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Pancreatic cancer, the fourth leading cause of cancer death in the United States, has a negative prognosis because metastasis

occurs before symptoms manifest. Leiodermatolide, a polyketide macrolide with antimitotic activity isolated from a deep water

sponge of the genus Leiodermatium, exhibits potent and selective cytotoxicity toward the pancreatic cancer cell lines AsPC-1,

PANC-1, BxPC-3, and MIA PaCa-2, and potent cytotoxicity against skin, breast and colon cancer cell lines. Induction of apopto-

sis by leiodermatolide was confirmed in the AsPC-1, BxPC-3 and MIA PaCa-2 cells. Leiodermatolide induces cell cycle arrest

but has no effects on in vitro polymerization or depolymerization of tubulin alone, while it enhances polymerization of tubulin

containing microtubule associated proteins (MAPs). Observations through confocal microscopy show that leiodermatolide, at

low concentrations, causes minimal effects on polymerization or depolymerization of the microtubule network in interphase

cells, but disruption of spindle formation in mitotic cells. At higher concentrations, depolymerization of the microtubule net-

work is observed. Visualization of the growing microtubule in HeLa cells expressing GFP-tagged plus end binding protein EB-1

showed that leiodermatolide stopped the polymerization of tubulin. These results suggest that leiodermatolide may affect

tubulin dynamics without directly interacting with tubulin and hint at a unique mechanism of action. In a mouse model of met-

astatic pancreatic cancer, leiodermatolide exhibited significant tumor reduction when compared to gemcitabine and controls.

The antitumor activities of leiodermatolide, as well as the proven utility of antimitotic compounds against cancer, make leio-

dermatolide an interesting compound with potential chemotherapeutic effects that may merit further research.

Every 15 min, one person is diagnosed with pancreatic cancer
in North America.1 Of those, only 28% of patients will survive
one year post diagnosis and only 7% will survive 5 years after
diagnosis.2 Pancreatic cancer is an extremely aggressive disease
that ranks fourth in the US for cancer-induced deaths.2 Current

treatments do little to prolong life or ameliorate symptoms and
there is an urgent need for new treatments.2

Antimitotic agents of natural origin have shown useful
anticancer properties.3,4 The vinca alkaloids (such as vincris-
tine) and the taxanes (such as paclitaxel) are currently used
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to treat many types of cancer.5 These compounds induce cell
cycle arrest5 by affecting the microtubules required for spin-
dle formation and chromosome segregation.4 While these
compounds are clinically effective, the development of drug
resistance creates the need for the discovery and development
of other tubulin interacting compounds. The tubulin depoly-
merizing agents combretastatin A-4 and its synthetic ana-
logues show promise for both their antitumor and
antivascular properties.6 The prodrug has recently entered
clinical trials.6 Other compounds such as 2-methoxyestradiol-
bis-sulfamate (STX140), a tubulin depolymerizing agent,
show in vitro and in vivo efficacy against tumors while pre-
senting reduced toxicity compared to current taxane com-
pounds.7 2-methoxyestradiol and many of its analogues are
currently in clinical trials for solid tumors, breast cancer,
ovarian cancer and refractory prostate cancers.8

Although historically tubulin interacting compounds have
not been used to treat pancreatic cancer, many tubulin interact-
ing compounds are currently in clinical trials for pancreatic
cancer. Albumin-bound paclitaxel (nab-paclitaxel AbraxaneVR )
has recently been shown to improve survival in metastatic pan-
creatic cancer when given in combination with gemcitabine
and was approved for use against pancreatic cancer by the
FDA.9 Ixabepilone, a tubulin stabilizing compound that binds
at a site different than paclitaxel, was in a phase II trial both as
a single agent and in combination with the epidermal growth
factor blocker cetuximab. While its use in combination therapy
failed to show improvement,10 as a single agent it showed
greater efficacy.11 Future trials might define whether ixabepi-
lone has a future as a treatment of pancreatic cancer. Eribulin,
a synthetic macrocyclic ketone analogue of the marine sponge
natural product halichondrin B, is a tubulin depolymerizing
agent recently approved by the FDA to be used in recurrent
metastatic breast cancer and has progressed to at least phase II
trials for pancreatic cancer.12 Leiodermatolide is a polyketide
derived macrolide isolated from a deep-water lithistid sponge
of the genus Leiodermatium.13 It was originally purified follow-
ing activity in the phospho-nucleolin assay14 which detects
compounds with antimitotic activity. This paper describes the
effects of leiodermatolide on pancreatic cancer cells as well as
initial studies toward understanding its mechanism of action.

Material and Methods
Reagents

Leiodermatolide was obtained from the Harbor Branch
Oceanographic Institute pure compound library. The material

was isolated from a sponge of the genus Leiodermatium as
described previously.13 The leiodermatolide stock solution
was at a concentration of 1 mg/mL in methanol. Methanol
and isopropanol used in the experiments were purchased
from Fisher Scientific, Fair Lawn, NJ. The 3-[4,5-Dimethyl-2-
thiazolyl]-2,5-diphenyl-2H-tetrazolium bromide (MTT) used
for cell viability assays was purchased from Sigma Chemical,
St. Louis, MO.

Cell culture

The human pancreatic cancer cell lines PANC-1 (CRL-1469),
AsPC-1 (CRL-1682), BxPC-3 (CRL-1687) and MIA PaCa-2
(CRL-1420) cell lines were obtained from ATCC, grown, ali-
quotted and maintained in liquid nitrogen. Aliquots of
AsPC-1, PANC-1 and BxPC-3 were thawed and grown in
RPMI-1640 supplemented with 10% Fetal Bovine Serum,
0.11 mg/mL Sodium Pyruvate, 4.5 g/L D-glucose, 18 mM
HEPES Buffer, 100 U/mL penicillin G sodium, 100 lg/mL
streptomycin sulfate, 0.25 lg/mL amphotericin B, 2 mM L-
glutamine and 50 lg/mL gentamicin (Complete RPMI). The
MIA PaCa-2 cell line was grown in RPMI-1640 supple-
mented with 10% Fetal Bovine Serum, 2.5% horse sera, 100
U/mL penicillin G sodium, 100 lg/mL streptomycin sulfate,
0.25 lg/mL amphotericin B and 50 lg/mL gentamicin. The
MDA-MB-435 (HBT-129) metastatic melanoma, HT-29
(HTB-39) colon cancer and U-937 (CRL-1593.2) lymphoma
cell lines were obtained from ATCC. The SF295 glioblastoma
cell line was obtained from DCTD Tumor Repository (Fre-
drick, MD) and the U251 glioblastoma cell line was obtained
from Sigma Aldrich (St. Louis, MO). All these cell lines were
cultured in media recommended by suppliers. Cells were
maintained in a humidified incubator at 378C and 5% CO2.
Cells were kept in culture for 10 weeks (20 passages) when a
new aliquot was thawed.

Cell cycle analysis

PANC-1 cells were trypsinized and split into a six-well plate
where they were allowed to adhere for 24 hrs. Cells were
then treated for 48 hrs with 10 or 100 nM leiodermatolide,
the vehicle control, media alone, or 100 nM paclitaxel as a
positive control. At the end of treatment, cells were trypsi-
nized, pelleted, fixed with ice cold ethanol and incubated at
2208C for an hour. Cells were washed and stained with pro-
pidium iodide in the presence of RNAse A for 30 min at
378C. Cells were transferred to tubes or plates and analyzed

What’s new?

Pancreatic cancer has a very poor prognosis due to its late diagnosis. Here the authors describe studies of a new natural com-

pound with unique cytotoxicity towards pancreatic cancer cell lines. Leiodermatolide is a polyketide macrolide isolated from a

deep-water sponge. In a mouse model of metastatic pancreatic cancer, leiodermatolide exhibited significant tumor reduction

underscoring its clinical potential as a new experimental lead for pancreatic cancer treatment.
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in a BDFACSCanto flow cytometer acquiring 10,000 events.
Cell cycle analysis was performed using ModFit Software.

Cell viability assay (MTT)

6,000 cells were plated per well in a 96-well tissue culture
plate and allowed to adhere for 24 hrs. At the end of this
incubation, 100 lL of medium was removed from each test
well and 100 lL of medium containing treatment was added.
Treatment consisted of a range of concentrations from
0.00013 to 5 lg/mL of leiodermatolide or media with metha-
nol. The cells were then incubated for 72 hrs at 378C and 5%
CO2. After this incubation, 75 lL of a 5 mg/mL MTT solu-
tion was added to each well. The cells were then incubated
for 3 hrs at 378C. The plates were centrifuged for 10 min at
800 rpm. The supernatant was removed and 200 lL acidified
isopropyl alcohol (1:500 solution of hydrochloric acid to iso-
propanol) was added to each well. The plates were shaken
for 15 min. The absorbencies of these solutions were mea-
sured at 570 nm with a plate reader (NOVOstar, BMG Lab-
tech, Durham, NC). The resulting absorbencies were
normalized against methanol treated cells using Microsoft
Excel. Determination of the dose at which 50% inhibition is
found (IC50) was done using a nonlinear regression curve fit
with GraphPad Prism 5 software. For wash out experiments,
only the PANC-1 cell line was used. The protocol above was
followed using leiodermatolide at 10, 25 and 100 nM concen-
trations. Treatments were removed at 0.5, 1, 2, 4, 6, 12, 18,
24 and 48 hrs by centrifugation of the plate, suctioning of
the media containing treatment and replacing it with pre-
warmed fresh media. Paclitaxel was used as a control at the
concentration it will induce 50% cytotoxicity in this cell line
(IC50 5 nM). Cytotoxicity was measured at the standard 72
hrs using the protocol above.

Caspase 3/7 cleavage

To determine induction of apoptosis, cleavage of caspase 3/7
was measured using a commercially available kit (Promega
Caspase-Glo, G0890; Madison, WI) following the manufac-
turer’s protocol. Briefly, 10,000 cells were plated in a 96-well
flat bottom white plate. Cells were allowed to adhere over-
night then treated with 10 nM leiodermatolide or its vehicle
control for 1, 3, 6 or 24 hrs. At the end of treatment an equal
volume of pro-luminescent caspase 3/7 substrate was added
to the wells and incubated at room temperature with mild
shaking for 30–60 min. In cells with active caspase 3/7, the
tetrapeptide sequence DEVD gets cleaved to release aminolu-
ciferin, and the resulting luminescence was read with a plate
reader (NOVOstar, BMG Labtech Inc., Durham, NC). Lumi-
nescence results are presented as fold induction compared to
the vehicle control treated sample.

Terminal deoxynucleotidyl transferase dUTP nick end

labeling (TUNEL)

To determine induction of apoptosis, fragmented DNA was
measured by incorporating fluorescein 12-dUTP at 30-OH

DNA ends using the terminal deoxynucleotidyl transferase
enzyme found in a commercially available kit (Promega
G3250; Madison, WI) following the manufacturer’s protocol.
Briefly, 500,000 cells were plated in a six-well plate. Cells
were allowed to adhere overnight then treated with 10 nM
leiodermatolide or its vehicle control for 24 hrs. At the end
of treatment, cells were trypsinized, fixed with 4% parafor-
maldehyde and permeabilized with ice cold ethanol. Cells
were transferred to a 96 well U-bottom plate, equilibrated for
5 min and then treated with 25 lL of a reaction mix contain-
ing the nucleotide mix and the enzyme to label the frag-
mented DNA for 60 min at 378C. The reaction was stopped
by the addition of 20 mM EDTA. The resulting fluorescence
was visualized via flow cytometry in a BD FACSCanto
equipped with a plate adapter, acquiring 20,000 events.

Confocal microscopy

70,000 PANC-1 cells were plated on a six-well plate with a
coverslip placed on the bottom, allowed to adhere overnight
and then treated with either 10, 100 or 1,000 nM leioderma-
tolide, 100 nM vinblastine, 100 nM nocodazole or their
respective vehicle controls for 24 hrs. Cells were labeled with
antibodies against a tubulin (Sigma Aldrich, St. Louis, MO),
phosphorylated Histone H3 (Cell Signaling Technology, Dan-
vers, MA) or counterstained with propidium iodide to label
the nuclei. After staining, the cover slip was dried and placed
on a slide with 1 drop slowfade (Cat #536936, Invitrogen,
Carlsbad, CA) and sealed with clear nail polish. Images were
captured using an Olympus confocal microscope FVX (FV-
200) system equipped with the Fluoview software.

Microtubule dynamics assay

HeLa cells stably expressing EB1-GFP15,16 were seeded in
35 mm glass-based dishes, allowed to adhere overnight, then
changed to imaging medium and allowed to acclimate for 4
hrs prior to initiating time lapse photography. At the 5 min
mark, treatments were added to the cells. Treatments con-
sisted of 1, 10 or 30 times the IC50 for leiodermatolide (IC50

2.66 nM), 303 IC50 vincristine (IC50 4.26 nM) or DMSO.
Treatments were prepared in conditioned imaging medium
prewarmed to 378C obtained prior to initiating time lapse
photography. Images of the cells were collected with Olym-
pus IX81 (UPlanSApo 603/1.35 oil immersion objective)
every 15 sec for 10 min.

In vitro tubulin polymerization assay

Purified bovine tubulin (TL238) and bovine tubulin con-
taining microtubule associated proteins (MAPS; ML113)
were obtained from Cytoskeleton (Denver, CO) and the
polymerization reaction was done according to their meth-
ods. Briefly, 99% pure tubulin or tubulin containing MAPS
(70% tubulin, 30% MAPS) was diluted to a 3 mg/mL concen-
tration in buffer containing 80 mM Pipes, 2 mM MgCl2,
0.5 mM EGTA, 1 mM GTP and 3.75% glycerol and kept on ice.
1, 10, 50 or 100 lM leiodermatolide in methanol, 10 lM
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paclitaxel in DMSO, 10 lM nocodazole in DMSO, 10 lM vin-
cristine in DMSO, vehicle controls methanol or DMSO or buff-
er alone were plated at a final volume of 10 microliters in a
half-area clear 96 well plate. Compound solutions were warmed
to 378C in an incubator for 5–10 min prior to treatment. The
plate reader (NOVOstar, BMG Labtech Inc., Durham, NC) was
also set to 378C. Once the temperature was reached, 90 lL

tubulin (equal to a final concentration of 27 lM tubulin for
tubulin alone and 19 lM tubulin in the tubulin with MAPS
assay) was plated into the treatment wells simultaneously using
a multipipetter. Absorbance at 340 nm was recorded every
minute for 1 hr. The absorbance of buffer alone was subtracted
from the results and the corrected values were plotted using
Microsoft Excel.

Figure 1. Structure of leiodermatolide and induction of cytotoxicity in cancer cells. (a) Structure of Leiodermatolide. (b) Four different pan-

creatic cancer cell lines were treated for 72 hrs in the presence of vehicle controls, media alone, and a range of concentrations of leioder-

matolide, paclitaxel and vinblastine. Changes in color due to metabolization of MTT by live cells were measured, normalized against

vehicle control and the IC50 determined using a nonlinear regression curve fit. The resulting average of 3 experiments 6 standard deviation

is shown. The IC50 of leiodermatolide for the PANC-1 and Vero cell lines,13 and the IC50 for Gemcitabine31 in these pancreatic cancer cell

lines (shaded) have been previously reported and are provided here for ease of comparison. Leiodermatolide caused cytotoxicity to pancre-

atic cancer cells in low nanomolar concentrations. A much higher concentration was needed to cause similar cytotoxicity in the noncarcino-

genic Vero cell line. Leiodermatolide exhibits similar potency to paclitaxel and vincristine with better selectivity, and more potency and

selectivity than gemcitabine. (c) Leiodermatolide induces potent cytotoxicity in other cancer cell lines of different origin. (d) Washout experi-

ments were conducted using 10, 25, 100 nM leiodermatolide in PANC-1 cells. Treatments were removed by aspiration at the times listed

and replaced with pre-warmed media. Cytotoxicity was measured at 72 hrs. Paclitaxel was used as a control at its IC50 as a positive con-

trol. Only treatments with 10 nM leiodermatolide were reversible if the compound was removed within 12 hrs. The average of three

experiments 6 standard deviation is shown.
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Differential gene expression analysis

MDA-MB-435 cells were treated with leiodermatolide for 12
hr at 303 IC50 (IC50 of leiodermatolide in MDA-MB-435 is
1.9 nM) or its vehicle control. Total RNA was extracted and
subjected to microarray analysis using Affymetrix HU133A
2.0 chips. Data was analyzed using the Broad Institute Con-
nectivity Map Resource.

Orthotopic xenograft mouse model for pancreatic tumors

Nude mice were injected with 1 million L3.6pl cells into the
pancreas to induce tumors. Seven days later when tumors
were well established, ten mice were treated with 10 mg/kg
leiodermatolide one time per week for three weeks. Ten mice
were treated with 100 mg/kg gemcitabine two times per week
for 5 weeks, and ten mice were treated with saline to serve as
controls. All treatments were delivered by intraperitoneal
injection. Body weight was measured on the day of

treatment. Tumor weight was determined on day of termina-
tion. Experiment was conducted for 9 weeks. For this experi-
ment, leiodermatolide was dried and reconstituted at 10 mg/
mL in DMSO, and then diluted 1:4 in saline prior to injec-
tion. The maximum tolerated dose (MTD) for leiodermato-
lide is not known.

Statistics

Statistical analysis of the data sets to determine mean, stan-
dard deviation and standard error of the mean was per-
formed using Microsoft Excel. Data sets were compared
using the Student’s t test. A p values� 0.05 was considered
significant. Outliers were detected through the Grubbs Test.

Results
In an effort to find small molecule inhibitors of mitosis in
the HBOI library of marine natural products, the HBOI
extract library was screened in a cytoblot assay using anti-
bodies against phosphorylated nucleolin, as described previ-
ously.14 This screen identified a crude extract of the sponge
Leiodermatium with potent activity in the cytoblot assay (849
fold more active than control at 10 lg/mL and 218 fold
more active than control at 0.16 lg/mL) which also had
potent cytotoxicity against the PANC-1 tumor cell line.
Bioassay-guided fractionation using both assays led to the
isolation of leiodermatolide (Fig. 1a). This initial isolation
was described in patent application PCT/US2007/01750017

and the structure elucidation is the subject of a recent
publication.13

The cytotoxicity of leiodermatolide was determined in
four pancreatic cancer cell lines using an MTT assay for 72
hrs. The results are shown in Figure 1b. Leiodermatolide
induces cytotoxicity in pancreatic cancer cells at very low
nanomolar concentrations. As expected, the aggressive AsPC-
1 cell line required the highest concentration. However, all
concentrations needed to induce cytotoxicity in pancreatic
cancer cells were much lower than concentrations needed to
induce cytotoxicity in the noncarcinogenic monkey kidney
Vero cell line. Leiodermatolide exhibits similar potency to
paclitaxel and vincristine, and more potency and selectivity
than gemcitabine. Studies done in cell lines of different origin
(colon cancer, melanoma, lymphoma and glioblastoma)
showed that leiodermatolide also induced potent cytotoxicity
against these cell lines (Fig. 1c). A recent publication has fur-
ther expanded the cytotoxic effects of leiodermatolide to leu-
kemia and gastric, breast and colon cancer cell lines.18 This
publication also reported the preparation and assay of a
series of synthetic analogues but the natural compound
remained the most potent.18

To ascertain the reversibility of the cytotoxic activity, cyto-
toxicity was evaluated in PANC-1 cells after short exposures
to leiodermatolide followed by wash-out. As shown in Figure
1d, exposure to 100 nM leiodermatolide for as little as half
an hour was sufficient to induce cytotoxicity in this cell line.
While the cytotoxicity was not at its maximum, a similar

Figure 2. Leiodermatolide induces apoptosis in pancreatic cancer

cells. (a) The pancreatic cancer cell lines AsPC-1, PANC-1, BxPC3

and MIA PaCa2 were treated with 10 nM leiodermatolide for 1, 3,

6 and 24 hrs followed by measurement of caspase 3 cleavage with

the CaspaseGlo assay. Cleavage of caspase 3 was significant in

the BxPC-3 and MIA PaCa2 cells after 24 hrs of treatment with

10 nM leiodermatolide. The average of three experiments 6

standard error of the mean is shown. (b) The pancreatic cancer cell

lines AsPC-1, PANC-1, BxPC3 and MIA PaCa2 were treated with

10 nM leiodermatolide for 24 hrs. Induction of apoptosis was

determined by monitoring DNA fragmentation (TUNEL). Treatment

with leiodermatolide induced DNA fragmentation in the AsPC-1,

BxPC3 and MIA PaCa2 cells. The average of three experiments 6

standard deviation is shown.

C
an

ce
r
T
he
ra
py

an
d
P
re
ve
n
ti
on

2120 Cytotoxic and antitumor effects of leiodermatolide

Int. J. Cancer: 139, 2116–2126 (2016) VC 2016 UICC



effect was observed when the cells were exposed to 25 nM
leiodermatolide. At 10 nM leiodermatolide cytotoxicity was
avoided if leiodermatolide was removed within 12 hrs of
exposure. This concentration, however, was sufficient to
induce maximum cytotoxicity at the standard 72 hrs if the
exposure to treatment lasted at least 24 hrs.

While leiodermatolide clearly induces potent cytotoxicity
against cancer cells, it was of importance to ascertain if the
observed cytotoxicity happened through apoptosis. Four pan-
creatic cancer cell lines were used for these studies. Signifi-
cant cleavage of caspase 3 was seen in the BxPC-3 and
MiaPaCa-2 cells treated with 10 nM leiodermatolide for 24
hrs (Fig. 2a). No significant caspase cleavage was observed in
AsPC-1 cells, but this could be because these cells have
strong levels of basal cleaved caspase 319 and the concentra-
tion used was one fifth the IC50 of leiodermatolide for this
cell line. While an increase in caspase 3 cleavage was seen in
PANC-1 cells between 6 and 24 hrs of treatment, it was very
modest. By following DNA fragmentation through TUNEL,
apoptosis was detected in the AsPC-1, BxPC-3 and MiaPaCa-
2 cells treated with 10 nM leiodermatolide for 24 hrs (Fig.
2b). No significant DNA fragmentation was seen as a result

of treatment with leiodermatolide in the PANC-1 cells. It is
possible that either a different exposure time is required to
visualize leiodermatolide induced apoptosis in PANC-1 cells
or that an alternative pathway for programmed cell death
occurs in this cell line after treatment with leiodermatolide.
Nevertheless, taken together the results of caspase 3 cleavage
and TUNEL show that leiodermatolide induces apoptosis in
pancreatic cancer cells.

To confirm the results of the phosphorylated nucleolin
screening, cell cycle analysis was done on PANC-1 cells
treated with different concentrations of leiodermatolide. At
concentrations of 10, 100 or 1,000 nM, Leiodermatolide
induced a strong G2/M block after 24 hrs of treatment in
PANC-1 cells (Fig. 3), similar to that induced by the positive
control paclitaxel. Similar to the cytotoxicity results, cell cycle
arrest at G2/M was observed in PANC-1 cells treated with
100 nM leiodermatolide even if the compound was washed
out within half an hour of treatment. With 10 nM leioderma-
tolide treatment, G2/M arrest could be reversed if the treat-
ment was removed within 18 hrs of treatment (Data not
shown). However, 10 nM leiodermatolide was sufficient to
induce G2/M arrest in PANC-1 cells at 24 hrs of treatment.

Figure 3. Leiodermatolide induces cell cycle arrest in PANC-1 cells. PANC-1 cells were treated for 24 hrs in the presence of methanol, 10,

100, 1,000 nM leiodermatolide or 100 nM paclitaxel and subjected to cell cycle analysis by flow cytometry. Experiment was repeated three

times and one representative experiment is shown. At all concentrations tested, leiodermatolide caused a G2/M cell cycle arrest similar to

that caused by paclitaxel.
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Figure 4. Effects of leiodermatolide on polymerization/depolymerization of tubulin. (a) PANC-1 cells were treated for 24 hrs with methanol (vehicle

control), 100 nM leiodermatolide, 100 nM vinblastine or 1,000 nM nocodazole. Cells were fixed and stained with an antibody against b-tubulin and

counterstained with propidium iodide and subjected to confocal microscopy. Experiment was repeated three times and one representative experi-

ment is shown. Leiodermatolide appears to induce depolymerization at this high 100 nM concentration. (b) Purified bovine tubulin and (c) bovine

tubulin containing microtubule associated proteins (MAPS) were induced to polymerize by warming the tubulin to 378C in the presence of 1, 10, 50

or 100 lM Leiodermatolide, 10 lM paclitaxel, 10 lM nocodazole, 10 lM vincristine, methanol or DMSO (vehicle controls) or buffer alone. Polymeri-

zation was enhanced by the presence of glycerol in the buffer. Polymerization was measured by recording turbidity every minute for 1 hrs at 340 nm

with a plate reader. Experiment was repeated three times and one representative experiment is shown. Leiodermatolide had no effect on tubulin

polymerization or depolymerization on tubulin alone at any of the concentrations tested. Leiodermatolide had no effect on tubulin polymerization or

depolymerization on tubulin with MAPS at 10 lM, but appeared to enhance polymerization at 100 lM when MAPS are present.
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Leiodermatolide also induces G2/M cell cycle arrest in other
cell lines such as the lung carcinoma A54913,17 and the lym-
phoma line U937 (data not shown).

Many antimitotic compounds function by affecting cyto-
skeletal organization, either by affecting the microtubules
required for spindle formation and chromosome segregation
or by affecting actin which is necessary for cytokinesis.4

Therefore, the effects of leiodermatolide on both actin and
tubulin were investigated. Imaging of cells labeled with actin
antibody after leiodermatolide treatment did not show any
differences from cells treated with controls (Data not shown).
The effects of leiodermatolide on the microtubule network at
10 nM were observed by confocal microscopy. As previously
reported, while leiodermatolide markedly disrupted spindle

formation, no effects on the microtubule structure indicative
of either tubulin polymerization or depolymerization were
observed.13

These unexpected results led to the study of the differen-
tial gene expression caused by leiodermatolide in MDA-MB-
435 cells. This cell line was chosen for ease of comparison
with data from other compounds already available at the
Broad Institute. Cells were treated with leiodermatolide for
12 hr at 303 IC50 (IC50 of leiodermatolide in MDA-MB-435
cells is 1.9 nM). Total RNA was extracted and subjected to
microarray analysis using Affymetrix HU133A 2.0 chips.
Leiodermatolide caused significant changes in 98 genes (>2
fold change with p values less than 0.05). The list of the dif-
ferential gene expression is included as supplementary data.

Figure 5. Leiodermatolide affects tubulin dynamics. Time lapse photography of HeLa EB1-GFP cells was taken every 15 sec for 10 min to

observe the addition of the GFP-tagged EB1 microtubule associated protein to the plus ends of the microtubules. At 5 min, treatments

were added and photography continued. Treatments consisted of 13, 103 or 303 the IC50 for leiodermatolide, 303 IC50 vincristine or

DMSO. Treatment with leiodermatolide immediately caused cessation of GFP-EB-1 comets similar to, but faster than, that observed for the

depolymerizing agent vincristine.
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The gene expression pattern was analyzed using the Broad
Institute Connectivity Map Resource that matches the effects
of small molecules on gene expression with known com-
pounds that share a similar mechanism of action.20,21 The
connectivity map showed that leiodermatolide matched to
four known tubulin interacting compounds: celastrol, noco-
dazole, paclitaxel and demecolcine (Supporting Information
Table 1). Further analysis of the genes using the Molecular
Signals Database sets of biological processes with the Gene
Set Enrichment Analysis software of the Broad Institute22

showed that the genes differentially expressed by leioderma-
tolide overlap with gene sets of microtubule functions, mitot-
ic arrest and apoptosis (Supporting Information Fig. 1).

These results prompted the renewal of efforts to under-
stand the effects of leiodermatolide on tubulin. Thus, to
expand the studies done, confocal microscopy of tubulin
staining was done on PANC-1 cells treated with 100 nM leio-
dermatolide (203 IC50). As shown in Figure 4a,

leiodermatolide did not cause tubulin polymerization. At this
higher concentration, the effects of leiodermatolide on tubu-
lin resemble those caused by high concentrations of depoly-
merizing agents such as nocodazole and vinblastine.

To determine if higher concentrations of leiodermatolide
affected tubulin assembly, an in vitro tubulin polymerization
assay was performed. Purified bovine tubulin was added to
different known tubulin interacting agents as well as to dif-
ferent concentrations of leiodermatolide and heated to 378C
to induce polymerization of tubulin. As shown in Figure 4b,
tubulin by itself polymerizes at the concentration used when
warmed to 378C except in the presence of nocodazole and
vinblastine, which are known tubulin depolymerizering
agents. Paclitaxel, a known polymerizing and hyperstabilizing
agent, enhanced the polymerization. Leiodermatolide in con-
centrations of 1, 10, 50 and 100 lM, did not cause any
changes in the polymerization of tubulin alone. The use of
tubulin containing MAPS in similar experiments showed that
at 10 lM leiodermatolide had no effect on tubulin polymeri-
zation, while at 100 lM leiodermatolide appears to facilitate
polymerization (Fig. 4c).

While the results obtained through confocal microscopy
and the in vitro tubulin polymerization assay in the presence
of MAPS conflicted regarding whether leiodermatolide indu-
ces polymerization or depolymerization of tubulin, they indi-
cated an effect on tubulin. Moreover, the discrepancy
suggested that leiodermatolide might affect microtubule
dynamics rather than tubulin itself. Studies were conducted
to determine if leiodermatolide binds directly to tubulin, but
the results have been inconclusive (Data not shown). If leio-
dermatolide binds tubulin, it does it at a different stoichiome-
try than the observed 1:1 for compounds such as paclitaxel.23

A recent publication has confirmed our observation that leio-
dermatolide does not directly bind tubulin.18

To confirm that leiodermatolide affects tubulin dynamics,
time lapse photography was taken of HeLa cells with stably
expressed GFP- End Binding Protein 1 (HeLa GFP-EB1)
every 15 sec for 10 min to observe movement of the EB1-
GFP comets as the GFP-tagged EB1 binds to the plus ends of
the growing microtubules. Treatment with leiodermatolide,
vincristine or respective controls was done at the halfway
point. As seen in Figure 5 (movies available as supplementary
data) leiodermatolide inhibited microtubule elongation in
these cells. The inhibition caused by leiodermatolide occurred
nearly instantaneously with treatment versus a slower
response in the tubulin depolymerizing agent vincristine,
which was used as a positive control. The effect of leioderma-
tolide on microtubule elongation was also confirmed in the
sea urchin embryo assay where leiodermatolide causes spin-
ning of the embryos as expected from a compound that
affects tubulin polymerization24 (movie available as supple-
mentary data).

While the exact mechanism of action of leiodermatolide
remains elusive, the data suggests that leiodermatolide inter-
acts with tubulin in a novel way compared to other

Figure 6. Leiodermatolide exhibits antitumor effects. Nude mice

were injected with 1 million L3.6pl cells into the pancreas to

induce tumors. Seven days later when tumors were well estab-

lished, ten mice were treated with 10 mg/kg leiodermatolide once

per week for 3 weeks, ten mice were treated with 100 mg/kg gem-

citabine two times per week for 5 weeks and ten mice received

saline control. All treatments were delivered by intraperitoneal

injection. Body weight was measured on the first day of treatment

and each week thereafter. Tumor weight was determined on the

day of termination. The experiment was conducted for 9 weeks.

Leiodermatolide significantly reduced tumor weight when com-

pared to gemcitabine treated or control mice, while exhibiting a

similar survival curve as controls.
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antimitotic natural products. This novel mechanism, as well
as the potency exhibited in vitro, led to study the effects of
leiodermatolide in vivo. As shown in Figure 6, leiodermato-
lide treatment resulted in a statistically significant reduction
in tumor weight in an orthotopic xenograft mouse model of
pancreatic cancer compared to both controls and gemcita-
bine, with a similar survival curve as the control treated
mice. While leiodermatolide significantly reduced tumor
weight, it failed to improve survival. There is the possibility
of toxicity although no significant body weight differences
were seen between leiodermatolide treated mice and saline
treated mice and no other indication of toxicity was seen.
Therefore, these results warrant additional studies whereby
leiodermatolide is administered at lower doses. We anticipate
that lower doses of leiodermatolide would increase survival
and lead to more accurate tumor efficacy data. The dosing
regimen chosen for leiodermatolide (13 per week for three
weeks) was similar to those used for tubulin active agents
such as 6-epidictyostatin, paclitaxel and discodermolide. It is
likely that continued dosing over the nine week period of the
study might improve survival. Further studies are needed to
determine the optimal dosing regimen that would reduce
tumor size but also confer improved survival versus control.
This initial study demonstrates that leiodermatolide is able to
reduce tumor weight in vivo.

Discussion
Leiodermatolide is shown here to be a potent antimitotic
agent with selectivity towards cancer cells. Its antimitotic
activity appears to be effected through its interaction with
tubulin, although it is unclear exactly how it interacts with
tubulin. Leiodermatolide is unique because, at concentrations
similar to its IC50 in PANC-1 cells, no effects on tubulin
polymerization were observed using fluorescent microscopy;
while at 20 times the IC50 some depolymerization-like effects
were observed. No effects were observed in the in vitro poly-
merization assay regardless of the concentration of leioder-
matolide used until tubulin containing MAPS was used,
which surprisingly, enhanced polymerization. To our knowl-
edge, the only known tubulin interacting compounds that do
not show effects in the in vitro polymerization assay were the
taccalonolides, plant natural products that induce tubulin
polymerization.25 However, the polymerization induced by
the taccalonolides is easily perceived by fluorescent
microscopy.25

The conflicting results between the microscopy and the
tubulin polymerization in the presence of MAPS remain puz-
zling. Both effects required much higher concentrations of
leiodermatolide than those at which tubulin interacting com-
pounds are usually tested in these assays. There is the possi-
bility that the polymerization observed in the presence of
MAPs could be an artifact as the assay measures optical den-
sity, and it is known that some depolymerizing agents have
effects that could potentially increase turbidity when MAPS
are present. For example, the known depolymerizing agent

vincristine causes the formation of spirals in the presence of
MAPS rather than the complete dissociation of microtubules
that is observed when tubulin alone is used in the in vitro
assay.26,27 The results of the in vitro polymerization of tubu-
lin with MAPS were expected to resemble the effects seen on
the cells. The contradictory results strongly suggest that leio-
dermatolide may not act upon tubulin itself, but may mediate
its effects on tubulin by acting upon a microtubule associated
protein or by affecting tubulin dynamics through a signaling
molecule upstream in the signal transduction cascades that
regulate tubulin dynamics. This belief is strengthened by the
elapsed microscopy of GFP-EB1, which shows clearly that
leiodermatolide affects tubulin dynamics. Studies to try to
determine its mechanism of action and molecular target of
leiodermatolide continue, but the data to date suggests that
the mechanism of action of leiodermatolide may differ from
other tubulin interacting compounds. A similar conclusion
was reached by the F€urstner group who studied the effects of
synthetic leiodermatolide on the U2OS osteosarcoma cell
line.18 They found that leiodermatolide does not directly bind
tubulin, that its effects on cell cycle arrest and cytotoxicity
are similar to other tubulin interacting compounds without
in vitro effects on tubulin and they postulated centrosome
declustering as a possible mechanism of action for leioderma-
tolide with further studies needed to confirm this potential
mechanism of action.18 Since cancer cells exhibit more cen-
trosomes than normal cells, induction of centrosome declus-
tering is considered an appealing anticancer strategy.28

Whether the effects on microtubule dynamics reported here
and the centrosome declustering observed by the F€urstner
group are independent or connected remains to be defined.

One of the major obstacles in pursuing studies with
marine natural products is their limited supply. However,
several groups have reported total synthesis of leiodermato-
lide.18,29,30 The synthesis done by the F€urstner group further
showed that leiodermatolide produced through synthesis is
more potent than a subset of non-natural analogues that
were made at the same time.18 We have previously reported
that the IC50 of leiodermatolide is much higher in the multi-
drug resistant NCI/ADR ovarian cancer cell line,13 suggesting
that leiodermatolide may be a substrate for the PGP pump.
However, the F€urstner group reported that they did not see
loss of activity when testing leiodermatolide in a leukemia
cell line that expresses the PGP pump.18 Given that the NCI/
ADR has other mechanisms to explain its resistance, it
appears that leiodermatolide is not a substrate for the PGP
pump. Given the uniqueness of its mechanism of action, its
potency, its selectivity for cancer cells, and its in vivo efficacy,
leiodermatolide is an extremely interesting compound that
merits further studies to determine its therapeutic potential.
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