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Review paper

Fostriecin: a review of the preclinical data
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Fostriecin Is a novel antitumor antibiotic. /n vitro studies
showed that fostriecin inhibits DNA topoisomerase Il (Topo
It) catalytic actlvity, protein phosphatases involved with
cell-cycle control and histone phosphatases. The relative
contribution of these mechanisms to the antitumor activity
has not been elucidated, but Topo Il inhibition seems to be
the major mechanism of action at /n vitro cytotoxic
fostriecin levels. Tumor cell lines with decreased Topo |l
content showed similar or increased sensitivity to fostrie-
cin, compared to the parent cell lines. The reduced-folate
carrier is probably responsible for the cellular uptake of
fostriecin. The possible clinical consequences of these /n
vitro observations are discussed.
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Introduction

The antitumor antibiotic fostriecin (CI-920) is a
representative of a new class of type II DNA
topoisomerase (Topo ID-directed anticancer drugs.
The difference with classic Topo II inhibitors (Topo
II poisons) is that the new drugs do not stabilize the
cleavable complex, which is a reaction intermediate
formed during the catalytic cycle of Topo II, but
directly inhibit the catalytic activity of Topo '
Topo II creates transient double-stranded DNA
breaks in order to enable the passage of other
double-stranded DNA, and in this way regulates DNA
topology problems during DNA replication, tran-
scription and chromosome scgregation.z‘?’ Stabiliza-
tion of the cleavable complex interferes with the
DNA relegation reaction and induces cell death.*
The cytotoxic activity of the classic Topo II inhibi-
tors, including most anthracyclines (e.g. doxorubi-
cin) and the. epipodophyllotoxins (e.g. etoposide
and teniposide), is related to the rate of cleavable
complex formation, and thus depends on Topo II
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level and activity. Reduction of the Topo II level is
an important mechanism of drug resistance to these
drugs and has been named atMDR (altered topo-
isomerase multi-drug resistance."* Because the activ-
ity of the Topo II catalytic inhibitors does not
depend on cleavable complex formation, these
agents might offer new treatment options for pa-
tients with intrinsic or acquired atMDR.”

Four phase I clinical trials with fostriecin, coordi-
nated by the US National Cancer Institute (NCI),
have been conducted recently and final reports can
be expected in the coming year. The published
preclinical data are reviewed in this article to
facilitate the interpretation of the clinical studies and
the further investigation of this interesting agent.

Biochemistry of fostriecin

Fostriecin was originally discovered in 1983 as a
component of a fermentation product of the Strepto-
myces pulveraceous subspecies fostreus ATCC
319006, an actinomycete found in a Brazilian soil
sample. It was obtained in pure form as a hydrated,
amorphous sodium salt.%” Fostriecin is a water-
soluble polyene lactone with a phosphate ester. The
biochemical structure is shown in Figure 1.* The
intact lactone ring and presence of the phosphate
group are necessary for antitumor activity and
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FIgurea. Fostriecin, C19H27POgNa, molecular weight:
452.36.
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optimal interaction with the reduced-folate carrier
Q- . .
(see below).) "' For clinical studies, fostriecin was
formulated with sodium ascorbate to improve stabi-
lity to oxidation. In addition to the antitumor activity
discussed below, fostriecin showed antimycotic, but
. . 12
no antibacterial activity.

Mechanism of action

Early biochemical studies with murine leukemia
L1210 cells showed that fostriecin rapidly sup-
pressed nucleic acid and protein synthesis, with 50%
inhibition of DNA synthesis reached at a fostriecin
concentration of 2.5 yM.“"H Because this process
was not inhibited in cellfree systems, it was
suggested that metabolic intracellular activation
might be required.” The mechanism of nucleic acid
synthesis inhibition was not elucidated. Nucleotide
pools were not depleted, which means that fostrie-
cin is not an antimetabolite, and fostriecin did not
directly inhibit RNA or DNA polymerases. The latter
was also found in human HelLa cells."* Because Topo
IT is part of the DNA replication and transcription
machinery, it is likely that these observations were
due to the subsequently demonstrated inhibition of
Topo II by fostriecin.

Direct evidence for inhibition of Topo Il catalytic
activity by fostriecin was found in DNA relaxation
and decatenation assays with purified Topo II from
human Ehrlich ascites carcinoma cells."> Relaxation
of supercoiled DNA by Topo II was almost comple-
tely inhibited at a fostriecin concentration of 50 uM
(Csp: 40 uM). Fostriecin was compared to the Topo
IT poisons teniposide and amsacrine in this study. In
contrast to teniposide, fostriecin did not compete
with ATP in the decatenation assay. Contrary to
amsacrine, fostriecin (tested at 1-100 uM) did not
induce DNA strand breaks and even partially inhib-
ited the induction of strand breaks by amsacrine in
L1210 cells.!™® Other investigators did not find
such an inhibitory effect of fostriecin on cleavable
complex formation in human CEM or K562 leukemia
cell lines exposed to teniposide or etoposide, which
indicates that Topo II activity was not significantl
inhibited by fostriecin in these in vitro models.'*"
Diverging observations were also reported from a
study that showed strong inhibition of UV-damaged
plasmid DNA, but no effect of fostriecin on DNA
decatenating activity of mammalian cell extracts.'®
However, the latter might have been due to non-
specific binding of fostriecin to other proteins in the
crude cell extracts.

Indirect evidence for inhibition of Topo II catalytic
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activity by fostriecin was found in studies that
investigated the relation between the fostriecin
sensitivity and Topo II activity of human GLCy lung
cancer cell sublines.'” GLC,/ADR, which is resistant
to the Topo II poisons doxorubicin and etoposide
because of decreased Topo II activity, showed 3-fold
increased sensitivity to fostriecin compared to the
parent GLC; cell line (ICsy: 4.1 and 11.2 uM,
respectively). A platinum-resistant subline with in-
creased Topo II activity was less sensitive. A recent
study confirmed this inverse relationship between
fostriecin and Topo 1I activity in other Topo II
poison-resistant GLC; sublines.”” Other investigators
also found no cross-resistance to fostriecin in cell
lines with resistance to classic Topo II poisons
due to altered Topo II. These studies were per-
formed in a 400-fold teniposide-resistant human CEM
leukemic cell line with Topo Il gene mutations
and very low Topo IIS levels,'* and in etoposide-
resistant human K562 leukemia and human KB
nasopharyngeal carcinoma cell lines with decreased
Topo 11 levels.'"*' However, in these cell lines no
increased sensitivity to fostriecin was found, con-
trary to the observations in the GLC4 cell lines.
Interpretation of the results with the KB cell line
was confounded by the presence of other resistance
mechanisms and the fact that KB cells lack the
reduced-folate carrier, which is required for fostrie-
cin uptake (see below).

Other mechanisms of action were proposed by
Roberge and coworkers who performed experiments
with baby hamster kidney cells (BHK) and several
human cell lines. They found that fostriecin inhib-
ited the protein phosphatases PP2A and PP1 in
vitro.”* PP1 and PP2A regulate the phosphorylation
state and activity of p34*“ kinase, which is involved
in the G, cell-cycle chcckpoint.“ Fostriecin expo-
sure induced the inappropriate entry of cells
blocked in $ phase into mitosis and abrogated G,
arrest induced by teniposide and camptothecin (a
Topo I inhibitor). Fostriecin inhibited purified PP2A
at an ICsy as low as 40 nM and PP1 at an ICsy of
4 uM, but the concentrations needed to achieve the
described cell-cycle effects on intact cells were
much higher (higher than 37.5-100 uM). The latter
concentrations were also much higher than those
needed to obtain significant cytotoxicity in the GLCy
small cell lung cancer cell lines, and in the other cell
lines and the human solid tumor screening assay
which are discussed below. This suggests that inhibi-
tion of PP2A and PP1 might be less important than
the effect on Topo II. Subsequent experiments in a
mouse FT210 mammary tumor cell line showed that
p34“? kinase activity was not always required for



these effects to occur and that fostriecin exposure at
concentrations of 25 uM or more resulted in histone
hyperphosphorylation and premature chromosome
condensation.”” Recently, the same group reported
that exposure of intact BHK cells to fostriecin
resulted in vimentin hyperphosphorylation. How-
ever, the latter was only observed at fostriecin
concentrations of 50 uM or higher.25

The effects of fostriecin on cell-cycle distribution
were also investigated in the initial /n vitro stud-
jes.'O1° Exposure of L1210 cells to low fostriecin
concentrations (1.5-5 uM) resulted in delayed pro-
gression through the G; phase. Higher concentra-
tions (15 uM) resulted in accumulation in S phase.
Darzynkiewicz and coworkers observed similar ef-
fects on the cell-cycle distribution of human MOLT4
promyelocytic and HL-60 lymphocytic leukemia cell
cultures at fostriecin concentrations of 1-5 yM.M"z’O
Etoposide and amsacrine had similar effects on the
cell-cycle distribution compared to fostriecin. This is
consistent with an effect of fostriecin on Topo II,
although fostriecin was nearly two orders of magni-
tude less potent than the other agents on a molar
base. At higher concentrations (5-550 uM) apopto-
tic DNA degradation occurred in HL-60, but not in
MOLT4. Necrotic cell death was observed in both
cell lines at very high fostriecin concentrations
(above 1 mM).

Transmembrane transport

Little is known about the cellular uptake mechanism
of fostriecin, but a carrier mechanism is expected
because of fostriecin’s hydrophilic properties. Stud-
ies in the mouse L1210 leukemic cell model demon-
strated an interaction with the reduced-folate carrier,
although fostriecin is not structurally related to
folates. Fostriecin inhibited methotrexate (MTX)
uptake by L1210 cells at concentrations of 25—
150 ,uM.”‘Sl In contrast, there was relatively little
influence of fostriecin on MTX uptake mediated by
the folate receptor system.51 The addition of folinic
acid (leucovorin) or 5-methyltetrahydrofolate to the
medium blocked the cytotoxic effect of fostriecin on
L1210 cells and folic acid had no such effect."?
Leucovorin administration also protected mice from
lethal fostriecin doses.'” Results of one study indi-
“cated very strong or even irreversible binding of
fostriecin to the reduced-folate carrier.!' This sug-
gests that fostriecin might interfere with its own
transport and may explain why activity of fostriecin
decreased at high concentrations in a clonogenic
assay."’ ? The fostriecin concentrations at which

Fostriecin

impaired reduced-folate carrier function was ob-
served were 5- to 10-fold higher than those needed
for significant growth inhibition of L1210 and GLC4/
ADR cells. Thus impaired reduced-folate carrier func-
tion is probably not very important at cytotoxic
fostriecin concentrations in sensitive tumor models.
However, it might be a cause of acquired drug-
resistance, because L1210 cell lines selected for
resistance to fostriecin had a severely impaired MTX
transport facility.”"" 3

Preclinical antitumor activity

Antitumor activity of fostriecin was first observed in
mouse P388 and L1210 leukemias in vivo after i.p.
administration.® This was followed by in vitro
demonstration of activity in L1210 and in HCT-8
human colon cancer cell cultures.”'® Schedule
dependency was investigated in the L1210 #n vivo
model. Once daily treatment for 5 or 9 days proved
more effective than two or three single doses every
4 days. A schedule with multiple daily doses was
more toxic in this mouse model, but less active. This
suggested that continuous exposure might increase
toxicity, but not activity. The /n vitro ICsy in L1210
was 0.46 uM for continuous exposure to fostriecin,
compared to 4.4 uM for a 1 h exposure. The ICs in
HCT-8 (5.1 uM) was almost similar to that of the
GLC4/ADR small cell lung cancer cell line discussed
above.'"" n vivo, greatest activity was observed at
an i.p. dose of 6.25 mg/kg/day on days 1-9, which
was curative in L1210-bearing mice.

Fostriecin was inactive against a range of solid
tumors in mice.”' This was attributed to the
absence of the reduced-folate carrier, because these
mouse tumors were also insensitive to MTX. How-
ever, in another mouse study rapid necrosis of s.c.
murine Colon 38 tumor implants was found after
i.p. fostriecin administration (65 mg/kg, single
dose).‘z'4

Fostriecin was one of the most active agents in a
clonogenic human solid tumor screening assay, com-
pared to 17 clinically used anticancer drugs includ-
ing doxorubicin and etoposide.33 Tumor specimens
derived from patients were exposed to fostriecin at
1 ug/ml (2.2 uM) for 1 h, a concentration based on
the mouse LDsy,. When 50% decrease in tumor
colony forming units was used as the criterion of
effect, responses were observed in 33% of the
ovarian, 42% of the breast and 38% of the non-small
cell lung cancer samples, whereas doxorubicin had
response rates of 25% in the breast and 11% in the
lung cancer samples.
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Preclinical toxicity

Toxicity was studied in mice, rats, rabbits and dogs,
but for the latter no published data are available.
The mouse studies suggested that gastrointestinal
toxicity might be dose limiting.9 As discussed above,
toxicity was much increased with multiple daily
dosing. An interaction between fostriecin and X-rays
has been observed in mice.” In this study fostriecin
was a strong sensitizer to the toxic effect of X-ray
irradiation on jejunal epithelium at a dose far below
the LD, This suggested inhibition of DNA repair,
which probably requires Topo II activity. Toxic
changes of laboratory parameters and organ histol-
ogy after fostriecin infusion were investigated in
rats.* Morphological changes consisting of minimal
to moderate vacuolization and/or necrosis of tubular
epithelium were observed already 8 h after fostriecin
administration. These changes were primarily loca-
lized at the corticomedullary junction. Similar ab-
normalities, together with diffuse necrosis of
lymphoid tissue and bone marrow hypocellularity,
were observed in animals euthanized 4 days after
fostriecin administration. After 4 weeks only minor
regenerative histological changes were present in
these organs. In these studies the severity of the
histological changes were dose related. Laboratory
changes after 4 days included leuko-, neutro- and
thrombocytopenia and dose-related increases of
blood urea. Hematologic changes were less with the
repeated dose schedule. In rabbits more than 50-fold
- increased liver transaminases and slightly elevated
serum creatinine were observed within several
hours after administration of a single 12 mg/m? i.v.
dose. In the latter study a minor decrease of
hemoglobin was the only hematologic change.5 7

Myelotoxicity was studied in vitro using human
and murine bone marrow clonogenic assays."' 8 Ery-
throid progenitor cells (CFU-e) were more sensitive
to fostriecin than the granulocyte precursors (CFU-
gm) and murine cells were more sensitive than their
human counterparts. For human cells ICs values of
0.6 uM for CFU-¢ and 5.0 uM for CFU-gm were
found after 1 h exposure. However, in another study
no inhibition of bone marrow progenitor colony
formation was found.* These opposite results have
not been explained.

Pharmacokinetics
An assay for the determination of fostriecin plasma

levels was published in a paper by Pillon et al’’
This high-pressure liquid chromatographic method
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uses sulfaquinoxaline as an internal standard and UV
detection at 268 nM. Animal data on the pharmaco-
kinetics of fostriecin are only available from experi-
ments in rabbits, which revealed a very short mean
plasma fostriecin halfline of 12min after bolus
infusion and a distribution space of 4.441/m?.
Fostriecin was stable in whole blood at room tem-
perature for at least 2 h*" We confirmed the
suitability of the assay described by Pillon et al. for
the detection of fostriecin in human plasma and
urine, and investigated the stability of fostriecin in
these fluids (de Jong et al™ and unpublished data).
Levels in urine did not decrease significantly when
stored at room temperature for 48 h. When stored at
—80°C, fostriecin is stable in plasma for at least 4
months and in water for at least 1 year. At —20°C,
fostriecin is considerably less stable. In vitro protein
binding of fostriecin in human plasma was
72.8 £ 1.7%.

Conclusions

From the reviewed studies it can be concluded that
fostriecin may have several mechanisms of action,
including inhibition of Topo II, the protein phospha-
tases PP1 and PP2A, histone phosphatases, and an
effect on the phosphorylation state of cytoskeleton
proteins. The relative contribution of these mechan-
isms to fostriecin’s antitumor activity needs further
investigation and the concentrations at which the
different effects of fostriecin are observed should be
related to clinically feasible levels. The inhibition of
Topo II catalytic activity by fostriecin was demon-
strated in studies with purified human Topo II, and
supported by the observed inverse relation between
Topo II activity and fostriecin activity in GLCy
human small cell lung cancer cell lines. These data
suggest a potential role for fostriecin in the treat-
ment of tumors with drug-class-specific resistance to
the classic topo II drugs. The implications of the
observed effects on nuclear protein phosphatases
are more difficult to perceive. Roberge et al
suggested that fostriecin may abrogate the G, phase
arrest induced by DNA-damaging agents, such as
etoposide, and drive the cells into a premature
mitosis with lethal outcome. This possibility for a
rational drug combination deserves further investiga-
tion. Some of the effects in vitro, especially those
on vimentin phosphorylation, were only observed at
very high fostriecin concentrations and might not be
of clinical relevance.

It was found that fostriecin shares a membrane
transporter with MTX, the reduced-folate carrier, but



not the transport facility mediated by folate recep-
tors. This may have important implications, both for
the interpretation of in wvitro data and clinical
studies. It should be noticed that the presence of
the reduced-folate carrier has been well established
in tumor cell lines, but that there is no definite proof
of its presence on normal human tissue. ! Only very
recently evidence was found for the presence of this
carrier in normal mouse tissue (kidney, liver, heart,
brain and large intestine) and human intestine.*? In
addition, several tumor models have a non-functional
reduced-folate carrier system, including the KB cell
line used in one of the studies discussed above.?"*!
Therefore, such models are not very appropriate to
study the effects of fostriecin. Investigation of the
level of expression of this carrier in tumor and
normal tissues is also needed for the interpretation
of clinical data. It was found that the toxicity in mice
was prevented by prior leucovorin administration,
which is an argument in favor of the widespread
presence of the reduced-folate carrier. It is question-
able, however, whether leucovorin administration
would be attractive to prevent drug toxicity, because
it might also diminish the antitumor effect. Another
important observation was the inhibition of reduced-
folate carrier transport at high fostriecin concentra-
tions, because this may have consequences for the
optimal dose schedule.

The in vitro and in vivo studies have shown
considerable antitumor activity of fostriecin, in
particular in comparison to standard chemothera-
peutic agents in a human tumor clonogenic assay.
This and the novel chemical structure and mechan-
ism of action of fostriecin were reasons to initiate
further clinical development. Preliminary data con-
firmed the liver and renal toxicities observed in the
animal studies, but the predicted hematological
toxicities have been minimal.****~* Final reports
have to be awaited before further conclusions are
possible. Unfortunately, NCI has been forced to
prematurely close the clinical studies due to drug
production problems. However, evaluation of all
available clinical data, in combination with an
evaluation of the preclinical data as provided in this
review, is needed before decisions about the future
of fostriecin can be made.

References

1. Nitiss JL, Beck WT. Antitopoisomerase drug action and
resistance. Eur J Cancer 1996; 32A: 958-66.

2. Osheroff N, Zechiedrich E, Gale KC. Catalytic function
of DNA topoisomerase I1. Bioessays 1991; 13: 269-75.

10.

11.

12.

13.

14.

15.

16.

17.

18.

1

Fostriecin

. Berger JM, Gamblin S§J, Harrison SC, Wang JC. Struc-

ture and mechanism of DNA topoisomerase II. Nature
1996; 379: 225-32.

. Pommier Y, Leteurtre F Fesen MR, et al. Cellular

determinants of sensitivity and resistance to topo-
isomerase inhibitors. Cancer Invest 1994; 12: 530-42.

. Cummings J, Smyth JE DNA topoisomerase I and II as

targets for rational design of new anticancer drugs.
Ann Oncol 1993; 4: 533-43.

. Tunac )JB, Graham BD, Dobson WE. Novel antitumor

agents CI-920, PD 113,270 and PD 113,271. I: taxon-
omy, fermentation and biological properties. J Anti-
biot 1983; 36: 1595-600.

. Stampwala SS, Bunge RH, Hurley TR. Novel antitumor

agents CI-920, PD 113,270 and PD 113,270. II:
isolation and characterization. J Antibiot 1983; 36:
1601-5.

. Hokanson GC, French JC. Novel antitumor agents CI-

920, PD 113270 and PD 113271. NI
determination. J Org Chem 1985; 50: 462—06.

structure

. Leopold WR, Shillis JL, Mertus AE, Nelson JM, Roberts

BJ, Jackson RC. Anticancer activity of the structurally
novel antibiotic CI-920 and its analogues. Cancer Res
1984; 44: 1928-32.

Jackson RC, Fry DW, Boritzki TJ, Roberts BJ, Hook KE,
Leopold WR. The biochemical pharmacology of CI-
920, a structurally novel antibiotic with antileukemic
activity. Adv Enzyme Regul 1985; 23: 193-215.

Fry DW, Besserer JA, Boritzki TJ. Transport of the
antitumor antibiotic CI-920 into L1210 leukemia cells
by the reduced folate carrier system. Cancer Res
1984; 44: 3366-70.

Mamber SW, Okasinski WG, Pinter CD, Tunac JB.
Antimycotic effects of the novel antitumor agents
fostriecin (CI-9920), PD 113,270 and PD 113,271. J
Antibiot 1986; 39: 1467-72.

Fry DW, Boritzki TJ, Jackson RC. Studies on the
biochemical mechanism of the novel antitumor agent,
CI-920. Cancer Chemotber Pbarmacol 1984; 13:
171-5.

Gedik CM, Collins AR. Comparison of effects of
fostriecin, novobiocin, and camptothecin, inhibitors of
DNA topoisomerases, on DNA replication and repair
in human cells. Nucleic Acids Res 1990; 18: 1007-13.
Boritzki TJ, Wolfard TS, Besserer JA, Jackson RC, Fry
DW. Inhibition of type II topoisomerase by fostriecin.
Biochem Pbarmacol 1988; 37: 4063-8.

Chen M, Beck WT. Teniposide-resistant CEM cells,
which express mutant DNA topoisomerase II alpha,
when treated with non-complex-stabilizing inhibitors
of the enzyme, display no cross-resistance and reveal
aberrant functions of the mutant enzyme. Cancer Res
1993; 53: 5946-53.

Fattman CL, Allan WP, Hasinoff BB, Yalowich JC.
Collateral sensitivity to the bisdioxopiperazine dexra-
zoxan (ICRF-187) in etoposide (VP-16)-resistant human
leukemia K562 cells. Biochem Pharmacol 1996; §2:
635-42.

Frosina G, Rossi O. Effect of topoisomerase poisoning
by antitumor drugs VM 26, fostriecin and camptothe-
cin on DNA repair replication by mammalian cell
extracts. Carcinogenesis 1992; 13: 1371-7.

9. de Jong S, Zijlstra JG, Mulder NH, de Vries EGE. Lack

of cross-resistance to fostriecin in a human small-cell

Anti-Cancer Drugs - Vol 8 - 1997 417



RS de Jong et al.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

418

lung carcinoma cell line showing topoisomerase II-
related drug resistance. Cancer Chemother Pharma-
col 1991; 28: 461-4.

Withoff S, de Vries EGE, Keith WN, et al. Differential
expression of DNA Topoisomerase 1la and -8 in P-gp
and MRP-negative VM26, m-AMSA and mitoxantrone-
resistant sublines of the human SCLC cell line GLCy.
Br J Cancer 1996; 74: 1896-76.

Ferguson PJ, Fisher MH, Stephenson ], Li D, Zhou B,
Cheng Y. Combined modalities of resistance in etopo-
side-resistant human KB cell lines. Cancer Res 1988,
48: 5956-64.

Roberge M, Tudan C, Hung SME Harder KW, Jirik FR,
Anderson H. Antitumor drug fostriecin inhibits the
mitotic entry checkpoint and protein phosphatases 1
and 2A. Cancer Res 1994; 54: 6115-21.

Pines J. Cyclins and cyclin dependent kinases: theme
and variations. Adv Cancer Res 1995; 66: 181-212.
Guo XW, Thng JPH, Swank RA, et al. Chromosome
condensation induced by fostriecin does not require
p34(cdc2) kinase activity and histone hl hyperpho-
sphorylation, but is associated with enhanced histone
h2a and h3 phosphorylation. EMBO J 1995; 14: 976-
85.

Ho DT, Roberge M. The antitumor drug fostriecin
induces vimentin hyperphosphorylation and inter-
mediate filament reorganization. Carcinogenesis 1996,
17: 967-72.

Hotz MA, Del Bino G, Lassota P, Traganos F, Darzynkie-
wicz Z. Cytostatic and cytotoxic effects of fostriecin
on human promyelocytic HL-60 and lymphocytic
MOLTH4 leukemic cells. Cancer Res 1992; 52: 1530-5.
Hotz MA, Traganos E Darzynkiewicz Z. Changes in
nuclear chromatin related to apoptosis or necrosis
induced by the DNA topoisomerase II inhibitor fostrie-
cin in MOLT+4 and HL-60 cells are revealed by altered
DNA sensitivity to denaturation. Exp Cell Res 1992;
201: 184-91.

Gorczyca W, Gong ], Darzynkiewicz Z. Detection of
DNA strand breaks in individual apoptotic cells by the
in situ terminal deoxynucleotidyl transferase and nick
translation assays. Cancer Res 1993; 53: 1945-51.
Gorczyca W, Bigman K, Mittelman A, et al. Induction
of DNA strand breaks associated with apoptosis during
treatment of leukemias. Leukemia 1993; 7: 659-70.
Gorczyca W, Gong J, Ardelt B, Traganos F Darzynkei-
wicz Z. The cell cycle related differences in suscept-
ibility of HL-60 cells to apoptosis induced by various
antitumor agents. Cancer Res 1993; 53: 3186-92.
Spinella MJ, Brigle KE, Sierra EE, Goldman ID. Distin-
guishing between folate receptor-alpha-mediated trans-
port and reduced folate carrier-mediated transport in
L1210 leukemia cells. J Biol Chem 1995; 270: 7842-9.
Scheithauer W, Von Hoff DD, Clark GM, Shillis JL,
Elslager EE In vitro activity of the novel antitumor
antibiotic fostriecin (CI-920) in a human tumor cloning
assay. Eur J Cancer Clin Oncol 1986; 22: 921-06.

Anti-Cancer Drugs - Vol 8 - 1997

33.

34.

35.

36.

37.

38.

39.

40.

41.

42

43.

44.

45.

Howard CT, Leopold WR, Sebolt JS. Characterization
of a murine leukemia cell line selected for /n vivo
resistance to fostriecin (phosphotrienin). Proc Am Ass
Cancer Res 1985; 26: 339 (abstr 13306).

Baguley BC, Calveley SB, Crowe KK, Fray LM,
O'Rourke SA, Smith GP. Comparison of the effects of
flavone acetic acid, fostriecin, homoharringtonine and
tumour necrosis factor alpha on colon 38 tumours in
mice. Eur J Cancer Clin Oncol 1989; 25: 263-9.

Rao KR, Fritz-Niggli H. Response of murine small
intestine to combined treatment with fostriecin. Br J
Radiol 1990; 63: 286-9.

Susick RL, Jr, Hawkins KL, Pegg DG. Preclinical
toxicological evaluation of fostriecin, a novel anti-
cancer antibiotic, in rats. Fundam Appl Toxicol 1990;
15: 258-69.

Pillon L, Moore M]J, Thiessen JJ. Determination of
fostriecin pharmacokinetics in plasma using high-
pressure liquid chromatography assay. Ther Drug
Monit 1994; 16: 186-90.

Du DL, Volpe DA, Grieshaber CK, Murphy M].
Comparative toxicity of fostriecin, hepsulfaim and
pyrazine diazohydroxide to human and murine hema-
topoietic progenitor cells in vitro. Invest New Drugs
1991; 9: 149-57.

Francis GE, Tejedor MC, Berney JJ, Chresta CM,
Delgado C, Patel P. Effects of DNA topoisomerase II
inhibitors on human bone marrow progenitor cells.
Leukemia 1994; 8: 121-8.

De Jong RS, Mulder NH, Uges DRA, van der Graaf
WTA, Meijer S, de Vries EGE. Phase I clinical and
pharmacokinetic study of 5 days 1 hour infusion of
fostriecin in patients with solid tumors. Ann Oncol
1996; 7(suppl 1): 100 (abstr 351).

Antony A. The biological chemistry of folate
receptors. Blood 1992; 79: 2807-20.

Said HM, Nguyen TT, Dyer DL, Cowan KH, Rubin SA.
Intestinal folate transport: identification of a cDNA
involved in folate transport and the functional expres-
sion and distribution of its mRNA. Bfochim Biophys
Acta 1996; 1281: 164-72.

Schilsky RL, Ramirez J, Wilson K, et al. Phase I clinical
and pharmacologic study of fostriecin in patients with
advanced cancer. Proc Am Soc Clin Oncol 1994; 13:
132 (abstr 321).

Thenault R, Schmidt S, Newman RA, Raber M,
Hortobagyi G. Phase I clinical and pharmacokinetic
evaluation of fostriecin (CI-920). Proc Am Soc Clin
Oncol 1994; 13: 165 (abstr 455).

Moore MJ, Erlichman C, Pillon L, Manzo J, Thiessen JJ,
Eisenhauer E. A phase I clinical and pharmacokinetic
study of fostriecin in a daily X 5 schedule. Proc Am
Soc Clin Oncol 1995; 14: 474 (abstr 1537).

(Received 13 February 1997, accepted 3 March
1997)



