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Abstract: The search for improved cytotoxic agents continues to be an important line of modern anticancer drug dis-
covery and a promising mechanistic approach towards this goal is the functional inhibition of cellular microtubules.
Tubulin inhibitors are compounds which either stabilize or destabilize microtubules in vitro, leading to G2/M cell
cycle arrest and apoptosis in cancer cells. While destabilizing agents, such as vinca alkaloids inhibit the assembly
of αβ-tubulin heterodimers, stabilizing compounds like taxol induce the de novo formation of stable microtubules in
vitro. In this study we have investigated a number of plant-derived compounds that have recently been reported to
interact with the tubulin/microtubule system and to induce taxol-like effects. This includes the sesquiterpene lactones
parthenolide and costunolide, the coumarin derivative ferulenol, and the jatrophane ester JTE1. In addition, we have
screened a small natural product library (84 cytotoxic compounds) and 107 cytotoxic plant extracts in an assay sys-
tem that allows the detection of both microtubule-stabilizing and -destabilizing agents in a 96-well setup within the
same experimental format. None of the plant extracts inhibited or induced tubulin polymerization in vitro. From the
compound library only the known plant-derived tubulin inhibitors vinblastine, colchicine, podophyllotoxin, chelido-
nine, rotenone, and taxol were identified as hits. Curcumin, which was recently reported to destabilize cellular micro-
tubules, was inactive in our assay. Interestingly, rotenone, which is widely used as a mitochondrial respiration chain
I inhibitor, potently inhibited microtubule assembly in vitro and showed higher affinity to αβ-tubulin than vinblastine,
although it was significantly less cytotoxic. None of the plant-derived natural products that were recently reported to
be microtubule-stabilizing agents were found to be active in our assay system. In conclusion, plant-derived natural
products clearly represent an interesting and productive source for microtubule-destabilizing agents. In contrast,
apart from taxol and related structures, no plant-derived natural product with potent in vitro microtubule-stabilizing
properties has yet been identified.

Keywords: Microtubules · Plant natural products · Taxol · Tubulin inhibitors · Vinblastine

the assembly of tubulin heterodimers into mi-
crotubule polymers (‘tubulin polymerization
inhibitors’) and those that stabilize microtu-
bules under normally destabilizing conditions
(‘microtubule stabilizers’).[2] The latter also
promote the assembly of αβ-tubulin heterodi-
mers into microtubules (or microtubule-like
polymers) and this effect is often used as a
biochemical readout for a quantitative assess-
ment of the interaction of microtubule-stabi-
lizing agents with tubulin. The use of tubulin
polymerization inhibitors such a vincristine
and vinblastine in cancer therapy dates back
more than 40 years (vincristine and vinblas-
tine received FDA approval in 1963 and 1965,
respectively, but they are still in clinical use
even today), whereas the introduction of the
microtubule-stabilizers taxol (Taxol®) and
docetaxel (Taxotere®) into clinical practice
took place only in 1993 and 1996, respec-
tively.[3] The microtubule-stabilizing proper-
ties of taxol were first recognized in 1979 by
Susan Horwitz and co-workers,[4] and for the
following 16 years taxol and related analogs
were the only compound class known to be
associated with microtubule stabilization.

However, since 1995 a variety of other (non-
taxane) natural products from diverse sources
have been established to share taxol’s ability
to inhibit the depolymerization of microtu-
bules (or to induce tubulin polymerization)
and these discoveries have opened new per-
spectives for the development of new genera-
tions of taxol-like clinical anticancer agents.
The most prominent representatives of this
group of compounds include epothilones A
and B, discodermolide, eleutherobin, sar-
codictyins A and B, laulimalide, FR182877
(also known as WS9885B and, more recent-
ly, cyclostreptin), peloruside A, and dictyo-
statin.[5] Most notably, all potent microtubule
stabilizers known today are natural products
or derived from natural product leads. In
contrast, several natural products as well as
a number of small synthetic molecules are
known, which act as efficient inhibitors of
tubulin polymerization.[6] A number of dif-
ferent microtubule-destabilizing compounds
have been isolated from plants, including
vinblastine and vincristine, while taxol and
some related structures are the only known
microtubule-stabilizing agents of plant ori-
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1. Introduction and Background

Cancer represents one of the most severe
health problems worldwide and the devel-
opment of improved therapeutic agents and
more effective clinical strategies for cancer
treatment are fields of utmost importance in
drug discovery and clinical research. Tubulin
inhibitors constitute an important group of
cytotoxic anticancer drugs, with clinical ap-
plications in the treatment of a variety of can-
cer types, either as single agents or as part of
different combination regimes.[1] Tubulin in-
hibitors (also referred to as microtubule-inter-
acting agents) can be grouped into two func-
tional classes, namely compounds that inhibit
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gin. At least this appeared to be the situa-
tion until recently, when a number of known
plant natural products were reported in the
literature to exhibit a taxol-like mechanism
of action[7–11] (Fig. 1).

Givenourlong-standinginterest inmicro-
tubule-interacting agents[5a,c,12] we were
highly intrigued by these reports and we
started to investigate the in vitro interactions
of several plant secondary metabolites with
the tubulin/microtubule system in our own
laboratory. This has included the screening
of a small library of cytotoxic natural prod-
ucts and plant extracts, but also several of the
recently reported non-taxane microtubule
stabilizers from plants.What should be noted
in this context is that cell growth inhibition
by tubulin inhibitors appears to be related
to interference with microtubule dynamics
and can occur without gross changes in the
fraction of polymerized tubulin.[13,14] While
this finding provides a unifying mechanistic
framework for the cellular effects of both mi-
crotubule-stabilizing as well as -destabiliz-
ing agents, it is clear that all established po-
tent tubulin inhibitors exhibit unambiguous
effects on tubulin polymerization or micro-
tubule stability in vitro (due to direct interac-
tions with the tubulin/microtubule system).
These findings provide the conceptual basis
for the experiments reported in this study.

2. Assay System for Tubulin Inhibitor
Screening

Purified porcine brain tubulin was ob-
tained according to the method of Castoldi
and Popov.[15] In order to minimize the use
of protein material we developed an in vitro
assay in which microtubule-stabilizing and
-destabilizing compounds can be detected
within a single experimental format in a
96-well setup in a plate reader (Fig. 2).
The formation of tubulin oligomers and
polymers (BRB80 buffer; 80 mM PIPES,
1 mM MgCl2, 1 mM EGTA adjusted to pH
6.8 with KOH) can be followed by a tur-
bidity change at λ = 340 nm.[16] During a
first incubation period of 30 min the effect
of test compounds on soluble αβ-tubulin is
assessed in the absence of any polymeriza-
tion stimulus (other than potentially exerted
by the test compound). During this phase
microtubule-stabilizing compounds, such
as taxol, lead to an increase in OD 340 nm
(Fig. 2), while no turbidity change is detect-
able for tubulin polymerization inhibitors
(or completely inactive compounds).

After this first incubation period, 0.4 M
glutamate and 0.5 mM guanosine triphos-
phate (GTP) are added, leading to a rapid
induction of de novo microtubule formation.
In this phase, microtubule-destabilizing com-
pounds, such as vinblastine can be detected
based on a reduced increase in OD 340 nm
(Fig. 2). Compounds for which IC50/EC50

values (for inhibition or induction of tubulin
polymerization, respectively) could be deter-
mined at 1:1 molar ratios of αβ-tubulin and
test compound were considered as hits. This
assay system proved to be suitable for the as-
sessment of pure compounds as well as plant
extracts.

3. Putative Microtubule Stabilizers
from Plants

Although taxol, as the first microtubule
stabilizer ever discovered, is a plant-derived
natural product, only few other compounds
from plant sources have been reported to
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Fig. 1. Examples of plant-derived natural products that have been reported to exhibit microtubule-
stabilizing and/or tubulin-polymerizing activity[7–11]

Without GTP + GTP / glutamate

Fig. 2. Effects of vinblastine and taxol on tubulin polymerization in vitro:
Purified αβ-tubulin (60 µM) was incubated in BRB80 buffer and the optical
density (OD) at 340 nm was measured over time. The experiment proceeds
through two phases, which are distinguished by the absence or presence
of GTP and glutamate.
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exhibit microtubule-stabilizing and/or tubu-
lin-polymerizing activity. However, while
some of these natural products produce
cellular effects that are typical of microtu-
bule-stabilizing agents, none of them so far
has been reproducibly demonstrated to pro-
mote tubulin polymerization in vitro. Thus,
in 2003 Mooberry and co-workers reported
the plant steroids taccalonolides A and E
(Fig. 1), which they had isolated from Tacca
chantrieri (Taccaceae), to be “the first mi-
crotubule-stabilizing agents of plant origin
since the discovery of taxol”.[7] This conclu-
sion was based on a number of cellular ef-
fects produced by these compounds at µM
concentration levels, such as thickening of
microtubules in A-10 cells, cell cycle arrest
in G2/M (with the formation of abnormal
mitotic spindles, containing three or more
spindle poles), and phosphorylation of the
anti-apoptotic protein Bcl-2. In addition,
taccalonolide A and E inhibited the prolif-
eration of the human ovarian cancer cell
line SK-OV-3 with IC50 values of 2.59 µM
and 0.99 µM, respectively (the IC50 for taxol
in this cell line is 2.25 nM), but no data were
presented in the work by Mooberry and co-
workers[7] on the effects of taccalonolide A
and E on tubulin polymerization or microtu-
bule binding in vitro. In a subsequent mecha-
nistic study, Buey et al.[17] found no evidence
for taccalonolides A or E to induce tubulin
polymerization in vitro even at high concen-
trations; at the same time, the compounds
were not able in displacement experiments
to compete with the binding of a fluorescent
taxol analog (Flutax-2) to microtubules in
vitro. The cellular effects of taccalonolides
A and E thus appear not to be caused by a
direct interaction of these compounds with
the tubulin/microtubule system.

As for taccalonolides, cellular effects
that are generally associated with microtu-
bule-stabilizing agents have recently been
reported for the alkaloid evodiamine (Fig.
1),[18] which is one of the major active prin-
ciples of the traditional Chinese herbal medi-
cine “Wu-Chu-Yu”, the dry unripe fruit of
Evodia rutaecarpa (Juss.) Benth. Evodia
rutaecarpa (Rutaceae) is associated with
a broad range of pharmacological activi-
ties and these have recently been reviewed
by Chen et al.[19] Evodiamine was found to
produce pronounced microtubule bundling
in NCI/ADR-RES cells (at 1 µM) and to
cause a significant shift in the equilibrium
between soluble and polymerized tubu-
lin to the polymerized form (at 10 µM).
These findings strongly suggest that the anti-
proliferative activity of evodiamine against
NCI/ADR-RES cells (GI50 of 0.59 µM) is
mediated, at least in part, through effects on
the tubulin/microtubule system and that the
compound may be a microtubule-stabiliz-
ing agent. This hypothesis receives further
support from the fact that evodiamine treat-
ment causes cell cycle arrest in G2/M, leads

to phosphorylation of c-raf and Bcl-2, and
induces apoptosis.[18] It must be emphasized,
however, that the binding of evodiame to tu-
bulin/microtubules and its ability to induce
tubulin polymerization in vitro have not yet
been investigated. It is thus still conceivable
that the microtubule-associated effects of
the compound in NCI/ADR-RES cells may
not be the consequence of a direct interac-
tion with the tubulin/microtubule system,
but may originate in its interaction with an
as yet unknown target (as appears to be the
case with taccalonolides).

Apart from taccalonolidesA and E, other
putative microtubule inhibitors from plants
that were investigated by Buey et al. as part
of a comprehensive comparative study in-
cluded jatrophane esters JTE1–JTE3 (Fig.
1). These compounds had been reported by
Miglietta et al. in 2003 to be potent inducers
of tubulin polymerization in vitro.[8] Tubu-
lin polymerization was only observed in the
absence of Ca2+-ions (in contrast to taxol)
and the polymers formed were highly un-
stable. However, under appropriate experi-
mental conditions JTE1–JTE3 appeared to
be equipotent with taxol in promoting tu-
bulin polymerization and the microtubules
formed were indistinguishable by electron
microscopy from those formed with taxol.
In contrast to these findings, Buey et al.[17]

could not find evidence for the induction of
tubulin polymerization by JTE1–JTE3. We
have investigated jatrophane ester JTE1 in
our own assay system and, in agreement
with the data of Buey et al., the compound
did not induce tubulin polymerization un-

der our experimental conditions (Table).
Likewise, JTE1 in our hands did not cause
mitotic arrest and it did not significantly
inhibit the growth of PC-3 human pros-
tate cancer cells at concentrations below
10 µM, both of which would be expected
for a microtubule-stabilizing agent of even
moderate potency. Compounds for which
similar effects have been reported as for
the jatrophane esters JTE1–JTE3 are feru-
lenol, a prenylated coumarol from Ferula
communis L. (Umbelliferae),[9] partheno-
lide, a sesquiterpene lactone from the me-
dicinal herb feverfew (Tanacetum parthe-
nium (L.) Schultz Bip., Asteraceae),[10] and
costunolide, another sesquiterpene lactone
from Saussurea lappa C.B. Clarke (Astera-
ceae)[11] (Fig. 1). Quite remarkably, feru-
lenol under Ca2+-free conditions appeared
to be equipotent with taxol in its ability to
promote tubulin assembly and significant
tubulin polymerization was found to occur
even at ligand concentrations of 10 nM for
both compounds (at ca. 10 µM tubulin con-
centration). As many previous studies have
established that maximum tubulin polym-
erization with taxol is normally achieved
at a 1:1 tubulin/taxol ratio,[20] this finding
is rather unusual. Due to our long-standing
interest in microtubule-stabilizing agents
and intrigued by the relative simplicity of
the structures of the above compounds (Fig.
1), we have again investigated their tubu-
lin-polymerizing effects and their cellular
activity in our own assay systems. Unfor-
tunately, experiments with ferulenol in our
own laboratory showed no evidence for the

Table. Microtubule-related effects of plant-derived natural products

Compound Cytotoxicitya

IC50 [µM]
Tubulin Polymerisationb

IC50 [µM]
Kd [µM]d G2/M cell

cycle arreste

Chelidonine <2 15.7 ± 2.7 14.8 ± 3.9 +

Colchicine <0.05 12.5 ± 2.8 3.2 ± 1.3 +

Costunolide 1.2 ± 0.5 > 100 > 50 –

Curcumin 8.9 ± 1.4 > 100 > 50 –

Ferulenol >10 > 100 > 50 –

JTE1 >10 > 100 > 50 –

Parthenolide 0.43 ± 0.11 > 100 > 50 –

Podophyllotoxin <0.05 7.2 ± 1.5 n.d. +

Rotenone 0.82 ± 0.23 4.3 ± 2.0 3.9 ± 0.9 –

Taxol <0.005 3.9 ± 1.1c n.d. +

Vinblastine <0.005 5.3 ± 1.7 11.2 ± 2.7 +

aInhibition of proliferation of PC-3 cells after 72 h incubation with test compound. bInhibition of
GTP-induced tubulin polymerization. cEC50 value for induction of tubulin polymerization. dKd for
binding to purified αβ-tubulin. (Determined according to the method of Lee et al.[21]). eCell cycle
arrest was determined in PC-3 cells at concentrations close to the IC50 value of the respective
compound in the proliferation assay by propidium iodide staining in FACS.
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compound to induce tubulin polymerization
in vitro (Table); likewise, the IC50 values for
growth inhibition of the human cancer cell
lines KB31, MCF7, HL60 (data not shown),
or PC-3 (Table) were clearly in excess of 10
µM (the highest concentration tested in our
experiments; 72 h exposure). Similar results
were obtained with parthenolide and costu-
nolide, neither of which was able to bind to
purified tubulin from pig brain (Kd >50 µM)
or to induce tubulin polymerization under
various conditions (Table). Based on our
data the growth inhibitory effects of these
two sesquiterpene lactones (Table) appear
not to be caused by a taxol-like mechanism
of action. The origin of the discrepancies
between our own results (and those of Buey
et al.[17]) and previous literature data is un-
clear at this point, but they may be related to
differences in the experimental conditions
employed.[22] However, even if this were the
case, it is clear that the in vitro microtubule-
stabilizing effects of the above compounds
(if they exist) cannot be very robust. On
the other hand, microtubule stabilization
or, perhaps more precisely, the interference
with microtubule dynamics could still be
operative at the cellular level, where these
effects could be mediated through interac-
tions of the compounds with microtubule-
associated proteins rather than direct bind-
ing to tubulin/microtubules.

4. Microtubule-Destabilizing Plant
Natural Products

In our plant-derived natural product
library screen (84 cytotoxic compounds,
including representatives from all major
classes of plant natural products) several
compounds were found to inhibit tubulin
polymerization, all of which, however, were
known microtubule destabilizers. Besides
the well-established tubulin inhibitors col-
chicine and vinblastine, the benzophenanth-

ridine alkaloid chelidonine from the Celan-
dine poppy Chelidonium majus L. (Papave-
raceae), and rotenone, an isoflavonoid from
Derris spp. (Leguminosae), were identified
as hits (Fig. 3).

Chelidonine and its analog sanguinarine
were first identified as tubulin inhibitors
by Wolff and Knipling in 1993,[23] who de-
scribed the compound as a weak competi-
tive inhibitor of colchicine. Chelidonine has
subsequently been reported to cause mitotic
arrest and to interact weakly with tubulin
(inhibition of tubulin polymerization with an
IC50 of 24 µM).[24] Similar results were ob-
tained in our own experiments, which dem-
onstrated tubulin binding of the compound
with a Kd of 14.8 µM and also significant
inhibition of tubulin polymerization (IC50 =
15.7 µM) (Fig. 4, Table).

Overall, chelidonine exhibited all effects
expected for a microtubule-destabilizing
agent, but was only moderately cytotoxic
in PC-3 prostate cancer cells (Table). The
chelidonine analogs sanguinarine and di-
hydrosanguinarine (an in vivo metabolite of
sanguinarine)[27] were much less active in
our assay system and did not score as screen-
ing hits. Likewise, sanguinarine, which has
recently been reported to exert significant
anti-tubulin effects in vitro,[28] was a far less
potent tubulin inhibitor than chelidonine in
our experiments.

Rotenone (Fig. 3) is a well-known pesti-
cide.[29] The compound is widely used in cel-
lular experiments as a mitochondrial respira-
tion chain I inhibitor because it blocks elec-
tron transfer inNADH-Qdehydrogenases.[30]

Although rotenone was first shown to inhibit
tubulin polymerization in 1978,[25] this effect
was not further discussed in the scientific lit-

erature until very recently, when it regained
interest in the context of rotenone-induced
Parkinson’s disease.[31] In our assay system
rotenone potently inhibited in vitro tubulin
assembly induced either by GTP (Fig. 4) or
a variety of microtubule-stabilizing com-
pounds, such as taxol, discodermolide or
epothilones (data not shown). The IC50 for
the inhibition of in vitro tubulin polymeriza-
tion by rotenone was 4.3 µM, which is com-
parable with the IC50 of the potent tubulin
inhibitor vinblastine (5.3 µM). Our data fur-
ther suggest that rotenone strongly binds to
αβ-tubulin heterodimers with a Kd (3.9 µM)
that is significantly lower than that obtained
for vinblastine (11.2 µM). However, in cel-
lular systems, rotenone is only moderately
cytotoxic in PC-3 prostate carcinoma cells
(IC50 = 0.82 µM) and it does not cause G2/M
arrest at concentrations <2 µM (Table). As
indicated above, rotenone is often employed
as a biochemical research tool in cell-based
experiments as a specific inhibitor of mi-
tochondrial respiration at concentrations
ranging from 2 to 15 µM.[30] However, these
concentrations may also affect microtubule
function and this fact has not been widely
appreciated.

Curcumin, the major component of tur-
meric (Curcuma longa L.) (Fig. 3), exhibits
numerous beneficial medical effects, both in
vitro and in vivo, including antitumor activ-
ity against several tumor types (for a recent
review see[32]). Recently, the compound was
also reported as a new anti-microtubule
agent.[26] Thus, curcumin was found to in-
hibit HeLa and MCF-7 cell proliferation in a
concentration-dependent manner with IC50
values of 13.8 µM and 12.0 µM, respectively.
At the same time, the compound induced sig-
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Fig. 3. Examples of plant-derived natural products that have been reported
to exhibit microtubule-destabilizing activity: Chelidonine,[23,24] rotenone,[25]

and curcumin[26]

Without GTP + GTP / glutamate

Fig. 4. Inhibition of tubulin polymerization by chelidonine, rotenone,
podophyllotoxin, and vinblastine. Purified αβ-tubulin (60 µM) was incubated
in BRB80 buffer and the optical density (OD) at 340 nm was measured over
time in the presence of test compound.
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nificant depolymerization of interphase mi-
crotubules and mitotic spindle microtubules
at concentrations >10 µM. Investigation of
the interaction of curcumin with αβ-tubulin
revealed a single binding site with a dissocia-
tion constant of 2.4 µM and the binding of
curcumin to tubulin induced a protein confor-
mational change.[26] As shown in the Table,
curcumin did not score as a tubulin inhibitor
in our assay system. While this is indicative
of a lack of robust effects on tubulin, it is
still possible that the effects of curcumin on
cellular microtubules at high concentrations
(and the associated antiproliferative effects),
are mediated indirectly, i.e. without binding
to tubulin or microtubules.

5. Screening of a Plant Extract
Library

In addition to the above small plant-
derived natural product library, 107 cyto-
toxic extracts from different European and
tropical plants (MeOH or dichloromethane
extracts from dried plant material) were
tested in our screening assay for tubulin in-
hibition. 100 µg/ml of extract in 2% DMSO
vehicle was added to 6 mg/ml (60 µM) of
purified αβ-tubulin heterodimer. The con-
centration employed for the assay was based
on results with a positive marine sponge
extract, which reproducibly induced tubulin
polymerization at a concentration of 50 µg/
ml. Unfortunately, none of the plant extracts
showed any measurable activity under these
conditions. Whether these findings simply
reflect the scarcity of tubulin inhibitors in
plants or whether they may be present in
concentrations that are too low to produce a
robust response in our assay system remains
to be seen.

6. Conclusions

Using a bimodal validated assay system
we have performed a small screen for plant-
derived tubulin inhibitors. Hits from a plant
natural product library were further analyzed
in related assays, in order to determine their
affinity to tubulin and their antiproliferative
effects. As tubulin inhibitors at concentra-
tions close to their IC50 value typically lead to
G2/M cell cycle arrest this parameter was al-
so analyzed. As expected, taxol, vinblastine,
colchicine, and podophyllotoxin showed the
typical effect pattern of tubulin inhibitors.
Chelidonine and rotenone clearly bound to
αβ-tubulin heterodimers and functionally
inhibited GTP-induced microtubule assem-
bly, but both compounds were only mod-
erately cytotoxic and did not lead to G2/M
arrest in PC3 cells in the concentration range
tested (Table). While several known micro-
tubule-destabilizing compounds were iden-
tified as hits, none of the recently reported

microtubule-stabilizing compounds with ‘a
taxol-like mechanism’ showed a significant
effect in our experiments. Moreover, neither
sanguinarine nor curcumin appeared to be
true microtubule-destabilizing agents. While
the discrepancy between these findings and
previous literature reports are difficult to in-
terpret, they may be related to the potency
requirements associated with our assay sys-
tem. As all tubulin inhibitors in clinical use
(taxol, vinblastine) or at various stages of
clinical development (e.g. epothilone B and
several analogs thereof) show potent and ro-
bust anti-tubulin effects in vitro, which are
a consequence of direct interactions with
tubulin, our assay conditions were chosen
such as to detect compounds with similar
properties. Thus, modulatory compounds
with weak or even moderate binding affin-
ity to tubulin may not have been detected in
our screen. Likewise, compounds affecting
the stability or dynamics of cellular micro-
tubules through indirect mechanisms would
not have scored as hits. Such compounds
could still be of interest for drug discovery
research, but they could not be classified as
tubulin inhibitors in a strict sense. While the
likelihood of finding ‘another taxol’ (i.e. a
compound with the same molecular mecha-
nism of action as taxol) of plant origin may
be low, plants may still serve as a potential
source for new microtubule-destabilizing
compounds with potent anticancer activity.
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