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ABSTRACT

6-Hydroxymethylacylfulvene (MGI-114) is a semisynthetic analogue of
the toxin illudin S, a product of the Omphalotusmushroom. MGI-114
induces cytotoxicity in a variety of solid tumors in vivo, including the
refractory HT29 human colon cancer xenograft. In this study, the poten-
tial application of MGI-114 in the treatment of colon cancer was further
explored by evaluating the activity of MGI-114 in combination with
irinotecan (CPT-11) and 5-fluorouracil (5FU). Groups of 9 nude mice
bearing HT29 xenografts were treated with either single agent MGI-114,
CPT-11, or 5FU, or MGI-114 in combination with CPT-11 or 5FU.
MGI-114 was administered at doses of 3.5 and 7 mg/kg i.p. daily on days
1 through 5, and CPT-11 and 5FU were administered at doses of 50 and
100 mg/kg i.p. on days 1, 12, and 19. In the single agent studies, MGI-114,
CPT-11, and 5FU all resulted in decreased final tumor weights compared
with vehicle-treated controls (P < 0.05), but only MGI-114 at 7 mg/kg
produced partial responses. When MGI-114 at 3.5 mg/kg was combined
with CPT-11, significant decrements in final tumor weights occurred
compared with monotherapy with the same doses of MGI-114 and CPT-11
(P < 0.001). Also, administration of the low-dose combination (MGI-114
at 3.5 mg/kg and CPT-11 at 50 mg/kg) resulted in final tumor weights
similar to those achieved after administration of high-dose MGI-114 as a
single agent. Moreover, the combination of MGI-114 and CPT-11 pro-
duced partial responses in nearly all of the animals, with some animals
achieving complete responses. The outcome with the combination of MGI-
114 and 5FU was less striking, with fewer partial responses and no
complete responses. These results suggest enhanced activity when MGI-
114 is combined with CPT-11, and clinical trials to further evaluate this
combination regimen are planned.

INTRODUCTION

MGI-1143 (Fig. 1) is a semisynthetic analogue of the toxin illudin
S, a natural product of theOmphalotusmushroom (1). After uptake
into sensitive tumor cells, the illudins damage DNA in a unique
manner that appears to be repaired by DNA helicases (2, 3). Although
the precise mechanism of MGI-114 cytotoxicity has not been eluci-
dated entirely, recent studies have suggested that MGI-114 inhibits
DNA synthesis, arrests the cell cycle in S phase, and induces apop-
tosis (4).

The illudins are preferentially cytotoxic to a variety of leukemia
and solid tumor cell lines, including those with multidrug resistant
phenotypes (5). Human MCF7 mammary carcinoma, HT29 colon
carcinoma, and MV522 lung carcinoma cells are all sensitive to

MGI-114 at nanomolar concentrations (6, 7). In addition, PRs and
CRs have been seen following the administration of MGI-114 to nude
mice bearing human MX1 breast, HT29 colon, and MV522 lung
carcinoma xenografts (6, 7).

The activity of MGI-114 in HT29 xenografts is particularly notable
inasmuch as other classical cytotoxic drugs, including cyclophosph-
amide, dacarbazine, carmustine, doxorubicin, and methotrexate, do
not typically cause tumor reduction in this model (8). Chemoresis-
tance in HT29 colon cancer cells is at least in part due to mutatedp53
and the attendant loss of p53-dependent apoptosis (9, 10). Whereas
the incidence ofp53mutations in colorectal cancer is between 70 and
80% (11), the HT29 cell line frequently serves to characterize the
activity of drugs for use in colorectal cancer.

Previous studies (8, 12, 13) have explored the activity of both the
antimetabolite 5FU and the topoisomerase I inhibitor CPT-11 in the
HT29 model. Neither agent produces responses in HT29 xenograft
tumors, although both agents inhibit tumor growth (8, 12, 13). In
patients with metastatic colorectal cancer, this has translated to single-
agent response rates of 8–85% and 17.7–36.4%, respectively, for 5FU
and CPT-11 (14, 15). Despite the low response rate for CPT-11, the
treatment of 5FU-resistant metastatic colorectal cancer with CPT-11
confers a survival benefit (16). Nevertheless, colon cancer remains the
second leading cause of cancer death in the United States (17).

Given the unique activity of single agent MGI-114 in the HT29
colon carcinoma xenograft model, the efficacy of this compound was
examined in combination with 5FU and CPT-11. The potential for
enhanced activity with MGI-114 in combination with CPT-11 was
realized after an earlier study that demonstrated synergistic activityin
vitro between MGI-114 and topotecan, another topoisomerase I in-
hibitor (18). In the present study, MGI-114 was administered alone
and in combination with either 5FU or CPT-11 to nude mice bearing
HT29 xenograft tumors. Although substantial antitumor activity was
observed after treatment with single agent MGI-114, there were no
CRs in this setting. When MGI-114 was combined with a relatively
ineffective dose of CPT-11, however, CRs were observed. This pat-
tern of activity suggests that the combination of MGI-114 and CPT-11
may result in super-additive antineoplastic activity.

MATERIALS AND METHODS

Cytotoxic Drugs. MGI-114 was synthesized using illudin S from still
cultures ofOmphalotus illudens(1). The vehicle for MGI-114 was 1% ethanol
in 5% dextrose in water. CPT-11 and 5FU were both obtained from Pharmacia
& Upjohn (Kalamazoo, MI) and diluted in 5% dextrose in water.

In Vivo Evaluation in Human Tumor Xenograft Models. HT29 human
colon carcinoma cells were obtained from the American Type Culture Collec-
tion (Rockville, MD). Nude mice (Harlan Sprague Dawley, Inc., Indianapolis,
IN) were implanted s.c. by trocar with fragments of HT29 human colon tumors
harvested from s.c. growing tumors in nude mice. When tumors were approx-
imately 5 mm3 5 mm in size (usually about 12 days after inoculation), the
animals were pair-matched into treatment and control groups (day 1). Each
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group consisted of nine tumor-bearing mice that were ear-tagged and followed
individually throughout the study.

The i.p. administration of drugs or vehicle began on day 1. MGI-114 was
administered at doses of 3.5 and 7 mg/kg daily on days 1 through 5, as these
doses were active and well tolerated in previousin vivo studies (6). CPT-11
and 5FU were both administered at doses of 50 and 100 mg/kg on days 1, 12,
and 19, simulating the repeated dosing schedules currently used clinically. The
control group received the vehicle for MGI-114, 1% ethanol in 5% dextrose in
water.

After tumor implantation, mice were weighed and had tumor measurements
taken twice weekly, starting on day 1. These tumor measurements were
converted to tumor weight (mg) using an established formula:

Calculated weight (mg)5
Width (mm)2 3 Length (mm)

2

Experiments were terminated when tumors in control animals reached a size of
approximately 1 g. At termination, all of the mice were weighed and sacrificed,
and their tumors were excised. Tumors were then weighed, and mean tumor
weights per group were calculated. The TGI was calculated using actual final
tumor weights as follows:

TGI 5 100%2
Mean treated tumor weight

Mean control tumor weight
3 100%

The percentage of tumor reduction was calculated for individual animals using
calculated day-1 tumor weights and actual final tumor weights as follows:

% tumor reduction5
Day 1 tumor weight2 Final tumor weight

Day 1 tumor weight
3 100%

A PR was defined as any partial reduction in the actual final tumor weight
compared to the calculated day-1 tumor weight (0%, % tumor reduc-
tion , 100%), whereas a CR required disappearance of the tumor (% tumor
reduction5 100%).

The maximum percentage of animal weight loss, an indicator of toxicity,
was calculated for individual animals as:

% animal weight loss5

Day 1 weight2 Minimum weight on study

Day 1 weight
3 100%

Statistics. Parameters including actual tumor weight at study conclusion, %
tumor reduction, and % animal weight loss were summarized using descriptive
statistics. In addition, statistical analysis examined the actual tumor weight at
study conclusion and time-to-tumor doubling. Actual tumor weight was ana-
lyzed using ANOVA after transformation to log(tumor weight1 1) [natural
logarithm] as indicated by a Box-Cox analysis (19). One-way ANOVA with
multiple range tests was used to determine which groups were different from
each other. Survival, or time-to-tumor doubling, was determined based on the
calculated tumor weights. Time-to-tumor doubling was analyzed using
Kaplan-Meier methods and compared using log-rank tests (20). In the “mul-
tiple range” analyses of survival, pair-wise log-rank tests were computed, and
then theP values were adjusted using the “step-down” Bonferroni method
(21).

RESULTS

Single Agent Studies.Tables 1 and 2 summarize the efficacy
studies of MGI-114, CPT-11, and 5FU in HT29 xenografts. There
were no spontaneous tumor regressions in the control group. Single
agent MGI-114 given daily for 5 days produced a TGI of 69.5% at the
3.5 mg/kg dose level and 92.3% at the 7 mg/kg dose level. The final
tumor weights in MGI-114-treated animals were significantly de-
creased compared with controls (P # 0.05). Moreover, the percentage
of tumor reduction in 7 of the 9 animals treated with MGI-114 at 7
mg/kg averaged (6 SE) 60.56 7.9%. Fig. 2 illustrates the mean
tumor weight approaching zero after treatment with the higher dose
MGI-114 (7 mg/kg).

In comparison, CPT-11 and 5FU administered as single agents had
minimal activity against HT29 xenografts whether administered at
doses of 50 or 100 mg/kg i.p. Treatment with single agent CPT-11
resulted in a substantial decline in final tumor weights compared with
controls, whereas the TGI was 36.9% at 50 mg/kg and 44.4% at 100
mg/kg. CPT-11-treated tumors continued to grow at a rate somewhat
slower than controls, as shown in Fig. 2. 5FU also produced substan-
tial decreases in final tumor weights, with TGI of 32.2% at 50 mg/kg
and 50.0% at 100 mg/kg. There were no PRs or CRs with either single
agent CPT-11 or 5FU.

Combination Studies. The combination of MGI-114 and CPT-11
produced notable activity against the HT29 human colon tumor xe-

Fig. 1. The structure of MGI-114.

Table 1 MGI-114 and CPT-11 in the HT29 human colon tumor xenograft

Group n
Dose and

route Schedule

Actual final
tumor weight (mg)

(mean6 SE) TGI %

Mice with tumor response % tumor
reduction

(mean6 SE)

Maximum
% animal

weight loss
(mean6 SE)

N of
toxic
deathsPartial Complete

Control 9 Vehicle 905.26 63.6 0 0 6.36 1.8 0

MGI-114 9 7 mg/kg i.p. Daily3 5 47.86 18.7 92.3 7 0 60.56 7.9 25.66 2.8 0

MGI-114 9 3.5 mg/kg i.p. Daily3 5 318.26 43.9 69.5 0 0 10.26 3.1 0

CPT-11 9 100 mg/kg i.p. Days 1, 12, 19 531.16 59.5 44.4 0 0 10.96 2.4 0

CPT-11 9 50 mg/kg i.p. Days 1, 12, 19 595.06 50.5 36.9 0 0 6.46 2.3 0

MGI-114 1 9 7 mg/kg i.p. Daily3 5 11.26 1.0 a 9 0 78.6 6 3.6 25.86 3.1 0
CPT-11 100 mg/kg i.p. Days 1, 12, 19

MGI-114 1 9 3.5 mg/kg i.p. Daily3 5 12.86 2.0 b 8 1 75.9 6 5.9 16.66 3.1 0
CPT-11 100 mg/kg i.p. Days 1, 12, 19

MGI-114 1 9 7 mg/kg i.p. Daily3 5 10.56 1.2 a 9 0 82.6 6 1.9 25.16 2.4 0
CPT-11 50 mg/kg i.p. Days 1, 12, 19

MGI-114 1 9 3.5 mg/kg i.p. Daily3 5 24.66 12.1 93.6 6 2 80.76 5.8 15.86 2.7 0
CPT-11 50 mg/kg i.p. Days 1, 12, 19

a The term TGI does not apply here because all of the animals in this group developed PRs.
b The term TGI does not apply here because all of the animals in this group developed either PRs or CRs.
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nografts, as outlined in Table 1. At all of the dosages, PRs occurred
in nearly all of the mice. In addition, CRs were observed in one animal
treated with MGI-114 at 3.5 mg/kg and CPT-11 at 100 mg/kg and in
two animals treated with the same dose of MGI-114 in combination
with CPT-11 at 50 mg/kg. Treatment with MGI-114 at 3.5 mg/kg
together with either dose of CPT-11 resulted in remarkable decre-
ments in final tumor weights compared with monotherapy with the
same doses of MGI-114 and CPT-11 (P # 0.001). Also, the admin-
istration of the low-dose regimen (MGI-114 at 3.5 mg/kg and CPT-11
at 50 mg/kg) resulted in final tumor weights similar to those achieved
after the administration of high-dose MGI-114 (7 mg/kg) as a single
agent, as demonstrated in Fig. 2.

The antitumor effect of MGI-114 together with CPT-11 is further
demonstrated in Fig. 3, which depicts the time-to-tumor doubling.
There was no difference between CPT-11-treated animals and con-
trols (P . 0.5), although there was a highly significant difference
between single agent MGI-114 at 3.5 mg/kg compared with the
combination of MGI-114 at the same dose and CPT-11 at 50 mg/kg
(P , 0.001). Thus, adding a completely ineffective dose of CPT-11
(50 mg/kg) to a moderately effective dose of MGI-114 (3.5 mg/kg)
produced superior results compared with either agent used alone.

The combination of MGI-114 and 5FU was also active against the
HT29 human colon carcinoma xenograft, as presented in Table 2.
MGI-114, at a dose of 3.5 mg/kg, together with 5FU at 100 mg/kg,
resulted in PRs in five animals and a TGI of 96.1%. At these doses,
MGI-114 and 5FU significantly decreased the final tumor weights
compared with those obtained with single agents (P , 0.001). When
the dose of 5FU in this combination was reduced to 50 mg/kg,
however, there were no PRs or CRs. The TGI in animals treated with
the combination of MGI-114 (3.5 mg/kg) and 5-FU (50 mg/kg) was
slightly better than that achieved with MGI-114 alone (77.2%versus
69.5%). Finally, the combination of MGI-114 at 3.5 mg/kg and 5FU
at 50 mg/kg did not result in any significant decrease in final tumor
weights compared with single agent MGI-114 (P 5 0.30).

Toxicity. Although no formal necropsy studies were performed,
maximum animal weight loss was an indicator of toxicity from the
study medications. The weights of animals treated with single agent
MGI-114 at doses of 3.5 mg/kg and 7 mg/kg decreased by an average
(6 SE) of 10.26 3.1% and 25.66 2.8%, respectively. Weight loss
was greatest on day 8 posttreatment, and weights recovered to their
pretreatment values by study termination (day 34). Single agent
CPT-11 was associated with modest weight loss (mean6 SE,
10.96 2.4%) at high doses, although this weight was regained by day
34. Meanwhile, mice treated with single agent 5FU at 50 and 100

mg/kg suffered sustained weight loss that peaked at 17.46 3.2% and
18.86 3.2%, respectively.

All combinations involving MGI-114 7 mg/kg resulted in extreme
weight loss. In studies with MGI-114 at 7 mg/kg and CPT-11 at 50
and 100 mg/kg, mice lost 25.16 2.4% and 25.86 3.1% of their
weight, respectively. Similarly, in studies with MGI-114 at 7 mg/kg
and 5FU at 50 and 100 mg/kg, the average weight loss was
27.3 6 1.8% and 32.06 3.1%, respectively. When the dose of
MGI-114 in these combinations was halved, the degree of weight loss
was less severe (,20%). Moreover, animals gained weight steadily
after day 8 in all of the combination studies, resulting in a net weight
gain by study termination (day 34).

There were no toxic deaths in the single agent studies. In the
combination studies, there was one toxic death in an animal treated
with MGI-114 and 5FU at 7 mg/kg and 100 mg/kg, respectively.

DISCUSSION

The illudins are a unique class of agents that are cytotoxic against
a variety of refractory xenograft models (2, 22). Although the parent
compounds produce substantial toxicity, the derivative MGI-114 has
a favorable therapeutic index (1, 23). MGI-114 has previously dem-
onstrated significant antitumor activity against HT29 human colon
cancer (6), and this study explores the interaction of MGI-114 with
5-fluorouracil and CPT-11 in the HT29 xenograft model.

Before the commencement of combination studies, MGI-114, CPT-
11, and 5FU were evaluated as single agents. Treatment with MGI-
114 at 7 mg/kg produced 7 PRs at the expense of significant weight
loss (25.6%). This activity was comparable to that previously seen
with MGI-114 at doses of 6 mg/kg (TGI 68%, 1 CR) and 4 mg/kg
(TGI 41%, no PRs or CRs; Ref. (6)). The activity of single agent
CPT-11 and 5FU against the HT29 model was modest (TGI 32.2–
50%, no PRs or CRs) as expected from previous studies (8, 12, 13).

The combination of MGI-114 and CPT-11 resulted in tumor reduc-
tion at all of the doses. At the highest dose level (MGI-114 7 mg/kg
and CPT-11 100 mg/kg), all of the animals developed PRs, although
this was associated with considerable weight loss. When the doses of
both agents were halved, activity was maintained with reduced tox-
icity. The substantial activity of this low-dose combination was
greater than predicted from the activity of low-dose MGI-114 and
CPT-11 monotherapy. This augmented activityin vivo was consistent
with the synergy demonstratedin vitro in pediatric tumor cell lines
between MGI-114 and another camptothecin, topotecan (18).

One possible explanation for the enhanced activity of MGI-114 and

Table 2 MGI-114 and 5FU in the HT29 human colon tumor xenograft

Group n Dose and route Schedule

Actual final
tumor weight (mg)

(mean6 SE) % TGI

Mice with
tumor response % tumor

reduction
(mean6 SE)

Maximum
% animal

weight loss
(mean6 SE)

N of
toxic
deathsPartial Complete

Control 9 Vehicle 905.26 63.6 0 0 6.36 1.8 0

MGI-114 9 7 mg/kg i.p. Daily3 5 47.86 18.7 92.3 7 0 60.56 7.9 25.66 2.8 0

MGI-114 9 3.5 mg/kg i.p. Daily3 5 318.26 43.9 69.5 0 0 10.26 3.1 0

5FU 9 100 mg/kg i.p. Days 1, 12, 19 484.46 48.8 50.0 0 0 18.86 3.2 0

5FU 9 50 mg/kg i.p. Days 1, 12, 19 633.46 70.8 32.2 0 0 17.46 3.2 0

MGI-114 1 9 7 mg/kg i.p. Daily3 5 13.16 1.9 a 7 1 77.5 6 4.5 32.06 3.1 1
5FU 100 mg/kg i.p. Days 1, 12, 19

MGI-114 1 9 3.5 mg/kg i.p. Daily3 5 54.86 12.4 96.1 5 0 58.16 11.4 16.36 2.7 0
5FU 100 mg/kg i.p. Days 1, 12, 19

MGI-114 1 9 7 mg/kg i.p. Daily3 5 13.76 0.4 b 9 0 75.8 6 2.8 27.36 1.8 0
5FU 50 mg/kg i.p. Days 1, 12, 19

MGI-114 1 9 3.5 mg/kg i.p. Daily3 5 253.96 42.2 77.2 0 0 10.66 3.5 0
5FU 50 mg/kg i.p. Days 1, 12, 19

a The term TGI does not apply here because all of the animals in this group experienced either death, PRs, or CRs.
b The term TGI does not apply here because all of the animals in this group developed PRs.
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CPT-11 is an increase in apoptosis when the two agents are combined.
CPT-11 inhibits topoisomerase I by trapping the enzyme and DNA,
forming a ternary complex (15, 24). As DNA synthesis proceeds, this
cleavable complex collides with an advancing replication fork, result-
ing in a double-strand break and subsequent apoptosis (15, 24). The
activity of CPT-11 may not be entirely S-phase dependent, inasmuch
as the camptothecins have been shown to induce apoptosis in termi-
nally differentiated cells that are not synthesizing DNA (25). Apo-
ptosis seems to be crucial to CPT-11 cytotoxicity, and studies in
leukemia cells have demonstrated that CPT-11 cytotoxicity is depend-
ent on the propensity of a cell to undergo apoptosis (26). MGI-114
may thus augment the activity of CPT-11 through its ability to induce
apoptosis (4).

Cell cycle control may also be instrumental in producing the
enhanced activity of CPT-11 and MGI-114 in combination. DNA
strand breaks, such as those produced by CPT-11, activate wild-type
p53 leading to either apoptosis or G1 arrest (27). The delay of entry

into S phase after DNA damage allows for DNA repair. However, in
the mutantp53HT29 model, the potential for p53-dependent G1 arrest
is lost, and other checkpoints become crucial for cell survival after
DNA damage (28). At nanomolar concentrations, CPT-11 delays cell
cycle progression through S phase, suggesting an S-phase checkpoint
(29). Camptothecins also arrest cells in G2, an effect that has been
attributed to cyclin B/cdc 2 kinase inactivation (30). The S-phase and
G2 checkpoints have previously been implicated as determinants of
CPT-11 activity in the HT29 model (28, 29), and MGI-114 may
potentiate CPT-11 cytotoxicity by abrogating these checkpoints.

Alternatively, the enhanced activity of MGI-114 and CPT-11 in
combination may result from decreased DNA repair. Illudin-induced
DNA damage seems to be dependent on functional DNA helicase for
repair (2, 3). Helicase disrupts the hydrogen bonds between the two
strands of the DNA double helix, creating torsional tension. Topoi-
somerase may relax helicase-induced supercoiling by producing tran-
sient DNA strand breaks (31). As the two classes of enzymes may
function in concert during DNA repair and replication (31), the direct
inhibition of one class could result in decreased activity of the other.
In this manner, the repair of illudin-induced DNA damage could be
diminished by topoisomerase inhibitors.

Further delineation of the mechanism of action of MGI-114 should
clarify the nature of the interaction between MGI-114 and CPT-11.
Meanwhile, their super-additive activity presents a unique opportunity
for the treatment of colon cancer. Previously, even the most active
agents against this malignancy, including 5FU, CPT-11, and oxali-
platin, failed to produce CRs in nude mice bearing HT29 colon
carcinoma xenografts (8, 12, 13). In the current study, combining a
moderately effective dose of MGI-114 (3.5 mg/kg) with a relatively
ineffective dose of CPT-11 (50 mg/kg) resulted in both PRs and CRs.
This enhanced activity in the HT29 model awaits confirmation in
clinical trials, and a phase I trial of MGI-114 and CPT-11 in combi-
nation is planned.

Fig. 2.A andB, HT29 human colon carcinoma fragments were implanted s.c. by trocar
in nude mice. Treatment was initiated when the primary tumor reached a size of
approximately 53 5 mm (day 1). CPT-11 and MGI-114 were administered alone and in
combination i.p. at doses of 50 or 100 mg/kg and 3.5 or 7 mg/kg, respectively. Tumors
were measured using calipers twice weekly, and volumes were calculated using the
formula: weight (mg)5 [width (mm)2 3 length (mm)]/2. Mean tumor size for each
treatment group is plotted (n 5 9).

Fig. 3. Kaplan-Meier curves showing the time-to-tumor doubling, determined based on
calculated tumor weights. MGI-114 at a dose of 3.5 mg/kg was administered alone and in
combination with CPT-11 at 50 mg/kg. Time-to-tumor doubling was significantly
(P # 0.001) prolonged in animals treated with MGI-114 and CPT-11 compared with
animals treated with single agent MGI-114.
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