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Cellular studies reveal mechanistic differences

between taccalonolide A and paclitaxel

April L. Risinger' and Susan L. Mooberry'2*

'Department of Pharmacology and 2Medicine; University of Texas Health Science Center at San Antonio; San Antonio, TX USA

Key words: taccalonolide, paclitaxel, microtubule stabilizer, microtubule targeted agent, tubulin, microtubule, laulimalide,

antimitotic agent, drug persistence

Abbreviations: IC_, concentration that causes 50% inhibition of proliferation; eribulin, ER-086526, E7389, Havalen™

Taccalonolide A is a microtubule stabilizer that has cellular effects almost identical to paclitaxel. However, biochemical
studies show that, unlike paclitaxel, taccalonolide A does not enhance purified tubulin polymerization or bind tubulin/
microtubules. Mechanistic studies aimed at understanding the nature of the differences between taccalonolide A
and paclitaxel were conducted. Our results show that taccalonolide A causes bundling of interphase microtubules at
concentrations that cause antiproliferative effects. In contrast, the concentration of paclitaxel that initiates microtubule
bundling is 31-fold higher than its IC . Taccalonolide A’s effects are further differentiated from paclitaxel in that it is
unable to enhance the polymerization of tubulin in cellular extracts. This finding extends previous biochemical results
with purified brain tubulin to demonstrate that taccalonolide A requires more than tubulin and a full complement of
cytosolic proteins to cause microtubule stabilization. Reversibility studies were conducted and show that the cellular
effects of taccalonolide A persist after drug washout. In contrast, other microtubule stabilizers, including paclitaxel and
laulimalide, demonstrate a much higher degree of cellular reversibility in both short-term proliferation and long-term
clonogenic assays. The propensity of taccalonolide A to alter interphase microtubules at antiproliferative concentrations
as well as its high degree of cellular persistence may explain why taccalonolide A is more potent in vivo than would
be expected from cellular studies. The close linkage between the microtubule bundling and antiproliferative effects of
taccalonolide A is of interest given the recent hypothesis that the effects of microtubule targeting agents on interphase

microtubules might play a prominent role in their clinical anticancer efficacy.

Introduction

Several microtubule targeting agents have excellent utility in the
treatment of cancer. These drugs are classified as microtubule
stabilizers or destabilizers based on their effects on interphase
microtubules at relatively high concentrations. Microtubule
stabilizers, including the taxanes and laulimalide, stimulate
the formation of intracellular microtubule polymer, result
ing in an increased density of cellular microtubules. In con-
trast, microtubule destabilizers, including the vinca alkaloids,
inhibit microtubule polymerization, resulting in a loss of cel-
lular microtubules. At lower concentrations, both classes of
drugs inhibit microtubule dynamics and cause mitotic arrest.!
In spite of the clinical successes of the taxanes paclitaxel (Taxol)
and docetaxel (Taxotere), acquired and innate drug resistance
and dose-limiting toxicities prompted the development of new
classes of microtubule stabilizing drugs.*® The epothilone ixa-
bepilone (Ixempra™) and a new taxane cabazitaxel (Jevtana™),
were recently approved for clinical use in the US and several
other microtubule stabilizers are in preclinical and clinical
development.*’
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Two binding sites for microtubule stabilizers have been iden-
tified: the taxane site and the laulimalide/peloruside site. The
taxanes, epothilones, discodermolide and dictyostatin bind to
B-tubulin within the taxane site, which is located in the inte-
rior lumen of the microtubule.®” Occupation of this site alters
the conformation of tubulin within the intact microtubule so
that it resembles the more stable GTP bound form.® This con-
formational change decreases microtubule dynamics and causes
stabilization of microtubules formed from purified tubulin or in
intact cells. The laulimalide/peloruside binding site was recently
mapped to the B subunit of tubulin on the exterior of the micro-
tubule” Although the taxane and laulimalide binding sites are
completely non-overlapping and exist on different surfaces of the
microtubule, drug occupation at either site causes a structurally
identical state of microtubule stability.’

The taccalonolides are a new class of microtubule stabilizers
that are isolated from the tropical plant, Tacca chantrieri. The
taccalonolides A and E, cause an increase in cellular microtu-
bule density, microtubule bundling and the formation of mul-
tiple aberrant mitotic spindles that lead to mitotic arrest.'* While
these effects are similar to all other microtubule stabilizers,

Volume 10 Issue 13



Vehicle

Paclitaxel

Taccalonolide A

REPORT

Figure 1. Effects of paclitaxel or taccalonolide A on interphase microtubules in HeLa cells. Cells were incubated with vehicle (top row) or the indicated
concentrations of paclitaxel (middle row) or taccalonolide A (bottom row) for 18 h. Microtubules were visualized by indirect immunofluorescence of

B-tubulin.

biochemical studies show that taccalonolides A and E do not
bind directly to purified tubulin/microtubules and do not pro-
mote the polymerization of purified bovine brain tubulin, even
at super stoichiometric concentrations." Taccalonolides A and E
are therefore the first microtubule stabilizers identified that do
not bind directly to tubulin. Likely due to this unique property,
taccalonolides A and E overcome drug resistance mediated by the
expression of B-III tubulin.'?

Taccalonolide A also differs from other microtubule stabilizers
in that it is substantially less potent in vitro. The IC, | of taccalo-
nolide A is 594 nM in HeLa cells.!? In comparison, paclitaxel,
docetaxel and epothilone B are much more potent, with IC, val-
ues of 1.6 nM, 0.6 nM and 0.5 nM, respectively.'” In murine
in vivo models, however, taccalonolide A is more potent than
paclitaxel, with a maximum tolerated total dose of 45-50 mg/kg,
which is half of the maximum tolerated dose of paclitaxel.'* In
addition, taccalonolide A provides superior antitumor efficacy
when compared to paclitaxel or doxorubicin in a multidrug resis-
tant breast tumor model, which is likely due in part to the abil-
ity of taccalonolide A to overcome P-glycoprotein-mediated drug
resistance.'”” The nature of the differences between the in vitro
and in vivo potencies of the taccalonolides is not yet known.

The goal of these studies was to begin to decipher the mecha-
nistic differences between the taccalonolides and other micro-
tubule stabilizers, most notably paclitaxel. We show three
mechanistic differences between taccalonolide A and paclitaxel.
First, the antiproliferative and interphase microtubule stabiliza-
tion effects of taccalonolide A occur at similar concentrations,
while concentrations of paclitaxel substantially higher than its

www.landesbioscience.com

Cell Cycle

IC, are required to observe interphase microtubule bundling.
Additionally, unlike paclitaxel, taccalonolide A is unable to
polymerize tubulin in cellular lysates. Finally, the cellular effects
of taccalonolide A persist even after a short incubation with the
drug, while paclitaxel’s effects are reversible. These findings dem-
onstrate a plausible rationale for the discrepancies between the
biochemical, cellular and in vivo activities of taccalonolide A,
including possible explanations for the differences between its
in vivo and in vitro potencies.

Results

Paclitaxel and taccalonolide A cause interphase microtubule
bundling at similar concentrations. Microtubule stabilizers are
well known for their ability to increase the density of interphase
microtubules and to cause the formation of thick microtubule
bundles in treated cells. The effects of paclitaxel and taccalo-
nolide A on interphase microtubules were studied in HeLa cells
and compared to the interphase microtubule network observed
in vehicle treated cells (Fig. 1A). The first appearance of inter-
phase microtubule bundles was observed with 50 nM pacli-
taxel (Fig. 1B) and the extent of bundling increased slightly at
100 nM (Fig. 1C). A concentration of 250 nM paclitaxel caused
the formation of extensive microtubule bundles (Fig. 1D) and
with 500 nM paclitaxel the majority of microtubules formed long
thick bundles (Fig. 1E). The microtubule bundles in paclitaxel-
treated cells are long, surround the nucleus and appear to ema-
nate from the central region, possibly from the microtubule orga-
nizing center.
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microtubules were also evaluated.
Taccalonolide A begins to cause inter-
phase microtubule bundles at 250 nM
(Fig. 1F) and a noticeable accumula-
tion of microtubule bundles around
the nucleus was observed with 500 nM
taccalonolide A (Fig. 1G). The forma-
tion of extensive short, thick microtu-
bule bundles was evident in cells treated
with 1 wM taccalonolide A (Fig. 1H)
and the number and thickness of the
bundles increased with 2.5 pM tac-

calonolide A, where the vast majority

of interphase microtubules were found
in tightly bundled structures (Fig. 11I).
Consistent with the appearance of
microtubules in paclitaxel-treated cells,
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the interphase microtubule bundles in
taccalonolide A-treated cells are denser

around the nucleus. However, unlike
paclitaxel, taccalonolide A also causes
the microtubules at the cell periphery
to appear bundled with a short, com-
pact, tuft-like appearance. These phe-
notypic effects of taccalonolide A and

paclitaxel on microtubule bundling are

Figure 2. Taccalonolide A is unable to form cold stable microtubules in cell lysates. HeLa cell lysates
were collected, chilled to depolymerize microtubules and then treated with 20 wM paclitaxel or 20
M taccalonolide A for 5 min at 37°C to reform microtubules. Lysates were then re-chilled to evaluate
the ability of the stabilizers to initiate the formation of cold-stable microtubules. Microtubule polymer
was pelleted by centrifugation and soluble tubulin heterodimers remained in the supernatant. The
total protein (A) and B-tubulin (B) levels present in the supernatant (S), wash (W) and pellet (P) frac-
tions were evaluated by total protein staining or 3-tubulin immunoblotting, respectively. The location
of tubulin in the total protein stained gel is indicated with an arrow.

similar to the effects observed previ-
ously in A-10 cells.”

The images in Figure 1 show that the effects of taccalono-
lide A and paclitaxel on interphase microtubules are similar, but
not identical, suggesting subtle mechanistic differences between
these stabilizers. What is striking, however, is the relative dif-
ference in the concentrations of these agents required to initiate
microtubule bundling; a 5-fold difference in bundling propen-
sity between taccalonolide A and paclitaxel was observed as com-
pared to the 360-fold difference in IC; values for inhibition of
proliferation of these agents in HelLa cells (Fig. 1)."* The initia-
tion of interphase microtubule effects is observed with 250 nM
taccalonolide A, which is less than its IC, value of 594 nM in
this same cell line. In comparison, the first noticeable effects of
paclitaxel on microtubule density in HeLa cells were observed
at 50 nM, a concentration 31-fold greater than its IC, value of
1.6 nM. These findings demonstrate that taccalonolide A causes
significant alterations in interphase microtubule structures at
antiproliferative concentrations, whereas paclitaxel-initiated
microtubule bundling requires concentrations significantly
higher than its IC,,.

Taccalonolide A induced microtubule stabilization requires
an intact cell. Although taccalonolide A readily causes interphase
microtubule bundling at nanomolar concentrations (Fig. 1), bio-
chemical studies with purified bovine brain tubulin showed that
taccalonolide A does not promote the assembly of tubulin in the
presence or absence of microtubule associated proteins.!! We con-
ducted further studies to explore the similarities and differences
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between taccalonolide A and paclitaxel’s effects on microtubules
using whole-cell lysates. A well documented effect of paclitaxel
is its ability to enhance the formation of cold-stable microtu-
bules from soluble tubulin.’® The ability of taccalonolide A to
form cold-stable microtubules from tubulin in cellular lysates
was evaluated. Whole-cell lysates were collected and then chilled
to depolymerize all pre-existing microtubules into soluble tubu-
lin heterodimers. Paclitaxel or taccalonolide A (each at 20 wM)
was added to the cell lysates and warmed to 37°C in the pres-
ence of GTP to stimulate microtubule polymerization. The abil-
ity of taccalonolide A and paclitaxel to support the formation
of cold-stable microtubules was evaluated by then re-chilling the
lysates and separating intact microtubules from soluble tubulin
by centrifugation. The supernatant and pellet fractions were
separated by SDS-PAGE and tubulin detected by total protein
staining (Fig. 2A) or western blot using a B-tubulin antibody
(Fig. 2B). When paclitaxel was present, cold stable microtubules
were formed as indicated by the appearance of tubulin in the
pellet (P) fraction (Fig. 2A, arrow and B). However, no tubulin
was found in the pellet (P) fraction of lysates treated with taccalo-
nolide A, indicating that taccalonolide A was unable to promote
the formation of cold-stable microtubules. The lack of tubulin in
the pellet after taccalonolide A treatment confirms that the chill-
ing process used in this assay was sufficient to depolymerize all
preexisting cellular microtubules and that any tubulin found in
the pellet was a result of de novo microtubule polymerization in
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which were retained in the supernatant (E, arrowheads).

Figure 3. Effects of paclitaxel or taccalonolide A on tubulin polymer formation in cytosolic extracts. HeLa cell lysates were collected, chilled to depoly-
merize pre-existing microtubules and then incubated with vehicle, 20 uM paclitaxel or 20 M taccalonolide A for 30 min at 37°C. Microtubule polymer
was separated from soluble tubulin by centrifugation at room temperature. The total protein (A) and B-tubulin (B) levels present in the supernatant
(S), wash (W) and pellet (P) were determined by total protein staining or B-tubulin immunoblotting, respectively. The location of tubulin in the total
protein stained gel is indicated with an arrow (3A). B-Tubulin (C) and the microtubule associated proteins y-tubulin (D) and Aurora A (E, arrow), were
detected in the microtubule containing pellet (P) of samples treated with 100 uM taccalonolide A as compared to non-specific background bands,

the lysates. These data show that unlike paclitaxel, taccalonolide
A cannot support the formation of cold-stable microtubules from
whole-cell lysates.

The ability of taccalonolide A to enhance the formation of
microtubule polymers in cell lysates at 37°C was also evaluated
using the assay system described above. Cell lysates were col-
lected, microtubules depolymerized by chilling and then either
vehicle, 20 WM taccalonolide A or 20 wM paclitaxel was added
and incubated at 37°C to stimulate microtubule polymeriza-
tion. In contrast to the previous experiment, lysates were not
re-chilled after microtubule polymerization to allow detection
of microtubules formed during the incubation period regard-
less of their cold stability. Microtubule polymers were formed
even in the absence of any drug as is indicated by tubulin in
the pellet (P) after treatment with vehicle (Fig. 3A and B).
However, no additional tubulin was incorporated into microtu-
bules in the taccalonolide A-treated lysates (Fig. 3A and B). In
contrast, paclitaxel caused a significant increase in microtubule
polymer, resulting in a complete shift of soluble tubulin into
the polymerized form (Fig. 3A and B). To take into account
the 5-fold higher concentration of taccalonolide A required to
cause interphase microtubule bundling in intact HeLa cells as
compared to paclitaxel, we repeated the experiment in the pres-
ence of 100 WM taccalonolide A. Treatment of lysates with 100

www.landesbioscience.com

Cell Cycle

WM taccalonolide A did not increase the amount of B-tubulin
found in the pellet fraction (P) (Fig. 3C) as compared to vehicle-
treated controls (Fig. 3B).

The supernatant (S) and pellet (P) fractions of taccalono-
lide A-treated lysates were subjected to immunoblotting to ana-
lyze the composition of the microtubules formed in this assay.
In addition to B-tubulin, the microtubule associated proteins
vy-tubulin and Aurora A were also found in the microtubule
pellet (P) (Fig. 3D and E). This finding demonstrates that the
microtubules formed in this assay contain microtubule associ-
ated proteins, suggesting that these microtubules have a more
physiological composition than those formed with only puri-
fied tubulin. The enrichment of microtubule associated proteins
associated with these polymerized microtubules was noted by an
absence of non-specific proteins in the pellet fraction through
detection of total protein (Fig. 3A) or the background bands
from Aurora A immunoblotting (Fig. 3E, arrowheads). These
data show that, although microtubules containing microtubule
associated proteins are able to be formed in cell lysates treated
with taccalonolide A, the extent of microtubule polymerization
in these extracts is not enhanced above levels that occur in vehi-
cle-treated lysates. Thus, in contrast to intact Hela cells, tac-
calonolide A is not able to enhance polymerization of tubulin in
biochemical extracts even in the presence of a full complement of
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Figure 4. Reversibility of the cell cycle block induced by microtubule disrupting agents. Cell cycle profile of Hela cells 12 h after drug addition (upper,
red tracing in each part) or after an additional 12 h of drug washout (lower, blue tracing in each part). (A) Normal cell cycle distribution of HeLa cells.
(B) Concentrations of each drug that caused significant but incomplete G,/M arrest. (C) Concentrations of each drug that caused G,/M accumulation of
the majority of cells. (D) Quantitation of the percentage of cells from (C) that were in G, after 12 h drug exposure or subsequent washout depicted in

cytosolic proteins from these same cells, expanding on previous
reports that the biochemical and cellular effects of taccalonolide
A are not equivalent.

The cellular effects of taccalonolide A are highly persis-
tent. In addition to the finding that taccalonolide A causes dra-
matic microtubule bundling in intact cells despite its inability to
enhance the polymerization of tubulin in cellular extracts, tac-
calonolide A also surprisingly shows much greater in vivo activity
than would be expected from its potency in cellular assays. One
possibility is that taccalonolide A binds very tightly to its target
and/or rapidly sets in motion downstream events that have a low
degree of reversibility. To test the persistence of taccalonolide A’s
cellular effects, we evaluated its effects on cell cycle distribution,
cell proliferation and clonogenicity following short-term drug
exposure.

Microtubule disrupting agents are also known as antimitotics
because they initiate mitotic arrest caused by multiple mitotic
spindle defects. The propensity of these drugs to interrupt
mitotic progression and cause a shift from the G, population
to the G,/M population is readily measured by flow cytome-
try, which was used to evaluate the cellular persistence of the

effects of microtubule disrupting agents. Cells were incubated
with the microtubule disrupting compounds for 12 h followed
by removal of drug from the media for an additional 12 h. In the
absence of drug, the majority of HeLa cells are in the G, phase
of the cell cycle, with approximately 20% in S phase and 20%
in G,/M (Fig. 4A, red trace). Treatment of the cells with micro-
tubule targeted agents, including the microtubule destabilizer
nocodazole or the microtubule stabilizers paclitaxel, laulimalide
or taccalonolide A for 12 h, caused the G, population of cells to
decrease with a concomitant increase in the G,/M population
(Fig. 4B and C, red traces). This shift from G, to a G,/M is dose
dependent; higher concentrations of any microtubule disrupt-
ing agent cause a higher proportion of cells to accumulate in
G,/M, which allowed identification of concentrations of each
drug that caused an intermediate phenotype where the G, and
G,/M populations are approximately equal. In HeLa cells these
concentrations are 40 nM nocodazole, 2 nM paclitaxel, 2.5 nM
laulimalide or 1 wM taccalonolide A (Fig. 4B, red traces).
Higher concentrations that cause an almost complete shift
from the G, to the G,/M population were 50 nM nocodazole,
8 nM paclitaxel, 5 nM laulimalide or 1.5 wM taccalonolide A
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Figure 5. Antiproliferative effects of continuous or 12 h drug exposure. The concentration of drug required to observe a 50% inhibition in cellular
proliferation following continuous 60 h incubation was determined (white bars). The antiproliferative effects of these same concentrations were evalu-
ated after a 12 h exposure followed by drug washout for an additional 48 h (black bars).

B

H Nocodozole

O Paclitaxel

O Laulimalide

B Taccalonolide A

Surviving Fraction
o
(o]

Low

High

compared to vehicle treated controls.

Figure 6. Effects of 4 and 12 h drug exposure on clonogenic cell viability. (A) HeLa cells were treated with vehicle or concentrations of drug that inhib-
ited cellular proliferation by 50% (low) or that caused G,/M arrest (high) for 4 or 12 h before media was replaced. Colony formation was determined
after an additional 10 days of cell growth. (B) The surviving fraction of colony forming cells after a 4 h drug treatment and subsequent washout as

(Fig. 4C, red traces). At these higher concentrations, the G,
population decreased from 57% to approximately 10% for all
drugs (Fig. 4D).

To determine the reversibility of the G,/M block caused by
these agents, cell cycle analysis was performed 12 h after the drug
was removed from the media. Measuring the change in G, pop-
ulation gave the clearest indication of the cell cycle dependent
effects of these drugs, as full G,/M accumulation requires longer
periods of drug treatment. Cells that were incubated with either
concentration of nocodazole, paclitaxel or laulimalide showed an
almost complete recovery of the G, population of cells when the
drug was washed out of the media (Fig. 4B and C, blue traces).
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This is shown by a complete recovery of the G, population to con-
trol levels after drug washout for all three compounds (Fig. 4D).
However, cells treated with taccalonolide A were unable to fully
recover the G, population of cells after washout. Although the G,
population recovers slightly after 1 wM taccalonolide A is washed
out, cells are unable to completely overcome this mitotic block-
ade after drug washout (Fig. 4B, blue trace). The G,/M arrest
observed with 1.5 wM taccalonolide A is completely persistent
(Fig. 4C, blue trace), with the G, population remaining at 10%
even after drug washout (Fig. 4D).

The persistence of taccalonolide A’s effects on cell prolifera-
tion was monitored using the SRB assay. Dose response curves
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were generated for each drug to determine the concentration that
causes a 50% decrease in cell proliferation during a continuous,
60 h drug exposure (Fig. 5, white bars). These concentrations
were determined to be 30 nM for nocodazole, 1.5 nM for pacli-
taxel, 1 nM for laulimalide and 350 nM for taccalonolide A.
The persistence of these drugs was determined by measuring the
effects on cellular proliferation when the drug was removed fol-
lowing 12 h of drug treatment and the cells allowed to recover
and grow for an additional 48 h. Nocodazole, paclitaxel and
laulimalide-treated cells were able to recover 80-90% prolifera-
tive capacity upon drug washout (Fig. 5, black bars). However,
taccalonolide A treated cells were more sensitive to this 12 h drug
treatment, recovering to only 70% proliferative capacity after
drug washout (Fig. 5, black bars). These data further suggest that
the antiproliferative effects of taccalonolide A are more persistent
and less reversible than the other microtubule disrupting agents
evaluated.

The clonogenic assay was employed to evaluate the revers-
ibility of short-term (4 or 12 h) drug treatment, on long-term
(10 day) cell viability. Clonogenic viability was determined
after treatment of Hela cells with the antiproliferative or the
G,/M accumulation concentrations of each drug as identified in
Figures 5 and 4C, respectively. Nocodazole was used as a positive
control of a rapidly reversible microtubule disrupting agent. A4 h
exposure with 30 nM nocodazole caused no effect on long term
clonogenic cell survival and was essentially identical to vehicle
treated controls (Fig. 6A and top row). Quantification of these
effects from three experiments showed that a 4 h incubation
with this concentration of nocodazole caused an 8% decrease in
the fraction of surviving colony forming cells (Fig. 6B). When
cells were treated with 1.5 nM paclitaxel or 1 nM laulimalide
for 4 h, the majority of single cells were able to form viable colo-
nies after drug washout (Fig. 6A, top row). The survival frac-
tion was 86% for paclitaxel-treated cells and 91% for laulimalide
(Fig. 6B). In dramatic contrast, a 4 hr treatment of cells with
350 nM taccalonolide A greatly diminished their ability to form
colonies (Fig. 6A, top row) and the fraction of surviving cells
was only 9%. A longer, 12 h, incubation before drug washout
caused slight loss of clone viability in the paclitaxel and lauli-
malide treated cultures, but essentially eliminated all colonies in
the taccalonolide A treated plates (Fig. 6A, middle row).

When cells were treated for 4 h with slightly higher con-
centrations of nocodazole and paclitaxel that caused maximal
G,/M accumulation (Fig. 4C), they retained the ability to
form colonies with surviving fractions of 86 and 74%, respec-
tively (Fig. 6A, bottom row and B). In contrast, taccalonolide A
treated cells had a very poor colony formation efficiency of 2%
when treated with this concentration for 4 h (Fig. 6A, bottom
row and B). Compared to 1 nM laulimalide, which had minimal
effects on colony formation after 4 or 12 h treatment, a 4 hr expo-
sure to 5 nM laulimalide greatly decreased the colony formation
efficiency to 9% of control (Fig. 6A, bottom row and B). The
clonogenic potential of cells treated for 4 h with both the antip-
roliferative and G,M concentrations of each drug are quantified
in Figure 6B. These data demonstrate that the cellular effects of
taccalonolide A are more persistent and less reversible than other
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classes of microtubule targeting agents when the drugs are added
at the same relative concentrations. Additionally, these data show
that laulimalide is intermediate between taccalonolide A and
paclitaxel with regard to its reversibility. These results confirm
previous reports showing that paclitaxel treatment is reversible
and adds to the growing body of evidence that the taccalonolides
are mechanistically distinct from other classes of microtubule
stabilizing agents.

Discussion

Paclitaxel is a potent antimitotic agent with IC, | values in the low
nanomolar range in a variety of cancer cell lines. At these concen-
trations, paclitaxel does not affect interphase microtubules and is
instead thought to cause its antiproliferative effects by inhibit-
ing microtubule dynamics, resulting in mitotic arrest and cul-
minating in apoptotic cell death. In contrast, the concentration
of paclitaxel required to cause significant interphase microtubule
bundling is 31-fold greater than the 1C,,
that these gross effects on interphase microtubule structures are

making it unlikely

related to their antiproliferative effects in vitro. The taccalono-
lides have IC, | values in these same cell lines that are 100-500-
fold higher than paclitaxel.'®? However, changes in interphase
microtubules are apparent at antiproliferative concentrations of
taccalonolide A (Fig. 1), raising the possibility that these changes
may be involved in the mechanism of taccalonolide-induced cell
death in vitro. This finding is of interest in light of accumulat-
ing evidence that microtubule targeted agents may be effective
anticancer agents in the clinic because of their ability to disrupt
the diverse functions of interphase and mitotic microtubules as
opposed to only their antimitotic effects.”® It is interesting to
speculate that one of the reasons why taccalonolide A is so much
more potent in vivo than would be anticipated from cellular stud-
ies is that its effects on interphase microtubules play an impor-
tant role in its in vivo antitumor activity.

The large discrepancy between the concentrations of taccalo-
nolide A and paclitaxel that cause interphase microtubule changes
and antiproliferative effects supports the hypothesis that these
two drugs have similar, but mechanistically distinct mechanisms
of action. The differential potencies of taccalonolide A and pacli-
taxel have been observed in a wide variety of biochemical, cellular
and in vivo studies. In spite of the fact that taccalonolide A causes
microtubule bundling in interphase cells at concentrations only
5-fold higher than paclitaxel (Fig. 1), this propensity to cause
cellular microtubule bundling does not extend to biochemical
studies where taccalonolide A is unable to enhance microtubule
polymerization even in the presence of a full complement of
cytosolic proteins (Figs. 2 and 3). Additionally, previous reports
have found that taccalonolide A is 2-fold more potent than pacli-
taxel in a murine model.'” These data clearly demonstrate that
the relationship between these two drugs is more complicated
than would be expected if taccalonolide A was simply binding to
the taxane binding site with a different affinity than paclitaxel
and further supports the hypothesis that taccalonolide A has a
unique mechanism of action as compared to other microtubule
stabilizers.
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One explanation for the ability of taccalonolide A to cause
microtubule stabilization in intact cells but not in biochemical
preparations is that the drug is metabolized in cells to a molecule
that binds to tubulin and initiates microtubule stabilization. If
this metabolism also occurs systemically when taccalonolide A
is administered in vivo in murine models, then this could also
explain why taccalonolide A is so much more potent in these
models than would be expected from its IC, in vitro. This is
an important consideration since all evidence that the taccalo-
nolides do not directly bind to and polymerize tubulin is based
on biochemical studies that preclude cellular metabolism. There
are multiple functional groups on taccalonolide A that are poten-
tially susceptible to metabolic conversion including hydrolysis
of specific acetate groups or the epoxide and/or opening of the
lactone ring. The effects of these modifications on taccalonolide
A activity in both cellular assays and biochemical preparations is
currently being investigated. Additionally, studies to identify cel-
lular metabolites of taccalonolide A are also underway.

Predicting in vivo activity or potential clinical efficacy from
cellular studies is a continuing challenge in drug development.
Numerous agents have shown promising activity in cellular
experiments, but were ineffective in vivo. Conversely, other
classes of agents have shown surprising in vivo efficacy with little
or no activity against cancer cells in culture. This is the case for
mTOR inhibitors as well as anti-angiogenic agents because dis-
ruption of the tumor microenvironment cannot be fully analyzed
in ex vivo settings.” Metabolism also plays an important role in
the activation of prodrugs like CPT-11 (irinotecan) which is not
effective in vitro because it requires metabolism by carboxyles-
terases to be converted into an active topoisomerase I inhibitor.'®
There are also discrepancies between the efficacy of drugs in pre-
clinical in vivo studies and clinical efficacy. 2-Methoxyestradiol
and discodermolide both showed promising activities in preclini-
cal studies, but neither advanced in clinical development due
to low bioavailability or unexpected toxicities, respectively.'”'®
Another example of the discrepancy between cellular and in vivo
potency was reported for the microtubule destabilizer eribulin
and its closely related analog ER-076349. In cytotoxicity assays
ER-076349 was shown to be, on average, four times more potent
than eribulin (ER-086526, E7389, Havalen™)."” However, in
vivo studies showed that eribulin had superior antitumor effi-
cacy.” Follow-up cellular studies demonstrated that ER-076349
caused a reversible mitotic blockade while the effects of eribulin
were more persistent after drug washout. Together, these data
demonstrate that there is not necessarily a direct correlation
between cellular activity, in vivo antitumor effects and clinical
efficacy and that multiple aspects of drug action contribute to
clinical efficacy.

Along with previous work, this study provides clear evidence
that all microtubule targeted agents are not equal with regard to
cellular persistence as defined by the reversibility of their effects
after drug removal. Taken together, analysis of the relative persis-
tence of diverse microtubule targeting agents in this and previous
studies showed that the cellular effects of eribulin, vincristine,
colchicine and taccalonolide A strongly persist after drug wash-
out while the effects of nocodazole, vinblastine, paclitaxel and
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laulimalide are more reversible (Figs. 4—6).2 Unfortunately,
there is no clear indication to what extent cellular persistence
is a desirable property for a drug. The relative reversibility of a
compound does not often factor into cellular assays where the
cells are constantly bathed in drug-containing media. However,
this property might be important in vivo where clearance and
metabolism prevent continuous drug exposure. Clinically used
drugs, including vincristine and eribulin, demonstrate a high
degree of cellular persistence.?® In contrast, the cellular effects
of both paclitaxel and vinblastine, which are also clinically valu-
able microtubule targeting agents, are less persistent.?” Further
analysis of the relationship between in vitro reversibility and
clinical efficacy may be valuable to identify whether there is a
link between these factors.

There are several possible scenarios that singly or in combina-
tion could give rise to the persistence of taccalonolide A’s cel-
lular effects. First, the cellular accumulation and retention of
taccalonolide A may be very high, which would allow sufficient
drug to be retained in the cells to cause continued mitotic arrest
and cytotoxicity even when residual drug is removed from the
media. To test this hypothesis, current studies are underway to
radiolabel taccalonolide A, which will allow for direct measure-
ment of the rate and extent of intracellular taccalonolide A accu-
mulation and retention. Another possibility is that taccalonolide
A binds to its target protein with a high affinity. The distinct
possibility of a tight interaction between taccalonolide A and
its target protein gives promise to our future efforts to identify
the intracellular binding partner of taccalonolide A by standard
biochemical approaches. Other situations that could give rise to
taccalonolide A’s cellular persistence include the possibility that
a very low intracellular concentration of the drug is required to
elicit these effects or that taccalonolide A causes persistent effects
downstream of the initial binding event. These scenarios are
more difficult to test since the binding site of taccalonolide A,
much less the signaling pathways that link this binding event to
its downstream cellular effects, are not yet known. Regardless
of the precise mechanism(s), it is very likely that the high per-
sistence of taccalonolide A’s cellular effects and/or the fact that
taccalonolide A alters interphase microtubule structures at antip-
roliferative concentrations may contribute to the fact that the in
vivo activity of taccalonolide A is so much greater than would be
expected from its potency in cellular cytotoxicity assays.

Materials and Methods

Materials. Paclitaxel and nocodazole were purchased from
Sigma-Aldrich (#T1912 and #M1404). Taccalonolide A was
purified from the roots and rhizomes of Tacca chantrieri as previ-
ously described in reference 12. Laulimalide was kindly provided
by Dr. Bradley Davidson (Utah State University, Logan, UT).
Ethanol was used as a vehicle for all drugs.

Cell culture. HeLa cervical cancer cells were purchased from
American Type Culture Collection (#CCL-2). Cells were cul-
tured in Basal Medium Eagle (Sigma, #B9638) with 10% FBS
(Hyclone, #SH30070.03) and 50 wg/ml gentamicin (Invitrogen,
#15710-064).
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Immunofluorescence. HelLa cells were plated on glass cover-
slips and allowed to adhere overnight before addition of com-
pounds. 18 h after drug addition, the cells were fixed with
methanol and stained for B-tubulin by indirect immunofluores-
cence as previously described in reference 10. Cells were visual-
ized using a Nikon Eclipse 801 fluorescence microscope and NIS
Elements software.

Microtubule from lysates.
Microtubules were polymerized from whole-cell lysates using a
method adapted from Vallee et al.'>?! HelLa cells were scraped
off of the tissue culture plate, washed with chilled PEM buffer
(0.1 M PIPES, 1 mM EGTA, 1 mM MgSO,, pH 6.6) and lysed
by Dounce homogenization in hypotonic buffer (1 mM EGTA,
1 mM MgSO,, pH 6.6) supplemented with protease inhibitors.
After lysis, 0.1 M PIPES (pH 6.6) was added and lysates were
centrifuged at 4°C for 10 min at 25,000x g to pellet cell debris
and unlysed cells. The supernatant was removed and clarified by
centrifugation at 4°C for 90 min at 130,000x g. These steps were
conducted in the cold to depolymerize preexisting cellular micro-

polymerization cellular

tubules and prevent tubulin polymerization. The supernatant
was then incubated with vehicle (ethanol), 20 pM paclitaxel or
20-100 wM taccalonolide A at 37°C for 30 min in the presence
of 1 mM GTP to allow microtubules to form. For the analysis of
cold stable microtubules, the lysates were then returned to a 4°C
ice bath for 15 min to depolymerize cold labile microtubules and
each of the following steps were also carried out at 4°C. In con-
trast, for the analysis of total microtubule formation, lysates were
kept at 25°C after microtubules were formed for the duration of
the experiment. Microtubules were separated from soluble tubu-
lin by centrifugation for 30 min at 25,000x g. The supernatant,
containing soluble tubulin, was removed and added to 4x sample
buffer. The pellet, which contained polymerized microtubules,
was gently washed with PEM buffer and resuspended in 4x sam-
ple buffer in PEM. Protein in the supernatant (S), wash (W) and
pellet (P) fractions was separated by SDS-PAGE and visualized
by total protein staining (Invitrogen, #L.C6065) or immunoblot-
ting for B-tubulin (Sigma-Aldrich, #4026), y-tubulin (Sigma-
Aldrich, #3559) or Aurora A (Cell Signaling, #3092).

Flow cytometry. HeLa cells were treated with drugs for 12
h and then harvested by cell scraping and centrifugation. Cells
were washed three times with fresh media and collected by cen-
trifugation to remove residual drug. One aliquot of cells was
centrifuged a final time and resuspended in Krishan’s reagent con-
taining propidium iodide** and cell cycle distribution evaluated
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