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Irofulven is a semi-synthetic derivative of Illudin S, a toxic sesquiterpene isolated from the mushroom
Omphalotus illudens. Irofulven has displayed significant antitumor activity in various clinical trials but
displayed a limited therapeutic index. A new derivative of irofulven was prepared by reacting hydrox-
yurea with irofulven under acidic conditions. Acetylation of this new compound with acetic anhydride
produced a second derivative. Both of these new derivatives displayed significant antitumor activity
in vitro and in vivo comparable to or exceeding that of irofulven.

© 2016 Elsevier Ltd. All rights reserved.

The toxic mushroom Omphalotus illudins is the source of the
highly toxic sesquiterpenes Illudin S 1 and Illudin M 2 (Fig. 1).!
These compounds were tested by the National Cancer Institute
and displayed significant antitumor activity but displayed a poor
therapeutic index in xenograft studies.” Semisynthetic derivatives
of these compounds were developed which displayed improved
efficacy in xenograft studies including multidrug resistant tumor
models.’ One derivative, irofulven 3* has been extensively investi-
gated in numerous clinical trials and displayed significant activity
against ovarian, prostate, and gastrointestinal cancers including
hepatocellular tumors.>®

Irofulven has proven to be a potent antitumor agent, but its effi-
cacy is limited by the hematologic side effects that reduce the max-
imum dose that can be administered to patients. Modifying the
drug to increase its selectivity towards tumor cells versus normal
cells should in theory reduce adverse side effects and allow admin-
istration of higher doses. We describe here the preparation of two
new hydroxyurea derivatives of irofulven with improved in vitro
antitumor activity.

The drug hydroxyurea 4 (Fig. 2) is an inhibitor of DNA synthesis
and has been used clinically to treat cancer.” Hydroxyurea, how-
ever, has limited efficacy as an anticancer drug as it displays a short
half-life in humans and cancer cells readily develop resistance to
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the drug. The hydroxyurea derivative BWB70C 5 was developed
and demonstrated superior inhibition of tumor growth in vivo.®

Another hydroxyurea derivative, Zileuton® 7 has been prepared
from benzo[b]thiophen-2-yl-ethanol 6 via an Sy1 displacement of
the secondary hydroxyl by hydroxyurea under acidic conditions
(Scheme 1).'° Alkylation occurred specifically at the nitrogen bear-
ing the hydroxyl group.

We followed an analogous approach to obtain the hydroxyurea
derivative of irofulven. The primary hydroxyl group of irofulven
was previously demonstrated to undergo Sy1 displacement by a
variety of nucleophiles under acidic conditions.''? In a 1:1 mix-
ture of 2 M H,SO4 and acetone the primary hydroxyl group of iro-
fulven was rapidly replaced by hydroxyurea to yield 8 in 83% yield
(Scheme 2). Alkylation was also observed to occur exclusively at
the nitrogen bearing the hydroxy group. An acetylated derivative

OH

o

3. Irofulven

1. llludin S (R = OH)
2. llludin M (R = H)

Figure 1. Structures of Illudin S, llludin M, and irofulven.
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Figure 2. Structures of hydroxyurea and BWB70C.
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Scheme 1. Synthesis of Zileuton.
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Scheme 2. Synthesis of hydroxyurea irofulven derivatives.

9 was obtained in quantitative yield by treating 8 with acetic anhy-
dride and catalytic DMAP.

The antitumor activity of compound 8 was compared to previ-
ous irofulven results in the NCI DTP 60 cell line screening assay.
Results indicated that anticancer activity of compound 8 equaled
or exceeded that of irofulven (Table 1) in 43 of 52 comparable cell
lines (cell lines used in the screening assay have varied with time
so that only 52 of the solid tumor lines were tested with both iro-
fulven and compound 8). Compound 8 retained activity against
multidrug resistant cell lines, such as Ovarian NCI/ADR-RES, con-
sistent with previous reports on the activity of acylfulvenes against
multidrug resistant phenotypes.®

The antitumor activities of compounds 8 and 9 were then com-
pared against that of irofulven using the MV522 adenocarcinoma
cell line as the target cell line because these cells have previously
been demonstrated to be resistant to a wide variety of conven-
tional chemotherapeutic agents.!> The megakaryocytic cell line
CHRF 288-11 was chosen as the non-target cell line as the primary
toxicity of irofulven is thrombocytopenia.' The in vitro cytotoxic-
ity assay has been previously described.'®> While the hydroxyurea
derivatives retained cytotoxicity towards the target MV522 adeno-
carcinoma cell line, the analogs were markedly less toxic to the
megakaryocytic CHRF 288-11 cell line (Table 2).

Based on the screening results with MV522 and CHRF 288-11
cells, compound 8 was then tested in the MV522 xenograft model.

Table 1
Solid tumor ICsq values (nM) for irofulven and hydroxyurea derivative 8 from the NCI
DTP 60 cell line analysis

Panel/cell line Logio ICso

Irofulven Compound 8
Non-small cell lung
A549 -6.9 <-8.0°
EKVX -6.7 -6.5
HOP-62 -6.8 -7.6°
HOP-92 -6.5 -7.4°
NCI-H226 -6.7 -6.7¢
NCI-H23 -7.1 -7.8%
NCI-H322M -6.6 -7.0°
NCI-H460 -7.3 <-8.0%
NCI-H522 -6.8 -6.0
Colon
COLO 205 -6.8 -7.6°
HCC-2998 -6.8 -7.9°
HCT-116 -6.7 -6.8°
HCT-15 -6.5 -6.9°
HT29 -6.6 -6.9°
KM12 -6.2 -6.4%
SW-620 -6.2 -4.8
CNS
SF-268 -6.6 -7.7°
SF-295 -6.5 -7.3°
SF-539 -6.8 -7.7°
SNB-19 -6.5 -6.9°
SNB-75 -6.7 -7.5°
U251 -6.5 -6.9"
Melanoma
LOX IMVI -6.2 -6.5%
MALME-3M -6.7 -6.9%
M14 -6.6 -6.7¢
MDA-MB-435 -5.8 -6.4%
SK-MEL-2 -6.7 -6.4
SK-MEL-28 -6.2 -6.9°
SK-MEL-5 —-6.8 -7.2°
UACC-257 -6.6 -6.6"
Ovarian
IGROV1 -6.8 -7.6°
OVCAR-3 -6.6 -7.3°
OVCAR-4 -6.6 -7.0°
OVCAR-5 -6.8 -7.6°
OVCAR-8 -6.7 -6.5
NCI/ADR-RES -6.6 —-6.8°
SK-0V-3 -6.6 -6.5
Renal
786-0 -6.7 -6.9°
A498 -6.7 -7.5%
ACHN -6.6 -7.5°
CAKI-1 -6.6 -7.37
RXF 393 -7.3 -7.8%
SN12C -6.4 -6.5%
TK-10 -6.6 -7.5°
U0-31 -6.7 -7.6°
Prostate
PC-3 -6.6 -6.4
DU-145 -7.0 <-8.0°
Breast
MCF-7 -6.6 -5.9
MDA-MB-231 -6.5 —6.6"
HS 578T -6.5 -6.3
BT-549 -6.5 -6.8%
T-47D -6.7 -7.2°
Mean —6.38 -7.02°

2 Designates equal or increased cytotoxicity by derivative 8.

As a comparator irofulven was tested at 10 mg/kg, the maximum
tolerated dose when administered intraperitoneally at 3 doses
per week for 3 weeks. Compound 8 was less toxic than irofulven,
in agreement with the screening results (Table 2) and could be
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Table 2
ICso values (nM) for irofulven and hydroxyurea derivatives when tested against
MV522 adenocarcinoma cells and CHRF 288-11 megakaryocytic cells®

Compound MV522 CHRF 288-11 Ratio”
Irofulven 3 70+£10 290+20 4.1
8 210+20 8800 + 1700 419
9 13010 1900 + 100 14.6

2 1Cs is the concentration of the irofulven derivative at which 50% inhibition of
growth occurs as measured by the trypan blue exclusion assay for a 48 h
exposure.'®

b The ratio is defined as the CHRF ICso value/MV522 ICsq value.
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Figure 3. Activity of compound 8 in the drug-resistant MV522 Balb/c nu/nu mouse
xenograft model'®> as compared to irofulven. All drugs were administered
intraperitoneally, 3 times a week, for 3 consecutive weeks as previously described
(N=8)."®

administered at higher doses (Fig. 3). The in vivo antitumor activity
of compound 8 was superior to irofulven when administered at an
equivalent dose of 10 mg/kg (the maximum tolerated dose for iro-
fulven), and compound 8 could be administered at a twofold
higher dose than irofulven.

It is not entirely clear why the hydroxyurea derivatives 8 and 9
of irofulven display an improved therapeutic index towards solid
tumor cells and not cells of a megakaryocytic lineage. One could
argue that these derivatives are simply functioning as an equimo-
lar mixture of irofulven and hydroxyurea, however, hydroxyurea is
nontoxic to MV522 cells (IC50 > 650 puM). Further biological stud-
ies will be required to clarify the mechanism of increased thera-
peutic ratio for the hydroxyurea derivatives of irofulven.
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Supplementary data (experimental details for the synthesis and
TH NMR and '3C NMR spectra of compounds 8 and 9. Compound 8
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2016.02.028.

References and notes

—_

. McMorris, T. C.; Anchel, M. J. Am. Chem. Soc. 1963, 85, 831.

2. Kelner, M. J.; McMorris, T. C.; Beck, W. T.; Zamora, J. M.; Taetle, R. Cancer Res.
1987, 47, 3186.

3. Kelner, M. J.; McMorris, T. C.; Estes, L. A.; Oval, M. Y.; Rojas, R. J.; Lynn, J. R;
Lanham, K. A.; Samson, K. M. Anticancer Drugs 2000, 11, 217.

4. McMorris, T. C.; Kelner, M. J.; Wang, W.; Yu, ].; Estes, L. A.; Taetle, R. J. Nat. Prod.
1996, 59, 896.

5. Cvitkovic, E.; Kahatt, C.; Senzer, N.; Tombal, B.; Culine, S.; Raymond, E.;
Alexandre, J.; Weems, G.; MacDonald, . J. Clin. Oncol. 2004, 22, 4766.

6. Falcon-Lizaraso, S.; Chong, J. L.; Perazzo, F.; Goldwasser, F.; Cohn, A.; Kahatt, C.;

Weems, G.; Eckhardt, S. G. J. Clin. Oncol. 2004, 22, 333.

. Donehower, R. C. Semin. Oncol. 1992, 19, 11.

. Hussey, H. ].; Tisdale, M. ]. Br. J. Cancer 1996, 74, 683.

9. Stewart, A. O.; Bhatia, P. A.; Martin, ]J. G.; Summers, J. B.; Rodriques, K. E.;
Martin, M. B.; Holms, ]. H.; Moore, ]. L.; Craig, R. A.; Kolasa, T.; Ratajcyzk, J. D.;
Mazdiyasni, H.; Kerdesky, F. A.; DeNinno, S. L.; Maki, R. G.; Bouska, ]J. B.;
TYoung, P. R.; Lanni, C.; Bell, r. L.; Carter, G. W.; Brooks, C. D. W. J. Med. Chem.
1997, 40, 1955.

10. Copp, R. R.; Fohey, B. T.; Lannoye, G. Synth. Commun. 2001, 31, 3081.

11. McMorris, T. C.; Yu, J.; Estes, L. A.; Kelner, M. ]J. Tetrahedron 1997, 53, 14579.

12. McMorris, T. C.; Yu, J.; Lira, R.; MacDonald, J. R.; Waters, S. ].; Estes, L. A.; Kelner,
M. ]. J. Org. Chem. 2001, 66, 6158.

13. Kelner, M. J.; McMorris, T. C.; Estes, L.; Wang, W.; Samson, K. M.; Taetle, R.
Invest. New Drugs 1996, 14, 161.

14. Berger, E. R; Ciuleanu, T.; Hart, L.; Chi, K. N.; Alexandre, J.; Oudard, S.; Kahatt,
C.; Weems, G.; Cvitkovic, E.; MacDonald, J. R. Abstract of Papers, 43rd National
Meeting of the American Society of Clinical Oncology, Chicago, Il, American
Society of Clinical Oncology: Alexandria, VA, 2007; Abstract 5068.

15. Kelner, M. J.; McMorris, T. C.; Taetle, R. J. Natl Cancer Inst. 1990, 82, 1562.

o


http://dx.doi.org/10.1016/j.bmcl.2016.02.028
http://dx.doi.org/10.1016/j.bmcl.2016.02.028
http://refhub.elsevier.com/S0960-894X(16)30140-8/h0005
http://refhub.elsevier.com/S0960-894X(16)30140-8/h0010
http://refhub.elsevier.com/S0960-894X(16)30140-8/h0010
http://refhub.elsevier.com/S0960-894X(16)30140-8/h0015
http://refhub.elsevier.com/S0960-894X(16)30140-8/h0015
http://refhub.elsevier.com/S0960-894X(16)30140-8/h0020
http://refhub.elsevier.com/S0960-894X(16)30140-8/h0020
http://refhub.elsevier.com/S0960-894X(16)30140-8/h0025
http://refhub.elsevier.com/S0960-894X(16)30140-8/h0025
http://refhub.elsevier.com/S0960-894X(16)30140-8/h0030
http://refhub.elsevier.com/S0960-894X(16)30140-8/h0030
http://refhub.elsevier.com/S0960-894X(16)30140-8/h0035
http://refhub.elsevier.com/S0960-894X(16)30140-8/h0040
http://refhub.elsevier.com/S0960-894X(16)30140-8/h0045
http://refhub.elsevier.com/S0960-894X(16)30140-8/h0045
http://refhub.elsevier.com/S0960-894X(16)30140-8/h0045
http://refhub.elsevier.com/S0960-894X(16)30140-8/h0045
http://refhub.elsevier.com/S0960-894X(16)30140-8/h0045
http://refhub.elsevier.com/S0960-894X(16)30140-8/h0050
http://refhub.elsevier.com/S0960-894X(16)30140-8/h0055
http://refhub.elsevier.com/S0960-894X(16)30140-8/h0060
http://refhub.elsevier.com/S0960-894X(16)30140-8/h0060
http://refhub.elsevier.com/S0960-894X(16)30140-8/h0065
http://refhub.elsevier.com/S0960-894X(16)30140-8/h0065
http://refhub.elsevier.com/S0960-894X(16)30140-8/h0075

	Hydroxyurea derivatives of irofulven with improved antitumor efficacy
	Acknowledgment
	Supplementary data
	References and notes


