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The epothilones are a novel class of antineoplastic agents possessing antitubu-Abstract
lin activity. The compounds were originally identified as secondary metabolites
produced by the soil-dwelling myxobacterium Sorangium cellulosum. Two major
compounds, epothilone A and epothilone B, were purified from the S. cellulosum
strain So ce90 and their structures were identified as 16-member macrolides.
Initial screening with these compounds revealed a very narrow and selective
antifungal activity against the zygomycete, Mucor hiemalis. In addition, strong
cytotoxic activity against eukaryotic cells, mouse L929 fibroblasts and human
T-24 bladder carcinoma cells was observed. Subsequent studies revealed that
epothilones induce tubulin polymerization and enhance microtubule stability.
Epothilone-induced stabilisation of microtubules was shown to cause arrest at the
G2/M transition of the cell cycle and apoptosis. The compounds are active against
cancer cells that have developed resistance to taxanes as a result of acquisition of
β-tubulin overexpression or mutations and against multidrug-resistant cells that
overexpress P-glycoprotein or multidrug resistance-associated protein. Thus,
epothilones represent a new class of antimicrotubule agents with low susceptibil-
ity to key tumour resistance mechanisms.

More recently, a range of synthetic and semisynthetic epothilone analogues
have been produced to further improve the adverse effect profile (or therapeutic
window) and to maximize pharmacokinetic and antitumour properties. Various
epothilone analogues have demonstrated activity against many tumour types in
preclinical studies and several compounds have been and still are being evaluated
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in clinical trials. This article reviews the identification and early molecular
characterization of the epothilones, which has provided insight into the mode of
action of these novel antitumour agents in vivo.

The development of novel antitumour agents has logues of the epothilones have shown activity
against a wide range of tumour types includingsignificantly improved the prognosis and survival of
multidrug-resistant disease. This review focuses onpatients with various forms of cancer. However, the
the early identification and molecular characteriza-effectiveness of current treatment modalities is often
tion of the epothilones, which has provided an un-limited by intrinsic or acquired tumour resistance,
derstanding of their mode of action and a rationalewhich results in disease progression in the majority
for clinical development.of cases. Many of the most effective antineoplastic

agents currently in use were derived from natural
1. Myxobacteriasources. For example, the vinca alkaloid, vinblas-

tine, was obtained from the Madagascar periwinkle The myxobacteria are unique microorganisms
plant Catharanthus roseus; anthracyclines are fer- with unparalleled properties.[8] Myxobacteria are
mentation products of the soil bacterium Strepto- relatively large (0.9–1.0 × 3–6 μm) rod-shaped
myces peucetius var. caesius, and the pacific yew bacteria (figure 1) that move by gliding or creeping
tree is the original source of the taxanes. However, along surfaces. They are strictly aerobic, and are
what all of these compounds have in common is that found in soil, decaying organic material, on tree
tumours invariably become resistant to their inhibi- bark and in fresh water. One of their most notable
tory activities, frequently because of reduced intra- social behaviours is the formation of multicellular
cellular concentrations of the antineoplastic fruiting bodies (figure 2), containing dormant myxo-
agent.[1-6] This limitation drives a continuing search spores. In times of nutrient deprivation, tens of
to identify new agents that will overcome mechan- thousands of cells move toward discrete aggregation
isms of tumour resistance and minimize toxicity. sites within the swarm colony (figure 3), where they

Although rational drug design and screening of
synthetic combinatorial libraries have been used
with some success, one of the most promising ap-
proaches to identify new biologically active agents
is to tap the huge reservoir of natural compounds.
The significant contributions that microtubule-
targeting agents, such as the vinca alkaloids and the
taxanes,[7] have made to cancer chemotherapy
prompted several pharmaceutical companies to be-
gin the search for new compounds with a similar
mechanism of action in extracts of plants and micro-
organisms. In the 1980s, investigation into the prod-
ucts of a soil-dwelling myxobacterium, Sorangium
cellulosum, led to the identification of a new class of
compound: the epothilones. These 16-member ma-
crolides were originally selected for their antifungal
properties, but were subsequently identified as a
new class of highly active microtubule-stabilizing
agents. Various synthetic and semisynthetic ana-

Fig. 1. Sorangium cellulosum, vegetative cells. Phase contrast
microscopy; 1550×. Individual cells measure 0.9–1.0 × 3–6 μm.
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environmental conditions. Myxospores germinate
when a nutrient source becomes available.[9] Most
relevant to the oncologist is the fact that they fre-
quently produce secondary metabolites with
cytotoxic activity.[10-12] It is from one of these organ-
isms that the epothilones were isolated as described
below.

2. Identification of Epothilones

The epothilones were first obtained from cellu-
lose-degrading Sorangium cellulosum, strain
So ce90, isolated in 1985 at the Gesellschaft für Bio-
technologische Forschung in Braunschweig, Ger-

Fig. 2. Sorangium cellulosum, fruiting body consisting of tiny
sporangioles. Phase contrast microscopy; 460×. The fruiting body
measures 275 × 100 μm.

many. After adaptation of the strain to homogeneous
growth in suspension, an antifungal activity was
identified from the culture broth of So ce90, with
selectivity against the zygomycete, Mucor hiemal-
is.[13] Following the isolation of the active com-
pounds, it was found that the strain excreted sub-
stantial amounts of highly cytotoxic spirangiens; in
addition, much lower quantities (around 2 mg/L) of
epothilones A and B were produced,[13,14] such that
the cytotoxicity observed in the screening was likely
a result of the presence of structurally distinct
spirangiens.[13-15] The antineoplastic activity of the
epothilones became fully apparent when they were
purified in 1987. In August of that year, the struc-
tures of epothilones A and B (figure 4) were estab-
lished as 16-membered macrolides[16] and the struc-
tures of their biosynthetic precursors, epothilones C
and D (figure 4), were determined shortly there-
after.[17,18] So far, no other myxobacterium and in-
deed no other organism has been found to produce
epothilones.

Initial screening assays with purified epothilones
A and B demonstrated inhibition of the plant patho-
genic fungi Pythium infestans, Plasmopara viticola

Fig. 3. Sorangium cellulosum, section of a swarm colony. The
migrating cells pack together into massive radial veins. 25× (width
at margin 2.2 mm).

and Phytophtora infestans. Bacteria were not inhib-
ited but strong cytotoxic activity was observedform a raised mound and from this develop a fruiting
against mouse L929 fibroblasts and human T-24

body. Within the maturing fruiting body, the rod-
bladder carcinoma cells.[13] However, because of a

shaped cells shorten and fatten. The resultant myxo- lack of interest of pharmaceutical companies in
spores are resistant against desiccation, UV radia- cytotoxic compounds at that time, the mode of ac-
tion, mechanical stress and elevated temperatures, tion and possible applications in oncology were not
thus helping the organism to survive unfavourable pursued.
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3. Mechanism of Action of Epothilones microtubule polymerization is arrest at the G2/M
transition of the cell cycle and subsequent cell death

Following identification of their cytotoxic ac- via apoptosis.[19,35,36] While this mechanism of tubu-
tivity, the epothilones were shown to bind to β- lin binding by the epothilones appears to be similar
tubulin subunits with high affinity.[19-23] The tubulin to that of paclitaxel, there are some important differ-
system belongs to one of the best clinically validated ences in the properties of these two classes of
anticancer targets. When bound to tubulin, agents. Firstly, epothilones bind to various β-tubulin
epothilones stimulated its polymerization and stabi- isotypes including βIII tubulin, the overexpression
lized the resulting microtubule structures.[19-21]

of which is associated in vivo and clinically with
These effects were also observed under conditions intrinsic and acquired resistance to the taxanes.[37-40]

that would normally prevent tubulin polymerization Secondly, while paclitaxel-induced apoptosis has
or destabilize microtubules, such as low tempera- been reported to occur independently of caspase
tures (0–25°C), high calcium levels, the absence of activation,[41,42] apoptosis induced by epothilones
guanosine 5′-triphosphate (GTP), the absence of and analogues is associated with activation of cas-
microtubule-associated proteins (MAPs) or dilution pase 3 and additional caspases in a variety of cell
of tubulin below the critical concentration required types.[43-46]

for spontaneous microtubule formation.[19]

The microtubule cytoskeleton is an effective tar- 4. Biological Effects of Epothilones
get for antineoplastic agents. The vinca alkaloids
inhibit the assembly of tubulin into microtubules In agreement with experiments performed on iso-
and prevent formation of the mitotic spindle.[24] lated tubulin, studies on a range of human cancer
The taxanes stimulate tubulin polymerization, cell lines have demonstrated that treatment with
thus enhancing the formation and stability of natural epothilones leads to profound growth inhibi-
microtubules.[25-27] Both agents disrupt the dynamic tion and death of cancer cells. There is a dramatic
states of microtubule growth and shrinkage that is reduction in the effective concentrations of
necessary for proper regulation of cellular functions, epothilones required for cellular effects compared
including mitosis and meiosis, maintenance of cell with those observed using isolated tubulin. This is
shape and intracellular trafficking of macromole- consistent with a several hundred-fold accumulation
cules and organelles.[28-30] of epothilones within cells.[47] HeLa cells, for exam-

The epothilones were shown to suppress ple, accumulate 4.2 and 2.6 μmol/L of epothilone A
microtubule dynamics. They induce microtubule and B, respectively, within 2 hours in the presence
bundling and formation of multipolar spindles with- of 10 nmol/L concentrations of drugs in the medi-
in cells.[19,31-34] The end result of the stimulation of um; and at a higher drug exposure (above 100 nmol/
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Fig. 4. Structures of natural epothilones A–D, derived from Sorangium cellulosum.
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Table I.  Half maximal inhibitory concentration (IC50) values (nmol/L) of epothilones A and B and paclitaxel in human cancer cell linesa

Drug Cell line

HCT-116 PC-3M A549 MCF-7 MCF-7/ADR KB3-1 KB-8511
(colon) (prostate) (lung) (breast) ADR-resistant (epidermoid) P-gp overexpression

(breast) (epidermoid)

Epothilone A 2.51 4.27 2.67 1.49 27.5 2.1 1.9

Epothilone B 0.32 0.52 0.23 0.18 2.92 0.19 0.19

Paclitaxel 2.79 4.77 3.19 1.80 9105 2.31 533

a Table reproduced with permission from Altmann.[53]

ADR = doxorubicin (adriamycin); P-gp = P-glycoprotein.

L), the epothilones reach saturation concentrations an overexpression of βIII tubulin.[54] A comparison
of 17 and 26 μmol/L, respectively, which corre- between paclitaxel and epothilone A/B half maxi-
spond well with the intracellular tubulin concentra- mal inhibitory concentration (IC50) values in pacli-
tion of approximately 25 μmol/L. taxel-resistant cell lines versus their parental cell

lines shows that while paclitaxel resistance in-Consistent with studies using isolated tubulin,
creased by a factor of 22 to 19 167, the resistance toepothilone B was found to be more potent than
epothilone B rose only 0.6-[55] to 5.0-fold (tableepothilone A in vitro,[48] and both epothilones dem-
II).[19,32,49,55]onstrated stronger activity than paclitaxel against a

panel of tumour cell lines (table I). Although con- While the in vitro experiments summarized
flicting results were seen when the epothilones were above demonstrated potent antineoplastic properties
tested in vivo,[49-52] potent antitumour activity has of the epothilones, translation to in vivo antitumour
been demonstrated for epothilone B in several drug- efficacy was not always satisfactory. This was a
sensitive human tumour cell models, including lung, result of the poor metabolic stability and un-
breast, colon and prostate.[52] favourable pharmacokinetic properties of the natural

epothilones. Lactone hydrolysis is the main pathway
5. Reduced Susceptibility to of epothilone B metabolism in mice;[56] epothilones
Multidrug Resistance with a lactone are rapidly metabolized in murine

plasma, with half-lives of approximately 20 min-
One important feature of the epothilones is that utes.[57] However, in dogs the half-life is more than

they display reduced susceptibility to multiple 5 hours.[57] In rodents, the degradation rates of the
mechanisms of tumour resistance. A major cause of natural epothilones were found to be as follows:
intrinsic and acquired tumour resistance is the over- epothilone A, 0.50 nmol/min/mg; epothilone B, 1.02
expression of efflux pumps such as P-glycoprotein nmol/min/mg; and epothilone D, 1.20 nmol/min/mg
(P-gp) and multidrug resistance-associated protein, serum protein (Bristol-Myers Squibb, data on file).
of which many common chemotherapeutic agents The differences in metabolism between species may
are substrates.[1-6] By contrast, many epothilones be because of differences in the activity of plasma
have low affinity for these efflux pumps; conse- and tissue esterases; however, the data demonstrate
quently, most multidrug-resistant tumour cell lines, the poor metabolic stability of the natural
including those that are resistant to paclitaxel, re- epothilones. This realization led to the development
main sensitive to epothilones.[19,31]

of epothilone analogues with more favourable meta-
As mentioned above, epothilones are also able to bolic and pharmacokinetic profiles.

overcome tumour resistance caused by certain muta-
tions in β-tubulin[31] and changes in tubulin isotype 6. Epothilone Analogues
composition, as demonstrated by the activity of ix-
abepilone against Pat-21 breast cancer cells, which A vast array of semisynthetic and synthetic
are characterized by a loss of βII tubulin isotype and epothilone analogues have been synthesized in ef-
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forts to improve upon the antitumour activity of the
natural epothilones.[53,58] With seven stereogenic
centres in a 16-membered macrolide, the total syn-
thesis of epothilones, although challenging, ap-
peared to be far less difficult than that of pacli-
taxel.[59] Of the synthetic and semisynthetic ana-
logues, the most promising are ixabepilone
(BMS-247550, the lactam analogue of epothilone
B),[31] BMS-310705 (C21-amine of epothilone
B),[60,61] dehydelone (KOS-1584; 9,10-didehydroe-
pothilone D)[62] and sagopilone (ZK-EPO; synthetic
epothilone B analogue) [figure 5].[63] It appears
that KOS-862 (natural epothilone D) will not under-
go further development; however, ixabepilone
(BMS-247550), dehydelone (KOS-1584), sago-
pilone (ZK-EPO) and patupilone (EPO-906; natural
epothilone B) are currently in clinical development.
In addition, although not yet in clinical develop-
ment, the epothilone analogues fludelone
(KOS-1591, 26-trifluoro-(E)-9,10-dehydro-12,13-
desoxy-epothilone B) and methylthioepothilone B
(ABJ879) [figure 5] have shown promise in a range
of preclinical xenograft models.[64-67]

The semisynthetic and synthetic analogues bene-
fit from improved pharmacokinetic properties com-
pared with the natural epothilones. For example, the
half-life of ixabepilone in mice is 13 hours follow-
ing intravenous administration of 6 mg/kg and
16 hours following intravenous administration of
10 mg/kg (Bristol-Myers Squibb, data on file). Simi-
larly, the half-life of dehydelone (KOS-1584) is
approximately 3-fold that of the natural epothilone
D (KOS-862).[62] The degradation rate of ixabe-
pilone is also lower compared with natural
epothilone D, i.e. 0.01 nmol/min/mg versus 1.02
nmol/min/mg serum protein (Bristol-Myers Squibb,
data on file). Unlike the natural epothilones, data
from early clinical trials demonstrated good meta-
bolic stability and availability of epothilone ana-
logues (table III).

7. Conclusions

The epothilones, originally identified as selective
antifungal agents, are a family of macrolides specifi-
cally produced by the myxobacterium Sorangium

© 2008 Adis Data Information BV. All rights reserved. Drugs R D 2008; 9 (1)
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Fig. 5. Structures of synthetic and semisynthetic epothilones in development.

cellulosum. Although it is unclear what role the of the epothilones are mediated by induction of
epothilones play in the lifecycle of this organism, tubulin polymerization, microtubule stabilization,
their high toxicity toward eukaryotic cells suggests cell cycle arrest and apoptosis. Other anti-
that they may help to protect the ecological niche of microtubule agents, such as the taxanes, have been
the bacterium against competitors and predators, widely and successfully used as chemotherapeutic
such as fungi, soil protozoa and nematodes. Alterna- agents for many years. However, the therapeutic
tively, the bacterium may utilize the compounds to benefit of these drugs has been limited by their
secure access to essential nutrients like nitrogen and susceptibility to tumour cell resistance mechanisms.
phosphorus, in its nutrient-poor environment. Cells that overexpress efflux pumps such as P-gp,

encoded by the multidrug-resistance gene, resist theFurther characterization of the epothilones has
demonstrated strong in vitro and in vivo cytotoxic cytotoxic effects of taxanes. In addition, cells that
activity toward tumour cells. The biological actions lose expression of the tubulin βII isoform (the target

© 2008 Adis Data Information BV. All rights reserved. Drugs R D 2008; 9 (1)



8 Reichenbach & Höfle

of taxanes) and overexpress βIII tubulin have also
demonstrated a taxane-resistant phenotype. Unlike
the taxanes, the epothilones have demonstrated anti-
neoplastic activity in cell lines and in in vivo human
xenograft models characterized by P-gp and βIII
tubulin overexpression.

The comparatively simple structure of the
epothilones is amenable to synthesis, and a multi-
tude of semisynthetic and synthetic analogues have
been generated since their initial discovery. The
compounds have demonstrated notable antineoplas-
tic activity in a broad range of tumour types, includ-
ing metastatic tumours. Thus, the epothilones con-
stitute a novel class of antineoplastic agents possess-
ing antitubulin activity and low susceptibility to key
tumour resistance mechanisms. Clinical trials are
currently ongoing with various natural epothilones
and synthetic analogues to examine the efficacy and
safety of these compounds in the treatment of can-
cer.[68,70-73]
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