ng/ml (380 HM) illudin S caused a block at the GrS phase
interface (Fig. 5), indicating selective death of cells synthesizing
DNA or complete inhibition of new DNA synthesis. Thus,

Table 2 Illudin S 1Cy,for parent CCRF-CEM cell line and various drug resistant
variant cell lines

The 48-h ICjoS were assessed using cell counts in liquid culture (14). Results
are the means Â±SE of 2-7 experiments.

Cell line
1CÂ»growth inhibition assay

(nmol/liter)

CCRF-CEM
CEM-VLB,oo*
CEM/VM-1
CEM/DOX*

CEMAra C

8.3 Â±-2.6 (5)"
3.7 Â±-0.7 (7)

16.2 Â±-6.4 (7)
14 (2)
14 (2)

TIME (HOURS)

preliminary studies of this novel compound suggest that it
inhibits, or prevents entry into, DNA synthesis.

The discovery of new anticancer agents requires identification
of novel structures non-cross-resistant with known drugs. To
determine whether resistance to illudins occurred in common
with other anticancer drugs, toxicities of illudin S for malignant
blood cells expressing drug resistant phenotypes were assessed.
When tested against CEM leukemia cells with the multidrug
resistant phenotype associated with gplSO (13), illudin S was
2-fold more toxic to the multiple drug resistant than the parent
cell line (Table 2). Illudin S was slightly less effective against
an "atypical" multidrug resistant cell line, CEM/VM-1.5 This

cell line is resistant to the epidophyllotoxin teniposide and does
not express gplSO or its mRNA.6 The VLB 100 variant cells
were significantly more sensitive (P < 0.01) and the VM-1 cell
line was significantly more resistant (/' < 0.05) than parent

CEM cells. Illudin S showed similar effects against another
gpl80 positive line, CEM/DOX, and a non-gpl80 resistant cell
line, CEM/ara C. The variations in illudin S IC50s between the
parent CEM cell line and the various drug-resistant daughter
lines were always less than 0.3 log. Thus, in malignant cells,
the novel structure of illudin conferred relative non-cross-resis
tance to known chemotherapeutic agents.

DISCUSSION

Recent advances in culture of malignant human cell lines and
primary tumors have revived interest in in vitro drug screening.
The advantages of in vitro drug screens have been reviewed (17,
18) and include low cost, reproducibility, rapid assay perform
ance, and requirements for small amounts of new drugs. All
but two of the most important antitumor agents originating
from plants were discovered by in vitro cytotoxicity tests (19).
Using tumor colony forming assays, a recent multicenter trial
screened new and established chemotherapeutic agents and
identified potentially active drugs previously rejected using
murine leukemia models (6). In the present studies, we exam
ined the in vitro activity of illudins, compounds previously
tested in murine tumor screens, against human tumor cell lines.

Our studies of illudins illustrate the broad data base which

Â°Numbers in parentheses, number of studies.
*gp 180 positive cell line.

5M. K. Dauks, J. C. Yelowich, and W. T. Beck, submitted for publication.
6 D. P. Suttle, J. S. Wolverton, A. Safa, R. Felsted, and W. T. Beck, unpub

lished results.
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Table 3 Screening data from the Developmental Therapeutics Program, National
Cancer Institute, Bethesda, MD

Dosage
(mg/kg)

Survival
(no. of

survivors/total)

%of
treated

vs.
control

Dunning leukemia in rats, dosage
of illiulin S given daily for 3
days

0.60 Death pattern
not given

375

0.300.150.08Friend

virus leukemia inmice,dosage
of illudin Sgivendaily

for 11days0.1200.0600.0300.0150.007P388

leukemia in mice, dosageofilludin
S given daily for10days*1.600.800.20Death

patternnot
givenDeath

patternnot
givenDeath

patternnot
given0/100/109/108/1010/103/66/66/6375375375a*6991121Â«95135

" Data not given.
b Survival system for P388 leukemia considered successful when '

versus control greater than 125.
of treated

can now be obtained using human cell lines. We demonstrated
the extraordinary toxicity of the compounds by dose-response
testing. On a molar basis, illudin S is as toxic to CEM, 8392,
and HL60 cells as the plant toxin ricin.7 Multiple cell lines
were examined, and illudin S appears most active against T-
lymphoid and myeloid leukemia cells. Although we have notyet tested these compounds /'// vivo against human leukemia

xenografts (20), these results are consistent with NCI data using
rodent tumors. In the NCI studies, illudin S was tested against
a variety of rodent solid tumors and leukemias. Increased life
span or significant tumor regressions were not observed in
rodent lung carcinoma, sarcoma, or melanomas. However, 2 of
3 leukemia studies showed tumor regressions or increased life
span, but increasing the dosage of illudin S resulted in a higher
mortality (Table 3). Further investigation using other in vivo
systems will be required to confirm these findings.

The ability of in vitro screens to survey large numbers of
compounds across broad concentration ranges also provided
insight into structure-function relationships and mechanisms
of illudin toxicity. Linear dose-response relationships and time
dependent cell killing suggested that the actions of the com
pound were not limited to one phase of the cell cycle. Testing
of dihydroilludin M identified a critical active site for further
analogue synthesis and a site which must be protected if such
compounds are to be coupled to antibodies as immunotoxins.
Preferential inhibition of thymidine incorporation and prefer
ential arrest in d phase of the cell cycle strongly suggest that

7J. Leonard, and R. Taetle, unpublished observations.

the compound inhibits DNA synthesis. Finally, testing against
well characterized, drug resistant lines identified illudins as
novel structures which do not share cross-resistance with known
anticancer drugs.

We are currently studying illudin inhibition of DNA synthesis
in greater detail and intend to study illudin S activity in leuke
mia xenograft models. Because of the potency of illudin, we are
also synthesizing analogues suitable for conjugation to mono
clonal antibodies as immunotoxins.
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