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Abstract: Some of the most significant therapeutic leads and agents used for the treatment of
cancer target microtubule dynamics. Paclitaxel is an exceptional example that is currently used
for treating a wide range of tumors. New, non-taxane microtubule stabilizers, including several
epothilones, are advancing through clinical trials. Laulimalide is a potent microtubule stabilizer
that binds to tubulin at a site that does not overlap the taxane-binding site. It is active against
paclitaxel-resistant cancer cells. Notwithstanding its therapeutic potential, laulimalide is relatively
unstable, rearranging to a more stable but less active isomer. The goal of this study was to
evaluate the ability of laulimalide and two designed laulimalide analogues, C;6-C;17-des-epoxy
laulimalide (LA1) and Cyo-methoxy laulimalide (LA2), to inhibit cell proliferation in combination
with other tubulin-binding and non-tubulin-binding antiproliferative antimitotic agents. The synthetic
laulimalide analogues retain the mechanism of action of the natural compound but do not share
its instability. We studied the ability of the laulimalides to act synergistically with paclitaxel,
2-methoxyestradiol, and monastrol, an Eg5 kinesin inhibitor. The results show that all three of
the laulimalides acted synergistically with paclitaxel and 2-methoxyestradiol to inhibit proliferation
with the analogues exhibiting significantly larger synergistic effects. The combination of laulimalide
and monastrol was not synergistic and provided only additive effects. The laulimalide analogues
LA1 and LA2 had a greater degree of synergy with both paclitaxel and 2-methoxyestradiol than
was observed with laulimalide. Our results show that the laulimalides together with other tubulin-
binding antimitotic agents provide synergistic antiproliferative actions. The data are consistent
with the previously reported ability of laulimalide and paclitaxel to act synergistically to polymerize
tubulin in vitro. These important findings suggest that specific combinations of microtubule-
targeting agents should be considered for clinical utilities as they have excellent potential to
improve clinical response.
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Introduction the first microtubule stabilizer identified, is the most effective
Drugs that target microtubules are some of the most microtubule-targeting drug used clinically. The clinical
important drugs used in the treatment of cancer. Paclitaxel, success of paclitaxel led to the search for other microtubule
_ N ~ stabilizers that would share the efficacy of the taxanes,
* Corresponding author. Mailing address: Department of Physiol- paclitaxel and docetaxel, and yet would retain activity against
ogy and Medicine, Southwest Foundation for Biomedical {5yane-resistant tumors. A number of other microtubule
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attention because of the special advantages they could offeiproliferation, and it has the ability to circumvent P-glyco-
as therapeutics in potentially circumventing many different protein (Pgp)-mediated drug resistance and resistance due
taxane resistance mechanisms. to mutations in the paclitaxel binding sié.Laulimalide
Tubulin-targeting antimitotics are often separated into two causes the formation of aberrant mitotic spindles apt/iG
groups: those that increase the density of cellular microtu- arrest, leading to apoptosisSimilar to other microtubule
bules and promote tubulin polymerization (microtubule stabilizers, laulimalide at high concentrations increases
stabilizers) and those that cause a loss of cellular microtu- interphase microtubule density and causes the formation of
bules and inhibit tubulin polymerization (microtubule de- thick microtubule bundle%.Laulimalide was the first mi-
polymerizers). The vinca alkaloids, colchicine, dolastatin 10, crotubule stabilizer identified that binds to tubulin at a site
and 2-methoxyestradiol (2ME2) represent microtubule- that does not overlap the taxane-binding Siteulimalide
depolymerizing compounds, and several microtubule stabi- does not displace radiolabeled paclitaxel, and the incubation
lizing agents are listed above. Relatively high concentrations of paclitaxel and laulimalide with tubulin resulted in equimo-
of all of these drugs are needed to induce dramatic changedar associations of these two drugs bound to the tubulin
in cellular microtubules. A large body of evidence shows polymer, consistent with discreet, nonoverlapping binding
that at the lowest effective concentrations microtubule sites! Studies of the nature of the interaction of laulimalide
stabilizers and microtubule depolymerizers inhibit microtu- and tubulin show that laulimalide and paclitaxel have almost
bule dynamics that are critically important for normal mitotic  identical effects on purified tubulifilnterestingly, paclitaxel
progression, thus causing mitotic arrest and initiation of and laulimalide synergistically stimulated tubulin assembly
apoptosis:2While all share a common mechanism of action, reactions at cold temperatures; such suboptimal polymeri-
slight differences are observed between the microtubule zation conditions increase the likelihood of detecting syn-
stabilizers paclitaxel and discodermolide. Interestingly, dis- ergistic action$.
codermolide and paclitaxel have synergistic antiproliferative  The total chemical synthesis of laulimalide has been
actions and the synergistic effects were specific for this accomplished by several group3? and a number of
combination. The combination of paclitaxel with epothilone laulimalide analogues have been synthesfZ&d® Two
B resulted in only additive effectsAlthough both disco-
dermolide and paclitaxel markedly inhibited microtubule
dynamics, slight mechanistic differences were obsefved.
Detailed evaluations of the mechanisms by which discoder-

(6) Mooberry, S. L.; Tien, G.; Hernandez, A. H.; Plubrukarn, A.;
Davidson, B. S. Laulimalide and isolaulimalide, new paclitaxel-
like microtubule-stabilizing agent€ancer Res1999 59, 653—

molide inhibits microtubule dynamics showed that it differs 660.

from paclitaxel and epothilone B in its ability to increase (7) Pryor, D. E.; O'Brate, A ; Bilcer, G.; Diaz, J. F.; Wang, Y.; Wang,
the frequency of catastrophe reséuémportantly, the Y.; Kabaki, M.; Jung, M. K.; Andreu, J. M.; Ghosh, A. K;
combination of discodermolide and paclitaxel caused syn- Giannakakou, P.; Hamel, E. The microtubule stabilizing agent
ergistic suppression of microtubule dynanﬁc'Ehe ability laulimalide does not bind in the taxoid site, kills cells resistant to

. . . ‘g paclitaxel and epothilones, and may not require its epoxide moiety
of these two microtubule stabilizers to act in a synergistic for activity. Biochemistry2002 41, 9109-9115.

manner might be related to their slightly different mecha- (8) Gapud, E. J.; Bai, R.. Ghosh, A. K.: Hamel, E. Laulimalide and

nisms of inhibiting microtubule dynamics. paclitaxel: a comparison of their effects on tubulin assembly and
Laulimalide is a structurally distinct microtubule-stabiliz- their synergistic action when present simultaneouglgl. Phar-

ing agent that was originally isolated from the marine sponge macol.2004 66, 113-121.

Cacospongia mycofijiensfs It is a potent inhibitor of (9 Ghosh, A. K. Wang, Y. Total synthesis off-laulimalide.J.

Am. Chem. SoQ00Q 122, 1102711028.
(10) Ghosh, A. K.; Wang, Y.; Kim, J. T. Total synthesis of microtubule-

(1) Jordan, M. A.; Wilson, L. Microtubules as a target for anticancer stabilizing agent<{)-laulimalide.J. Org. Chem2001, 66, 8973~
drugs.Nat. Re.. Cancer2004 4, 253-265. 8982.

(2) Jordan, M. A. Mechanism of action of antitumor drugs that interact (11) Paterson, I.; De Savi, C.; Tudge, M. Total synthesis of the
with microtubules and tubulirCurr. Med. Chem.: Anti-Cancer microtubule-stabilizing agent{()-laulimalide.Org. Lett.2001, 3,
Agents2002 2, 1-17. 3149-3152.

(3) Martello, L. A.; McDaid, H. M.; Regl, D. L.; Yang, C. P.; Meng, (12) Mulzer, J.; Ohler, E. An intramolecular case of Sharpless kinetic
D.; Pettus, T. R.; Kaufman, M. D.; Arimoto, H.; Danishefsky, S. resolution: total synthesis of laulimaliddngew. Chem., Int. Ed.
J.; Smith, A. B., lll; Horwitz, S. B. Taxol and discodermolide 2001, 40, 3842-3846.
represent a synergistic drug combination in human carcinoma cell (13) Wender, P. A.; Hegde, S. G.; Hubbard, R. D.; Zhang, L. Total
lines. Clin. Cancer Res200Q 6, 1978-1987. synthesis of {)-laulimalide.J. Am. Chem. So2002 124, 4956~

(4) Honore, S.; Kamath, K.; Braguer, D.; Wilson, L.; Briand, C.; 4957.

Jordan, M. A. Suppression of microtubule dynamics by disco- (14) Ahmed, A.; Hoegenauer, E. K.; Enev, V. S.; Hanbauer, M.;
dermolide by a novel mechanism is associated with mitotic arrest Kaehlig, H.; Ohler, E.; Mulzer, J. Total synthesis of the micro-
and inhibition of tumor cell proliferatiorMol. Cancer Ther2003 tubule stabilizing antitumor agent laulimalide and some nonnatural
2, 1303-1311. analogs: the power of Sharpless’ asymmetric epoxidafiodrg.

(5) Honore, S.; Kamath, K.; Braguer, D.; Horwitz, S. B.; Wilson, L.; Chem.2003 68, 3026-3042.

Briand, C.; Jordan, M. A. Synergistic suppression of microtubule (15) Wender, P. A.; Hegde, S. G.; Hubbard, R. D.; Zhang, L.;
dynamics by discodermolide and paclitaxel in non-small cell lung Mooberry, S. L. Synthesis and biological evaluation ef){
carcinoma cellsCancer Res2004 64, 4957-4964. laulimalide analoguegOrg. Lett.2003 5, 3507-3509.
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laulimalide analogues, &Ci~des-epoxy laulimalide (LA1)
and Gg-methoxy laulimalide (LA2), were designed to
minimize the intrinsic chemical instability of laulimalide.
These two analogues retain the microtubule-stabilizing

activity of the parent compound and the ability to evade Pgp-

cells were maintained in IMEM (Biosource, Camarillo, CA)
with 10% FBS and 2%:g/mL gentamycin.

Sulforhodamine B Assay.The sulforhodamine B (SRB)
assay was used to determine inhibition of proliferation and
cytotoxicity of the various agents in the different cell

mediated drug resistance and resistance due to mutations inines1°2 Cells were plated into 96-well plates at predeter-

the taxane-binding sit#&:'6

mined densities (30 000 cells per well for A549 cells and

Combinations of drugs can have antagonistic, additive, or 50 000 cells per well for MDA-MB-435 cells), and allowed
synergistic effects when used together. Additive effects are to adhere and grow for 24 h. The cells were exposed to the
observed when each drug in the combination generates ardrugs simultaneously for 48 h. After treatment, the cells were

effect that is merely the sum of their individual effects. When

fixed and cellular protein was stained with SRB. The

two drugs used together create an effect greater than the sunabsorbance was read at 560 nm. Cytotoxicity is indicated

of their individual effects, they are said to be synergistic or

by absorbance values less than the absorbance read at time

superadditive. However, some drugs seem to compete withQ, the time of drug additiof?

one another and reduce their individual potencies. In this

Analysis of Drug Synergism.The antiproliferative effects

case the combination is said to be antagonistic, or subaddi-gf the laulimalides were evaluated alone and in combination

tive. We evaluated the effects of laulimalide and laulimalide
analogues in combination with other antimitotic compounds

with paclitaxel, 2MEZ2, or monastrol. Detailed desesponse
relationships were defined for each of the compounds singly

to identify the nature of their interactions. Our data suggest gnd in combination using the SRB assay. The linear portions

that the laulimalides in combination with other tubulin-
targeting antimitotic agents provide significant synergistic

of the log doseresponse curves were fit and the equations
of the lines determined. The linear equations derived from

actions. Interestingly, the laulimalide analogues were sub- compination treatments allowed for the calculation of the

stantially more synergistic than the natural product. In
contrast, laulimalide and monastrol, an inhibitor of the mitotic
kinesin Eg5i"*® provide only additive antiproliferative
effects.

Materials and Methods

Laulimalide and Laulimalide Analogues. Laulimalide
was purified from the marine sponde. mycofijiensisas
previously describetiLaulimalide was solubilized in ethanol,
and the solution was stored under argon-20 °C or —80
°C. The laulimalide analogues &C;~des-epoxy laulimalide
(LA1) and Ggmethoxy laulimalide (LA2) were designed

concentration of a drug combination required for a specific
inhibitory effect. The individual doseresponse curves were
used to calculate singular potencies as well as the drug ratio,
or relative potency of each drug used in combination to
achieve a specific effeét. 2 The drug ratio accounts for
the different potencies of each drug. The ratio determines
the relative proportion each drug comprises in the combina-
tion21-23 However, the drug doseresponse curves for
various drugs are not always parallel. When the drugs are
used together, the relative potency might not be constant over
the full-range drug response. Because of this potential
variability, drug ratios were calculated separately for each

for enhanced chemical stability and were synthesized asdata point used in the analysis. In the end, for a single data

reported previously? The analogues were also solubilized
in ethanol and stored at20 °C or —80 °C.

Other Materials. Paclitaxel, 2-ME2, and monastrol were
purchased from Sigma (St. Louis, MO).

Cell Culture. A549 human lung carcinoma cells were
purchased from American Type Culture Collection (Manas-
sas, VA), and they were maintained in RPMI 1640 (Bio-
source, Camarillo, CA) containing 2@/mL gentamycin and
10% fetal bovine serum (FBS). MDA-MB-435 breast cancer
cells were obtained from the Lombardi Cancer Center
(Georgetown University, Washington, DC). MDA-MB-435

(16) Mooberry, S. L.; Randall-Hlubek, D. A.; Leal, R. M.; Hedge, S.
G.; Hubbard, R. D.; Zhang, L.; Wender, P. A. Microtubule-
stabilizing agents based on designed laulimalide analogues.
Natl. Acad. Sci. U.S.A2004 101, 8803-8808.

(17) Mayer, T. U.; Kapoor, T. M.; Haggarty, S. J.; King, R. W.;
Schreiber, S. L.; Mitchison, T. J. Small molecule inhibitor of
mitotic spindle bipolarity identified in a phenotype-based screen.
Sciencel999 286, 971-974.

(18) Maliga, Z.; Kapoor, T. M.; Mitchison, T. J. Evidence that
monastrol is an allosteric inhibitor of the mitotic kinesin Eg5.
Chem. Biol.2002 9, 989-996.

point such as the I£, the individual concentrations of each
drug, the concentration of the drug pair, and the dose ratio
were calculated and averaged and the standard error was
determined. These values were then used to generate
isobolograms and the combination indices (CIs).
Combination Index. The Cl analyses were performed for
the combined effects of the laulimalides and paclitaxel or
2ME2 according to the methods of Chou and Tal&fajhe
Cl measures the degree of enhancement or reduction in the

(19) Skehan, P.; Storeng, R.; Scudiero, D.; Monks, A.; McMahon, J.;
Vistica, D.; Warren, J. T.; Bokesch, H.; Kenney, S.; Boyd, M. R.
New colorimetric cytotoxicity assay for anticancer-drug screening.
J. Natl. Cancer Inst199Q 82, 1107-1112.

(20) Boyd, M. R.; Paull, K. D. Some practical considerations and
applications of the National Cancer Institute in vitro anticancer
discovery screerDrug Dev. Res.1995 34, 91-109.

(21) Tallarida, R. J.Drug Synergism and Dose-Effect Analysis.
Chapman Hall/CRC Press: Boca Raton, FL, 2000.

(22) Tallarida, R. J. Drug synergism: its detection and applications.
J. Pharmacol. Exp. The2001 298 865-872.

(23) Tallarida, R. J. The interaction index: a measure of drug
synergismPain 2002 98, 163—-168.
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potency of a combination. CI values were calculated using The effects of the combination of 2ME2, a tubulin-

the mutually exclusive assumption which assumes that thetargeting microtubule-depolymerizing agent, with laulimalide
two drugs have a similar mechanism of action. The=Cl = were also evaluated. The combination of 2ME2 and lauli-
(D)/(Dx); + (D)J/(Dx)2, where O and Dy are the two malide showed synergism in both cell lines. In the A549
different drugs. (D)and (D) represent the concentration of  cell line the synergistic difference was 31.2 (Figure 1B), and

drug D or D, required in combination to produce a specific
effect. (Dx) and (Dx} are the concentrations of the same
drug, either B or D,, required to produce the same effect

in the MDA-MB-435 cell line the pair were also synergistic,
with a synergistic difference of 11.9 (Figure 1E).
The antiproliferative effects of monastrol and laulimalide

singularly. (D) and (D} were calculated from the combina- were also tested. Monastrol was selected for these studies
tion dose response equation. (Pahd (Dx} were calculated  because, like the other drugs used, it is an antimitotic agent
from the individual dose response equations. The Cl valueswith antiproliferative effects. Unlike the other compounds
were calculated over a range of effects from the I8 1Cqo used in this study, monastrol is not a tubulin-binding
to demonstrate the combination’s characteristics over theantimitotic agent, it is an inhibitor of the mitotic kinesin Eg5.
range of inhibitory effects. A Cl value of less than 1.0 is The combination of laulimalide and monastrol caused
considered synergistic while a Cl value greater than 1.0 is additive effects, with a calculated synergistic difference of
considered to be antagonistic, and a Cl value approximately 3.6 in A549 cells (Figure 1C) and 7.3 in MDA-MB-435 cells

equal to 1.0 represents an additive interaction.

Flow Cytometry. The effects of the antimitotic com-
pounds on cell cycle distribution were evaluated singly and
in combination by flow cytometry using standard meth8ds.

(Figure 1F). These data suggest that monastrol and lauli-
malide do not provide synergistic antiproliferative actions
and probably interact in an additive manner.

Effects of the Laulimalide Analogues When Combined

A 24 h time point was evaluated, and the percentage of thewith Paclitaxel or 2ME2. Because laulimalide was syner-
cells in each phase of the cell cycle was determined by gistic with both paclitaxel and 2ME2, we tested the effects

integrating the area under the peaks.

Results

Effects of Laulimalide in Combination with Paclitaxel,
2ME2, or Monastrol. To begin to determine the nature of
the responses of cells to laulimalide and paclitaxel in
combination, a simple set of experiments was conducted in
A549 and MDA-MB-435 cells. Cells were treated with

concentrations of laulimalide or paclitaxel that caused modest

antiproliferative effects, in the range 0f~80% inhibition.

Because inhibition greater than 100% cannot be measured

synergistic interactions are best identified using low anti-
proliferative concentrations. The antiproliferative activities
of compounds were evaluated singly, and in combination.
Bar graphs representing one set of data points in A549
(Figure 1A) and in MDA-MB-435 cells (Figure 1D) are
shown. The inhibitory effects of each drug alone, the
mathematical sum of the two drugs in combination, and the
actual experimentally observed combination effect are plot-
ted. Values representing the difference between the predicte
additive percent inhibition value and the experimentally
derived percent inhibition value, defined as the synergistic
difference, are shown for each drug combination. In both
the A549 and MDA-MB-435 cell lines paclitaxel and
laulimalide were found to act synergistically: the resultant
inhibition of proliferation was greater than the sum of their
individual effects. The synergistic difference provided by
laulimalide and paclitaxel in A549 cells was 15.5 (Figure
1A), and in MDA-MB-435 cells the synergistic difference
was 22.2 (Figure 1D). The results suggest that laulimalide
and paclitaxel have synergistic antiproliferative actions in
these two cell lines.

of the laulimalide analogues LAl and LA2 to determine
whether synergistic antiproliferative actions were shared
among the laulimalides. LA1 and LA2 were evaluated singly
and in combination with paclitaxel or 2ME2 in A549 cells.
The effects of LA1 and paclitaxel when used singly and in
combination are shown in Figure 2A. Each compound alone
caused modest antiproliferative effects at the concentration
tested. When added together the predicted additive effect was
19% inhibition of proliferation. The actual measured inhibi-
tion was 53.1%, yielding a synergistic difference of 34.1.
The results show that LA1 was synergistic with paclitaxel.
The combination of LA1 and 2ME2 was evaluated, and the
combination provided more inhibition of proliferation than
was anticipated from an additive relationship (Figure 2B)
and a synergistic difference of 35.4 was obtained. The effects
of LA2 were evaluated in combination with paclitaxel or
2ME2. The results show that this laulimalide is also
synergistic in combination with paclitaxel, providing a
ynergistic difference of 43.4 for one dose pair (Figure 2C).
A2 was also found to be synergistic with 2ME2, and this
combination yielded a synergistic difference of 27.7 (Figure
2D). Consistent with the effects of laulimalide, the lauli-
malide analogues LA1 and LA2 were synergistic with both
paclitaxel and 2ME2. It is interesting to note that the degree
of synergism appeared to be greater with the synthetic
analogues than with the natural compound and this effect
was more pronounced with the laulimalides in combination
with paclitaxel than in combination with 2ME2.
Isobologram Analyses of Laulimalide in Combination
with Paclitaxel or 2ME2. Isobolograms provide a useful
mechanism to visualize the effects of dose pairings to
distinguish effects that derivate from simple additive

(24) Chou, T. C.; Talalay, P. Quantitative analysis of dose-effect interactionsg!~2% Isobolograms were constructed for multiple
relationships: the combined effects of multiple drugs or enzyme drug pairs in A549 cells, and the results of several dose pairs
inhibitors. Adv. Enzyme Regull984 22, 27—55. are shown in Figure 3. These data represent dose pairs
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A. Paclitaxel and Laulimalide B. 2ME2 and Laulimalide C. Monastrol and Laulimalide
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Figure 1. Antiproliferative effects of combinations of laulimalide and other antimitotic agents. A549 or MDA-MB-435 cells were
treated with low inhibitory concentrations of the two agents alone and in combination. Inhibition of proliferation was measured
using the SRB assay. The effects of each compound singly and in combination are shown. The predicted value is the sum of
the individual effects of each drug in the pair. The actual value is the experimental result obtained from the combination. The
synergistic difference is defined as the numerical difference between the predicted and measured antiproliferative effects of the

agents used in combination. n = 3 + SE.

(isoboles) that cause 20% inhibition of proliferation. This three isobolograms graphically depict synergistic interactions
level of effect was selected for sensitive detection of between these two drug classes. The level of synergism was
synergistic activity. All of the individual drug concentrations greater for the laulimalide analogues LA1 and LA2 than was
were plotted as axial points in the Cartesian plot and are theghserved for laulimalide, and these results are consistent with
averages obtained from three experiments. The line con-the results obtained in simple additive experiments (Figures
necting tlhe two points, the line of aQQitivity, repre;ents all 1 and 2). Interestingly, these data suggest that there are
dose pairs that would produce additive effects, i.e.,he ittarences in the responses of cells to the combination of
andy valueg correspond to concentrations of .ea(.:h. ‘?'r“9 that, laulimalide or the laulimalide analogues with paclitaxel, yet
whgn comt.)medzvv'ould produce 20% growth |nh|b|t|9n. The there is little difference between LAl and LA2 in their
solitary point within the plot represents the experimental . . . .
concentrations of a combination treatment that produced 20%|nteract|ons with paclitaxel.

The effects of 2ME2 and the laulimalides in combination

inhibition. A point below the line of additivity represents TN :
synergism, and a point above the line of additivity is are presented in Figure 3E,F. The isobolograms suggest that

subadditive. Points close to the line of additivity suggest 2ME2 and the laulimalides have synergistic antiproliferative

additive interactiong! effects as the isoboles fall below the line of additivity. The
The effects of each of the laulimalides in combination with magnitude of synergism was similar among the three
paclitaxel were evaluated in A549 cells (Figure-38). All laulimalides when each was used in combination with 2ME2,

VOL. 3, NO. 4 MOLECULAR PHARMACEUTICS 461



articles Clark et al.
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Figure 2. Antiproliferative effects of laulimalide analogues in combination with paclitaxel or 2ME2. A549 cells were treated with
low inhibitory concentrations of two compounds singly and in combination. The predicted value is the sum of the effects of each
agent used alone. The actual value is the experimentally measured value obtained when the agents were used in combination.
The synergistic difference is the numerical difference between the predicted sum and the experimental value. n = 3 + SE.

in contrast to the results obtained with paclitaxel. Similar with 2ME2 (Figure 4E,F) indicate that these combinations
results were seen with MDA-MB-435 cells (data not shown). are synergistic over a large effect range;-80% inhibition

The Combination Index. The CI provides another mech-  of proliferation with LA1, and slightly less for LA2, 10
anism to evaluate the synergistic actions of two drugs used60% inhibition of proliferation. These analyses are consistent
together®>® The CI values were individually calculated with the results obtained with the isobolograms which
according to the methods of Chou and Talalay for nine indicated superadditive effects of the combination of the
different effect levels from 10% to 90% inhibition of laulimalide analogues with either paclitaxel or 2ME2. The
proliferation for each of the drug combinations in A549 CI analyses indicate that any of the laulimalides together
cells?* The ClI values calculated for the combination of with paclitaxel or 2ME2 provide synergistic antiproliferative
laulimalide and paclitaxel are less than 1, indicating syner- actions and the degree of synergism is greater with the
gism, for all the points below 50% inhibition of proliferation laulimalide analogues LA1 and LA2 than is observed with
(Figure 4A). The CI values obtained for the combinations the parent compound.
of LAl and paclitaxel and LA2 and paclitaxel indicate Shift in the Dose Response CurvedVhen describing the
synergistic interactions over a large range, from 10% to 70% ability of discodermolide to act synergistically with pacli-
inhibition of proliferation (Figure 4B,C). The combination taxel, Martello and colleagugsvaluated the effects of adding
of 2ME2 and laulimalide was also synergistic below 50% a constant low concentration of paclitaxel to a range of
inhibition of proliferation (Figure 4D), similar to the effects concentrations of discodermolide. They plotted the disco-
that were obtained with the combination of laulimalide and dermolide doseresponse curves, and noted the shift iglC
paclitaxel. Over the range from 60% to 90% inhibition of values for each concentration of paclitaxel. These experi-
proliferation, the combinations of laulimalide with either ments were useful as an alternate mechanism to show the
paclitaxel or 2ME2 were subadditive (Figure 4A,D). The CI superadditive effects of this drug combination. These same
values calculated for the laulimalide analogues LA1 or LA2 types of experiments were conducted with the laulimalides.
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Figure 3. Isobolographic analyses of the effects of the laulimalides in combination with paclitaxel or 2ME2 in A549 cells.

Isobolograms were generated using dose—response curves and represent an 1C, concentration for individual and combination
treatments. n = 3 £+ SE.

A full dose—response curve for each laulimalide was mathematical sum for each drug used singly, Malues were
constructed along with a second desesponse curve in  calculated from the actual and theoretical desesponse
which a low concentration of either paclitaxel or 2ME2 was curves. Experiments were conducted for each of the lauli-
added with the laulimalides. The antiproliferative effects of malides in combination with paclitaxel or 2ME2 and the
that single concentration of 2ME2 or paclitaxel alone were effects on doseresponse curves and the siCvalues
also measured. This allowed construction of theoretical, calculated for each combination. The results of the experi-
additive dose-response curves that were compared with ments are presented in Table 1. The anticipated and actual
actual doseresponse curves obtained experimentally with ICs, values are shown for each combination. The fold
the combination. A shift to the left of the actual dese  difference was calculated to demonstrate the magnitude of
response curve, as compared to the theoretical curve, and @&ach doseresponse curve shift. These data are consistent
lowering of the 1Go value from that anticipated from additive  with the isobologram and Cl analyses that show that the
effects would indicate synergistic antiproliferative activities. combination of laulimalide, LA1, or LA2 together with
The effects of paclitaxel added to LA1 are shown in Figure paclitaxel or 2ME2 resulted in synergistic antiproliferative
5 as an example of this type of analysis. The effects of LA1 responses.
alone as well as the actual dose response curve obtained by Effects of Combinations of Antimitotic Agents on G/M
adding 1.2 nM paclitaxel, which alone causes 21.8% inhibi- Accumulation and Cytotoxicity. The ability of tubulin-
tion, to each point are shown on the LA1 desesponse binding antimitotic agents to inhibit proliferation is linked
curve (Figure 5). The third curve in Figure 5 represents a with their ability to interrupt normal mitotic events ultimately
theoretical doseresponse curve that was generated by leading to initiation of apoptosisStudies were conducted
assuming that the antiproliferative effects of the two drugs to identify whether the combinations of laulimalide and
in combination at each point would be equal to the paclitaxel or laulimalide and 2ME2 had synergistic effects
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Figure 4. CI analyses of the effects of the laulimalides in combination with paclitaxel or 2ME2 in A549 cells. Cl values were
calculated for each point shown as described in Materials and Methods. The CI values are the average of 3 experiments and
are shown + SE. The CI values were plotted as a function of the particular inhibitory effect. Cl values below 1 represent a
synergistic combination, Cl values equal to 1 are additive, and Cl values above 1 represent subadditive combinations.

on mitotic accumulation. A range of concentrations of each together with paclitaxel or 2ME2 provided synergistic
compound were evaluated for the ability to initiate//@ cytotoxicity (data not shown), presumably through an apo-
accumulation at 24 h. Laulimalide, paclitaxel, and 2ME2 each ptotic process as each of these agents initiates apoptosis when
caused a concentration dependent increase in the number ofised as a single agent.
cells in G/M. The effects of various combinations were
evaluated, and the results (Figure 6) show that the combina-Discussion
tion of laulimalide and paclitaxel causes more/\& ac- We evaluated the effects of laulimalide and synthetic
cumulation than is predicted from the effects of each laulimalide analogues in combination with other antimitotic
compound used singly (Figure 6A). The predicted additive agents to determine whether they would have additive or
effects for the experiment shown were 28.4%, yet experi- synergistic antiproliferative actions. Several methods were
mentally 38.6% of the cells were in the/®! phase of the used to analyze synergism including isobolograms and CI
cell cycle. Similar effects were obtained with the combination values. The results are consistent, and indicate that the
of 2ME2 and laulimalide (Figure 6B). The predicted additive laulimalides in combination with paclitaxel or 2ME2 caused
effect was 36.1%, and experimentally 57.5% of the cells were significant synergistic effects. To identify whether these
in Go/M. These data provide mechanistic insights that link effects were related to the interactions of the agents with
synergistic mitotic accumulation with inhibition of prolifera- their intracellular target, tubulin, the ability of a non-tubulin-
tion. targeting antimitotic, monastrol, was also evaluated in
Individually, the laulimalides, paclitaxel, and 2ME2 all combination with laulimalide. The studies indicated that
cause antiproliferative effects, and at slightly higher con- monastrol and laulimalide together provided only additive
centrations they are all cytotoxic in the MDA-MB-435 and antiproliferative effects. The nature of the synergistic interac-
A549 cells lines. The ability of combinations of laulimalide tion of the drugs examined in this study appears to be related
with paclitaxel or 2ME2 to exhibit synergistic cytotoxic to their tubulin dependent antimitotic actions. It is interesting
effects was also evaluated using the SRB assay. Laulimalidethat the synergistic combinations identified in this study
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Table 1. Theoretical and Actual ICsq Values of o
Combination Treatments? S 20

|Cso, nM
predicted  experimental fold -
combination additive combination  difference 0 T T

laulimalide and paclitaxel 7.2 £ 0.3 3.1+01 2.3 2ME2 Laul. Predicted Actual
laulimalide and 2ME2 76+01 5601 1.4 (2uM) || (Z.50M) | 2MEZ + Laul.
LA1 and paclitaxel 321+ 18 42 + 0.7 7.6
LA1 and 2ME2 505 + 3 175 + 3 29 Figure 6. Effects of laulimalide and paclitaxel or 2ME2 on
LA2 and paclitaxel 484+25 167 + 19 29 mitotic accumulation. Cells were treated for 24 h with lauli-
LA2 and 2ME2 859 + 31 304+ 4 23 malide (7.5 nM), paclitaxel (5 nM), or 2ME2 (2 uM) or a

combination of paclitaxel and laulimalide or laulimalide and
2MEZ2. The predicted value is the additive sum of the effects
of each agent used alone. The actual value is the experimen-
tally measured value obtained when the compounds were
involve combinations of drugs that bind to microtubule/ ysed in combination. The synergistic difference is the differ-
tubulin on nonoverlapping sites. Whether this is required for ence between the predicted sum and the experimental value.
the synergistic actions is not yet known. The data are from 1 of 2 representative experiments.

Although all the laulimalides we evaluated provided
synergistic actions with both paclitaxel and 2ME2, the with 2ME2 provided lower CI values than were obtained
laulimalide analogues LA1 and LA2 achieved a higher level with the combination of 2ME2 and laulimalide, indicative
of synergism than was obtained with laulimalide. The of a higher degree of synergism. The laulimalide analogues
isobolographic data and CI values indicate that the lauli- in combination with either paclitaxel or 2ZME2 yielded CI
malide analogues and paclitaxel provided a greater degreevalues less than 1 over a wider efficacy range than was
of synergism than was obtained with paclitaxel and lauli- obtained with laulimalide. It is possible that this might
malide. The Cl analyses indicate that LA1 in combination indicate slight mechanistic differences between these ana-

2 |nhibition of proliferation was determined using the SRB assay.
n=3+ SE.
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logues and the natural product. Earlier mechanistic studiesaccumulation. Further studies are needed to determine the
indicated that LA1 and LA2 were indistinguishable from specific mechanistic interactions of these various compounds
laulimalide®® however, these new data might suggest subtle that lead to synergistic antimitotic actions.

differences. The synergistic antiproliferative actions of  The ability of two tubulin-binding antiproliferative drugs
laulimalide and paclitaxel are consistent with the ability of to have synergistic effects is not unprecedented. The
laulimalide and paclitaxel to act synergistically to polymerize combination of discodermolide and paclitaxel is synergistic
tubulin in vitro® Although all the data available suggest that for inhibition of proliferation and for the ability to inhibit
laulimalide binds to a distinct binding site on microtubules, microtubule dynamic® A number of other combinations
laulimalide and paclitaxel have almost identical effects on of tubulin-binding drugs are also reported to have synergistic
purified tubulin® Two slight differences were noted, how- actions, including the combinations of a taxane with a
ever. Aberrant tubulin polymers in the form of sheets and colchicine site binding agefitpaclitaxel and vinorelbing 28
ribbons were more common in polymers assembled in the paclitaxel and vinblastin®&,and paclitaxel and estramustitte.
presence of paclitaxel, while most of the polymers formed Not all combinations of tubulin-targeting antimitotic agents
with laulimalide had microtubule-like structuréghe lauli- provide synergistic actions. Paclitaxel in combination with
malide-initiated tubulin polymers were also more stable either epothilone B or eleutherobin provided only additive
during prolonged incubation at OC as compared to  antiproliferative effects. Cryptophycin 1 and vinblastine
paclitaxel-induced tubulin polymers. The ability of paclitaxel together produced only additive antiproliferative actiéhs.
and laulimalide to synergistically stimulate tubulin assembly These studies suggest that drugs which bind to different
suggests that they might act in a slightly different manner binding sites have a higher propensity of acting synergisti-
which leads to synergistic and not additive interactions. The cally, and this is consistent with our results. Mechanistically,

synergistic effects of laulimalide in combination with pacli-
taxel were not unique. The combination of laulimalide
together with epothilone A, discodermolide, eleutherobin, or
sarcodicyin A also initiated synergistic tubulin assentbly.
The synergistic effects of laulimalide in combination with
other microtubule stabilizers were unique. Multiple combina-
tions of paclitaxel with other microtubule stabilizers that bind
to tubulin within the taxane-binding site did not yield
superadditive assembly of tubulin polynfer.

Whether the synergistic effects of paclitaxel and lauli-
malide on tubulin assembly would translate into synergistic

it is not known exactly how this occurs, but it might involve
synergistic actions on microtubule dynamics. The synergistic
antiproliferative effects of discodermolide and paclitaxel are
linked with the ability of this pair of drugs to synergistically
inhibit microtubule dynamic&The slightly different effects

of discodermolide and paclitaxel on dynamic instability might
provide the basis for the synergistic actions on microtubule
dynamics and on inhibition of proliferation. It is interesting
to speculate that the laulimalides’ effects on microtubule
dynamics might differ somewhat from the action of other
tubulin-targeting antimitotic drugs and that this provides the

antiproliferative actions was the next important question. Our OPPortunity for synergistic inhibition of microtubule dynam-
data suggest that laulimalide or the laulimalide analoguesics. Additional studies are needed to test this hypothesis.

together with paclitaxel provide synergistic antiproliferative

Tubulin-targeting antimitotic agents have important utilities

actions. However, the data showing that the laulimalides are N the clinical setting for the treatment of cancer. Although

also synergistic with the microtubule depolymerizer 2ME2 all these drugs have a similar mechanism of action, they are
suggests that the effects of these drugs on tubulin assembly
reactions might not be the underlying mechanism for their (25) Garcia, P.; Braguer, D.; Carles, G.; Briand, C. Simultaneous

antiproliferative effects. Laulimalide-induced tubulin as-
sembly in vitro was inhibited by a variety of microtubule-

depolymerizing agents, including agents such as 2ME2, that

bind to tubulin at the colchicine binding sitéf the effects

on tubulin assembly in vitro were related to the ability of
these drugs to inhibit cellular proliferation, then the combina-
tion of 2ME2 and laulimalide would be expected to be

subadditive or antagonistic. In contrast, our data suggest a
synergistic interaction between 2ME2 and the laulimalides.

In addition, the laulimalide analogues were synergistic with

combination of microtubule depolymerizing and stabilizing agents
acts at low dosesAnti-Cancer Drugsl995 6, 533-544.

(26) Photiou, A.; Shah, P.; Leong, L. K.; Moss, J.; Retsas, S. In vitro
synergy of paclitaxel (Taxol) and vinorelbine (Navelbine) against
human melanoma cell linegur. J. Cancerl997 33, 463-470.

(27) Knick, V. C.; Eberwein, D. J.; Miller, C. G. Vinorelbine tartrate

and paclitaxel combinations: enhanced activity against in vivo

P388 murine leukemia celld. Natl. Cancer Inst1995 87, 1072—

1077.

(28) Carles, G.; Braguer, D.; Sabeur, G.; Briand, C. The effect of
combining antitubulin agents on differentiated and undifferentiated
human colon cancer celldnti-Cancer Drugsl 998 9, 209-221.

2MEZ2 over a slightly wider range of concentrations than was (29) Giannakakou, P.; Villalba, L.; Li, H.; Poruchynsky, M.; Fojo, T.

obtained with these compounds in combination with pacli-
taxel. The synergistic actions of the laulimalides with both

a microtubule stabilizer and a microtubule depolymerizer can

be resolved by the capacity of both classes of tubulin-

interacting agents, at their lowest antiproliferative concentra-

tions, to inhibit microtubule dynamics leading to mitotic
arrestt? This hypothesis is supported by the ability of
laulimalide and 2ME2 to act synergistically to causghG
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not identical. The microtubule stabilizers paclitaxel, epothilone impressive synergism with both paclitaxel and 2ME2 than
B, eleutherobin, and discodermolide all bind within the the parent compound. In advancing these agents toward
taxane-binding site on microtubules. All of these compounds, clinical trials it will be important to evaluate them for in
except discodermolide, can support the growth of a paclitaxel vivo synergistic antitumor efficacy with other tubulin-binding
dependent cell liné.The ability of discodermolide to act antimitotic agents including paclitaxel and 2ME2.
synergistically with paclitaxel provided clues for the pos-
sibility of slight mechanistic differences. The synergism data
presented here indicate that the laulimalides, like discoder-
molide, might differ slightly in mechanism as compared to
other microtubule stabilizers and microtubule depolymerizers.
Elucidation of the specific molecular mechanisms of action
of these chemically diverse microtubule interacting agents
will provide important information for rational combinations
tek;:crg.ght increase antitumor efficacy and reduce toxic side Jessie Qrump Foundation (S.L.M.), and the Amon Carter
Efforts to design more stable analogues of laulimalide have Foundation (S.L.M.).
resulted in two lead compounds that provide even more MP060016H
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