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Abstract

Actin filaments, with their associated tropomyosin polymers,
and microtubules are dynamic cytoskeletal systems regulating
numerous cell functions. While antimicrotubule drugs are well-
established, antiactin drugs have been more elusive. We pre-
viously targeted actin in cancer cells by inhibiting the function
of a tropomyosin isoform enriched in cancer cells, Tpm3.1,
using a first-in-class compound, TR100. Here, we screened over
200 other antitropomyosin analogues for anticancer and on-
target activity using a series of in vitro cell-based and biochem-
ical assays. ATM-3507 was selected as the new lead based on its
ability to disable Tpm3.1-containing filaments, its cytotoxicity
potency, and more favorable drug-like characteristics. We tested
ATM-3507 and TR100 alone and in combination with anti-
microtubule agents against neuroblastoma models in vitro and

in vivo. Both ATM-3507 and TR100 showed a high degree
of synergy in vitro with vinca alkaloid and taxane antimicrotu-
bule agents. In vivo, combination-treated animals bearing
human neuroblastoma xenografts treated with antitropomyo-
sin combined with vincristine showed minimal weight loss, a
significant and profound regression of tumor growth and
improved survival compared with control and either drug
alone. Antitropomyosin combined with vincristine resulted
in G2–M phase arrest, disruption of mitotic spindle formation,
and cellular apoptosis. Our data suggest that small molecules
targeting the actin cytoskeleton via tropomyosin sensitize
cancer cells to antimicrotubule agents and are tolerated
together in vivo. This combination warrants further study.
Mol Cancer Ther; 16(8); 1555–65. �2017 AACR.

Introduction
High-risk neuroblastoma is responsible for 10%–15% of

pediatric cancer mortality. Vinca alkaloids, such as vincristine,
which disrupt assembly of tubulin monomers into microtu-
bules, are foundational in chemotherapeutic regimens used to
treat patients with neuroblastoma. Despite aggressive treat-

ment with chemotherapy, surgery, radiation, high-dose che-
motherapy with autologous stem cell rescue, anti-GD2 immu-
notherapy, and retinoic acid, about 50% of children with
high-risk neuroblastoma experience disease relapse. Children
with relapsed/refractory neuroblastoma have a <10% chance
of survival (1). In addition, an increasing number of neuro-
blastoma survivors develop multisystem deficiencies (2) and
secondary malignancies (3) as a result of the toxic chemo-
therapy exposures. Thus, novel therapies are urgently needed
for these children.

The actin cytoskeleton has long been regarded as an
attractive target for cancer therapy, but the intolerable cardio-
toxicity associated with targeting actin has resulted in a lack of
antiactin agents passing through animal toxicity (4–8). Inmetazo-
ans, actin filaments are usually formed as a copolymer with
tropomyosin where the particular isoform of tropomyosin
defines the functional properties of the filament (9). The
tropomyosin isoform Tpm3.1 (previously known as
Tm5NM1) is of particular interest as it is one of only two
tropomyosins retained by essentially all tumor cells and is
structurally divergent from the muscle tropomyosins (10, 11).
We previously reported a novel anticancer strategy based on
disrupting actin filaments containing Tpm3.1 by targeting this
tropomyosin isoform (12). The tool compound we used,
TR100 (Fig. 1), was identified by an in silico small-molecule
screening strategy for binding to a pocket in the C-terminus of
Tpm3.1. We found that TR100 destabilized actin filaments
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containing Tpm3.1 both in cell culture models and also in
pure actin filaments in vitro (12). Furthermore, we showed
TR100 is cytotoxic for numerous cancer cell lines and induces
a delayed growth pattern in several tumor models, including
CHP134 human neuroblastoma xenografts. The lack of any
objective clinical responses in these studies, however, suggested
a need for a more potent lead compound for combination
therapy.

Microtubules are also important regulators of cell division and
intracellular transport, and a key target in cancer cells. Here we
sought to identify a better antitropomyosin drug candidate and to
determine whether simultaneously targeting both the actin cyto-
skeleton and microtubules is an effective anticancer strategy.
Following an extensive in vitro screen, we selected ATM-3507 as
a potent antitropomyosin inhibitor. To validate ATM-3507, we
tested both TR100 (tool compound) andATM-3507, alone and in
combination with antimicrotubule drugs, in neuroblastoma
models. We found a strong synergistic effect on cell lines and in
animal xenografts. Targeting these important cytoskeletal systems

induced profound G2–Marrest, disruption of themitotic spindle,
and cellular apoptosis.

Materials and Methods
Compounds and reagents

TR100 andATM-3507were synthesized as described previously
(13 and 14, respectively) and ATM-3507 was patented (14). The
lead antitropomyosin, ATM-3507, was provided by Novogen.
Paclitaxel, vincristine, doxorubicin, and etoposide were pur-
chased from Sigma-Aldrich; vincristine was also purchased from
Selleck Chemicals. The general caspase inhibitor Z-VAD-FMKwas
acquired from Calbiochem. For in vitro studies, each of the
above compounds were dissolved in dimethyl sulfoxide (DMSO,
Sigma Aldrich) at 50mmol/L and then diluted to the appropriate
concentrations in complete media. DMSO alone was diluted in
complete media as a control for the in vitro assays. In some
experiments, vincristine was diluted in PBS. The sources of anti-
bodies are mentioned in Supplementary Material.

Figure 1.

Molecular structural diagrams of small-molecules (A) binding the tropomyosin C-terminus (B). The predicted molecular interactions between the
tropomyosin C-terminus and both the tool compound, TR100, and lead compound, ATM-3507, are shown. Compared with TR100, the more linear shape
of ATM-3507 can form more contacts with Tpm3.1 residues resulting in a higher binding affinity. ATM-3507 also extends into an area on tropomyosin
with less conserved side chains (B, right) thereby allowing increased specificity of the compound. For example, HIS B 20 in A is specific to Tpm3.1 and Tpm3.2. The
glutamic acid at the C-terminus of Tpm3.1 increases its negative charge and it is therefore essential for the inhibitor to include a positive partial charge.
C, Two-dimensional diagram of the ATM-3507 chemical structure.
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Cell lines and cultures
Media used for cell cultures and cell viability assays are

described in Supplementary Material. Human neuroblastoma
cell lines CHLA-20, SK-N-BE(2), SK-N-SH, and SH-SY5Y were
kind gifts from Thomas Inge (Cincinnati Children's Hospital,
Cincinnati, OH) in September of 2002. The human neuroblas-
toma cell line CHP-134 was a kind gift from the laboratory of
Timothy Crombleholme (Cincinnati Children's Hospital, Cin-
cinnati, OH) in December 2006. The human neuroblastoma cell
line CHLA-90was requested from the Pediatric Preclinical Testing
Program (PPTP, http://gccri.uthscsa.edu/pptp) in September of
2013. These six cell lines were verified by short tandem repeat
genotyping in January 2013 and tested negative for mycoplasma
prior to experimental use. Both SKMEL-28 andPC3were obtained
from the ATCC in 2007. These two lines were not authenticated
but were tested for mycoplasma using theMycoAlert detection kit
(Lonza) in February, 2014.

Compound library screen
The activity of approximately 200 antitropomyosin analogues

was assessed against a panel of eight cell lines representing a range
of cancer types. Data are shown in Fig. 2A for the melanoma cell
line SK-MEL-28 and the prostate cancer cell line PC3. The com-
pound library was generated using a structure-based design
approach to target the C-terminal domain of tropomyosin

Tpm3.1. A Versatile Approach to Library-Based Iterative Design
"VAL-ID" was employed to generate a variety of analogues based
on a substituted indole scaffold. In vitro cytotoxicity of the
compounds was assessed using CellTiter-Glo Luminescent Cell
Viability Assay. Cells were plated in 96-well plates at 3,000–5,000
cells per well, incubated at 37 �C overnight, and then treated with
various concentrations of the test compounds. The cells were
incubated in the presence of test compounds for 72 hours at 37�C,
after which the cells were exposed to Cell-Titer Glo reagent for 30
minutes. Luminescence was captured using an EnVision multi-
label reader and the data for each analogue concentration com-
pared against no treatment control. Inhibitory concentration
(IC)50 values were calculated as drug concentrations necessary
to inhibit 50% growth compared with untreated control cells.

Molecular modeling
For the prediction andmodeling of the binding mode of ATM-

3507 to Tpm3.1we applied amethod similar to the one described
previously (12). A homology model of Tpm3.1 was first built
based on the solution NMR structure of the junction between
tropomyosin molecules (15). The coordinates for the NMR struc-
tureswere obtained from thePDBdatabank (16), PDB id 2g9j and
a representative structurewas chosenout of the 10NMRmodels as
the template structure. The homology model was created using
SWISS-MODEL (17); however, the helical conformation and side

Figure 2.

Lead antitropomyosin ATM-3507 binds to and impairs Tpm3.1 function inducing cancer cell death in vitro.A, A representative scatter plot displaying the
distribution of activity (IC50, mmol/L) of antitropomyosin analogues. Highlighted are lead ATM-3507 and first-in-class TR100. B, ATM-3507 impact on Tpm3.1
filaments was quantitated in SKN-SH cells using a HCI assay in combination with the Commonwealth Scientific and Industrial Research Organization linear
feature detection algorithm. Cell number (C) and Tpm3.1 filaments/cell area (D; mm2) were quantitated using >300 cells (n ¼ 3 independent experiments;
���� , P < 0.0001). E, Schematic of ATM-3507 mechanism of action. F, Depolymerization time course of actin filaments (35% pyrene labeled) in the presence or
absence of saturating amounts of Tpm3.1. G, Tpm3.1 was preincubated with 50 mmol/L ATM-3507 or 1% (v/v) DMSO prior to mixing with F-actin.
Depolymerization data is normalized to the initial fluorescence value. H and I, Quantitation of percent polymerized actin (mean � SEM, n > 6 replicates;
���� , P < 0.0001).
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chain packing were optimized using a simulated annealing pro-
cedure based on Smith and colleagues (18) using NAMD2 (19).

The binding site available for ATM-3507 on the Tpm3.1 dimer
was examined using a "Multiple Copy Simultaneous Search"
(MCSS)method (20) where the preferred positions of 400 indole
rings representing the scaffold of ATM-3507 were determined
computationally around the C-terminus of Tpm3.1. Ten indole
fragment clusters were found to be located inside the cavity of the
C-terminus formed between two helices. These clusters then
served as guidance for docking of ATM-3507 to the C-terminus.
Our software "Qu-Cbit" (version 3.01, MedChemSoft Solutions,
2013) was used for the MCSS and docking calculations. Four
conformations were selected followed by further refinement at
quantum mechanical level. The QM calculations applied the
GAMESS program (http://www.msg.ameslab.gov/gamess) to a
system consisting of the ATM-3507 scaffold and ten Tpm3.1
residues surrounding the ligand. The QM calculations optimized
the geometry of ATM-3507 with the protein residues kept fixed.
Density Functional Theory method was applied using the B3LYP
functional (21, 22) and the 6-31G(d) basis set (23). The confor-
mation with the lowest total energy was selected as the best
binding mode of the ATM-3507 scaffold. Using the optimized
structure of the scaffold, the missing parts of ATM-3507 were
added, followed by QM refinement of the geometry of the full
ATM-3507 with the fixed residues of Tpm3.1.

Tpm3.1 filament quantitation
SK-N-SHneuroblastoma cellswere seeded at 1,800 cells/well in

a 384Perkin ElmerHighContent Imaging "Cell Carrier" plate and
left to plate down 24 hours prior to treatment. Cells were then
treated with 0–10 mmol/L ATM-3507. Twenty-four hours post-
treatment, cells were fixed with 4% paraformaldehyde (PBS),
permeabilized with Triton-X-100, and stained with g9d (mouse
mAb, 1:100) followed by GAM-488-conjugated secondary anti-
body (1:1,000) and DAPI to visualize the Tpm3.1-containing
filament bundles and the nucleus, respectively. Supplementary
Figure S1 shows that the mouse mAb g9d used in this study
recognizes only Tpm3.1/3.2 in these cells and has been thorough-
ly characterized in Schevzov and colleagues (11). Single-plane
images were obtained on the Perkin Elmer Opera confocal micro-
scope using a 20� objective. Twelve fields of view per condition
(representing approximately 300–800 cells) were imaged.
Changes in the number and length of Tpm3.1 filament bundles
within each cell were quantitated using a linear feature detection
algorithmdeveloped by the Commonwealth Scientific and Indus-
trial Research Organisation as described previously (24).

Actin depolymerization assay
A 12-mmol/L solution of labeled F-actin was prepared by

polymerizing the monomeric actin (35% pyrene labeled Rabbit
Muscle (Actin catalog no. AP05–Cytoskeleton Inc) into filaments
in the presence of buffers A-Mg (2 mmol/L Tris HCl pH 8.0;
0.2 mmol/L MgCl2; 0.2 mmol/L ATP; 0.5 mmol/L DTT) and T
(100 mmol/L NaCl; 10 mmol/L Tris HCl pH 7.5; 2 mmol/L
MgCl2; 1 mmol/L EGTA; 0.5 mmol/L DTT) for 1 hour in the
dark at room temperature. Tpm3.1 (10 mmol/L) was reduced in
buffer T containing 1 mmol/L DTT at 56�C for 5 minutes and
centrifuged at 135,000 � g for 30 minutes using a Hitachi Ultra
Microcentrifuge to remove nonreduced dimers. Prior to the
addition to polymerized pyrene-labeled F-actin (3 mmol/L),
Tpm3.1 dimers (5 mmol/L) were incubated (10 minutes, room

temperature) with or without 50 mmol/L of ATM-3507. The
F-actin/Tpm3.1 � ATM-3507 was incubated for 30 minutes at
room temperature and samples were then transferred to a black
walled 96-well plate. Duplicate samples were diluted 12-fold
using an F-actin polymerization buffer (100 mmol/L NaCl;
10 mmol/L Tris HCl pH 7; 2 mmol/L MgCl2; 1 mmol/L EGTA;
0.2 mmol/L ATP; 0.5 mmol/L DTT) and the polymerization rates
of F-actin alone, F-actin/Tpm3.1, and the F-actin/Tpm3.1/ATM-
3507 filament complex were measured using a Perkin Elmer
EnSpire fluorescence plate reader (407 nm) at 30-second intervals
for 60minutes at room temperature. Data were normalized to the
initial fluorescence value and polymerization curves of duplicate
samples were fitted to a linear regression model using GraphPad
Prism 6. Percent polymerization was determined at t60 as a
function of t0 (100%) for n ¼ 3 independent experiments.

Animal studies
Animal studies were approved by the Institutional Animal Care

and Use Committee for the Research Institute at Nationwide
Children's Hospital. Female athymic nude mice, age 4–6 weeks,
were purchased from Harlan Sprague Dawley. Mice were subcu-
taneously injectedwith5.0�106CHLA-20 cells in a150mLmixof
PBS and Matrigel (2:1). For in vivo studies, ATM-3507 and TR100
were formulated at 15 mg/mL in 30% sulfobutyl-ether-b-cyclo-
dextrin sodium salt (SBECD). Vincristine was dissolved inH2O at
0.125 mg/kg. When the tumors reached volumes of 200–400
mm3,mice were randomized into the study groups. Animals were
followed until the animal reached endpoint criteria, including
tumor volume >2,000 mm3, body weight loss >20%, unusual
mouse behavior, lack of movement, or poor posture. Tumor size
was measured using digital calipers twice per week and tumor
volume was calculated using the following formula: a � b2(p/6)
where "a" is the longest diameter and "b" is the shortest diameter.
Mice were also weighed and observed twice per week for signs of
endpoint condition. Mice that demonstrated signs of toxicity or
reached endpoint criteria were humanely euthanized by CO2

asphyxiation and subjected to cervical dislocation as the second-
ary method of euthanasia.

Immunofluorescence microscopy
Cell lineswere cultured on coverslips coatedwith poly-D-lysine,

and treatedwith TR100� vincristine orATM-3507� vincristine at
doses that had minimal impact alone but which in combination
resulted in greater than 50% cell death. Twenty-four hours fol-
lowing treatment, coverslipswerefixedusing oneof twomethods.
Coverslips used for analyzing the extent of chromatin condensa-
tion were briefly washed in 37�C serum-free media containing
20 mmol/L 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic
acid andfixed in1%paraformaldehyde/washmediumfor15min-
utes. The coverslips were then washed for 5 minutes in PBS at
room temperature and fixation was completed using ice-cold
methanol for 5 minutes, after which the methanol was steadily
diluted out with PBS. Alternatively, coverslips used for imaging
themicrotubule network were fixed only in ice-cold methanol for
5minutes, after which themethanol was steadily diluted out with
PBS. The coverslips were stained with the primary antibody
diluted in 2.5%FBS/PBS for 1hour at room temperature: (a-tubu-
lin: 1/300). The coverslips were then washed 3� for 10 minutes
in PBS, and incubated with the secondary antibody diluted in
2.5% FBS/PBS for 30 minutes at room temperature in the dark
(GAM-488: 1/500). The coverslips were again washed thrice for
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10 minutes in PBS. 40,6-Diamidino-2-phenylindole (DAPI) was
included in the second PBS wash at 1/20,000, and following the
finalwash the coverslips weremounted using either ProlongGold
reagent (Life Technologies Inc.) or Aqua-Poly/Mount (Poly-
sciences, Inc.). Imaging was carried out on a Leica TCS SP5
confocal microscope (Leica Microsystems Inc.), a Zeiss LSM
880 confocal microscope, and an Axioskop 40 epi-fluorescence
microscope (Carl Zeiss Microscopy).

Cell-cycle analysis
Subconfluent human neuroblastoma cell lines treated with

TR100 (3.1 mmol/L) � vincristine (62.5 nmol/L for CHLA-20;
1.25 nmol/L for SKNBe2) or ATM-3507 (4 mmol/L)� vincristine
(10 nmol/L for CHLA-20; 1.5 nmol/L for SKNBe2)were harvested
at the indicated time points (0.025% Trypsin-EDTA), washed in
ice-cold PBS and then fixed in ice-cold ethanol for 1 hour at 4�C.
After two washes in cold PBS, cellular DNA was stained with a
propidium iodide (PI) solution (50 mg/mL PI and 0.1 mg/mL
RNase A in PBS) for 30 minutes at room temperature. The
percentage of cells in theG0–G1, S, andG2–Mphases was assessed
using flow cytometry. The cell-cycle analyses were performedwith
FlowJo software (Tree Star, Inc.) or with the Guava Flow Cyt-
ometer (Merck Millipore) and analyzed with Incyte 2.1 software.

Quantitation of apoptotic cells
Subconfluent CHLA-20 cell cultures were treated with TR100

(4mmol/L), ATM-3507 (4 mmol/L), vincristine (10 nmol/L) or the
combination of TR100 plus vincristine or ATM-3507 plus vin-
cristine for 6, 20, and 30 hours. Cells were then harvested, washed
twice with cold PBS, and stained using the Annexin V-FITC/
propidium iodide (PI) kit (BD Pharmingen). Cells were then
analyzed by flow cytometry.

Western blot analysis
At 24 or 48 hours postexposure to the indicated drugs, CHLA20

cells were washed twice with cold PBS and cell lysates collected
using RIPA buffer (10 mmol/L Tris pH 7.4, 160 mmol/L NaCl,
5 mmol/L ethylenediaminetetracetic acid, 1% deoxycholate, 1%
TritonX-100, 0.1% SDS, 1 mmol/L NaF, and 1 mmol/L Na3VO4)
plus 1% protease inhibitor cocktail (Roche). After lysates were
chilled on ice and pelleted by centrifugation, total protein levels
were quantified by Bradford protein assay (Bio-Rad). Proteins in
cell lysates (20 mg) were subjected to denaturing electrophoresis,
followed by electrotransfer to polyvinylidene difluoride mem-
branes (Bio-Rad). The blots were incubated with the relevant
primary antibodies at conditions and concentrations recom-
mended by the manufacturer followed by a 1-hour incubation
with the secondary anti-rabbit IgG-HRP antibody (Cell Signaling
Technology). The proteins were detected using an enhanced
chemiluminescence kit (Perkin Elmer); treated membranes
exposed to X-ray film for various exposure times.

Statistical analysis
Synergy was quantified using the CompuSyn software (Com-

boSyn, Inc.) to calculate the combination index (CI) based on the
Chou–Talalay method (25), where CI < 1, CI ¼ 1, and CI > 1
indicate synergistic, additive, and antagonistic effects, respective-
ly. Differences in survival cells between TR100 (or ATM-3507)
plus vincristine (or paclitaxel) and plus Z-VAD-FMK were
compared using one-way ANOVA followed by Tukey multiple

comparison test. Statistical analyses were performed using the
software GraphPad Prism 6 (GraphPad Software, Inc.).

Results
Identification of lead compound ATM-3507

We identified ATM-3507 from a library of compounds on the
basis of its cytotoxic potency, ability to disrupt Tpm3.1-contain-
ingmicrofilaments and favorable drug-like properties. The goal of
the library synthesis project was to improve upon the antitropo-
myosin activity of TR100 by introducing structural modifications
to optimize interactions with the C-terminal domain of tropo-
myosin Tpm3.1. ATM-3507 retains the three core structural com-
ponents of TR100, namely an indole scaffold and two binding
arms: (1) the "polar arm," which terminates in an ionizable
nitrogen atom, and (2) the "nonpolar arm," which is predomi-
nantly hydrophobic in nature (Fig. 1 A and B). The nonpolar arm
of ATM-3507 is attached to the 5-position of the indole scaffold,
as opposed the 3-position on TR100. Furthermore, the nonpolar
arm of ATM-3507 is both longer and structurally more complex
than that of TR100, with the inclusion of aromatic and amide
moieties. While TR100 binds close to the C-terminus of the
tropomyosin dimer, the modified nonpolar arm of ATM-3507
is able to make better contact with the helices of the tropomyosin
dimer, reaching toward the center of the dimer and interacting
with side chains specific for the Tpm3.1 tropomyosin isoform.
Relative to the other approximately 200 analogues studied, ATM-
3507 consistently showed the most cytotoxic potency against a
panel of cancer cell lines (Fig. 2A).

Disruption of Tpm3.1 filaments by ATM-3507
Using a high content imaging (HCI) assay, we found that

Tpm3.1-containing filament bundles in SK-N-SH cells were dis-
rupted by 5 mmol/L ATM-3507 (Fig. 2B)with a clear parallel dose-
dependent decrease in both cell number and Tpm3.1 filaments
(Fig. 2C and D). We used these findings to model the mechanism
of action for ATM-3507 (Fig. 2E). We confirmed that ATM-3507
inhibits the ability of Tpm3.1 to protect actin by quantifying
polymerized actin over time (Fig. 1F–I) similar to TR100 (26).

Antitropomyosin and antimicrotubule agents induce
synergistic cancer cytotoxicity

We previously reported most cancers are enriched for expres-
sion of Tpm3.1 relative to other tropomyosin isoforms (12). We
tested a panel of neuroblastoma cell lines by Western blot for
several tropomyosin isoforms and confirmed Tpm3.1 was
expressed in each cell line (Supplementary Fig. S1), suggesting
these cells would be suitable models for testing the Tpm3.1
inhibitors. Interestingly, the cell lines differed in their relative
expression of Tpm3.1 as well as in the expression of other
isoforms.

After determing the IC50 concentrations for TR100 and ATM-
3507 in each of the neuroblastoma cell lines (Supplementary
Table S1), combinations of tropomyosin inhibitors plus vincris-
tine were tested at levels of each drug alone that killed less than
50% of the neuroblastoma cells. We found that the combinations
of both tropomyosin inhibitors plus vincristine were completely
cytotoxic in CHLA-20 cells (Supplementary Fig. S2A and B). The
tropomyosin inhibitors reduced the IC50 of vincristine in a
dose-dependent fashion in 3 of the 4 cell lines tested (Fig. 3A).
All 4 cell lines showed some degree of synergy as determined by
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the Chou–Talalay method (Fig. 3B). The effect was not limited to
the vinca alkaloids as we observed a similar combination efficacy
using paclitaxel plus TR100 or ATM-3507 (Supplementary Fig.
S3A and S3B). In contrast, we found only slight synergy when
TR100 was combined with doxorubicin (Supplementary Fig.
S3C), suggesting the sensitization is specific for antimicrotubule
agents. The order of administration had little effect on the synergy
(Supplementary Fig. S4).

Targeting both tropomyosins and microtubules increases
antitumor efficacy

Prior to commencing all mouse xenograft studies, we con-
ducted a truncated MTD study to determine our starting daily
dose. The MTD for TR100 and ATM-3507 was 60 and 150 mg/kg,
respectively. We tested the combination of each tropomyosin
inhibitor given by daily intraperitoneal injection alone or com-
bined with vincristine in neuroblastoma (CHLA20) xenografts
(Fig. 4; Supplementary Fig. S5). We found a significant inhibition
of tumor growth and prolongation of animal survival using either
combination compared with each monotherapy. The median
survival of mice increased from 24 and 30 days for mice treated
with TR100 or vincristine, respectively, to more than 49 days for

mice treatedwith the combination. Similarly, themedian survival
ofmice increased from18 days formice treatedwith ATM-3507 to
more than 49 days for mice treated with the combination. As
ATM-3507 is our the clinical lead, we performed additional in vivo
efficacy studies using a route of delivery anddosing schedulemore
reflective of what would be used in the clinic. We found that twice
weekly intravenous administration of ATM-3507 also showed
combination efficacy (Fig. 4D and E). The impact of each treat-
ment or the combination on body weight was minimal (Supple-
mentary Fig. S6).

Pharmacokinetic study of ATM-3507
We measured drug levels following the intravenous admin-

istration of ATM-3507 at 30 mg/kg in Balb/c mice (n ¼ 3 per
time point). The mean half-life of ATM-3507 was 5.01 hours for
the terminal elimination phase. The mean AUC0–t in the
plasma was 14,548 ng/h/mL. ATM-3507 Cmax was 5,758 ng/
mL. The observed plasma clearance and volume of distribution
at steady state of ATM-3507 was 33.8 mL/min/kg and 7.23 L/kg,
respectively. Detailed pharmacokinetic parameters of ATM-
3507 following intravenous administration are shown in Sup-
plementary Table S2.

Figure 3.

Effect of combining tropomyosin and microtubule inhibitors on cell growth. A, Neuroblastoma cell lines were treated with vincristine alone or combined with
TR100 or ATM-3507 and analyzed by MTS assay. Addition of tropomyosin inhibitors reduced the IC50 of vincristine in a dose-dependent fashion. B,
Chou–Talalay analysis of synergy in four neuroblastoma cell lines using various combinations of inhibitors. To determine synergy, concentrations for
vincristine (VCR), ATM-3507, and TR100 ranged from one-sixteenth of the IC50 to one-half of IC50 for each cell line. Values below a combination index of
1 suggest synergy.
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The combination of antitropomyosin and antimicrotubule
agents induces G2–M arrest

We investigated the mechanism of action of the drug combi-
nation by cell-cycle analysis using flow cytometry following
incubation with the drugs for 24 hours. The data were normalized
by calculating the percentage of cells in the G2–M phase as a
fraction of the sum of all three cell-cycle phases. Exposing the cell
lines with a combination of TR100 or ATM-3507 and vincristine
resulted in an increased percentage of cells occupying the G2–M
stage of the cell cycle (Fig. 5A and B). The increase was significant
when compared to the percentage of cells in G2–M induced by
each individual drug treatment alone and the vehicle control
group. Consistent with these findings, cells showed a significant
increase in condensed chromatin (Fig. 5C–G). None of the drug
treatments had a detectable impact on interphase microtubule
organization (Supplementary Fig. S7). Similarly, low-dose treat-
ment with all agents alone had minimal impact on the organi-
zation of the mitotic spindle (Fig. 5I, J, and L). The combinations
of TR100 or ATM-3507 with vincristine, however, led to a poorly
organizedmitotic spindle consistent with a substantial impact on
this structure and consequent G2–M arrest (Fig. 5K and M).

These results are indicative of the mechanism of action of
antimicrotubule agents and suggest that inhibiting tropomyosin
sensitizes cells to the action of vincristine at substantially lower

doses than would normally be required to obtain a G2–M arrest.
This observation suggests that the synergywould lead to cell death
via apoptosis.

Antitropomyosins plus antimicrotubule agents induce
apoptosis

To determine whether the cytotoxic effect of the combinations
of tropomyosin inhibitors and vincristine were due to induction
of apoptosis, we measured Annexin-V/PI staining by flow cyto-
metry in CHLA-20 cells treated with TR100� vincristine or ATM-
3507 � vincristine. The presence of early and late apoptotic cells
increased over time (Fig. 6A and B). This time-dependent increase
of apoptotic positive cells was accompanied by time-dependent
cleavage of PARP, a product resulting from the proteolytic activity
of caspase-3 (Fig. 6C). The combined cytotoxicity was partially
prevented by preexposure of cells to the pan-caspase inhibitor Z-
VAD-FMK (Fig. 6D).We observed a similar PARP cleavage pattern
and partial prevention with the caspase inhibitor in cells exposed
to vincristine and ATM-3507 (Fig. 6E and F) as well as TR100 and
paclitaxel (Supplementary Fig. S8).

Discussion
We identified a lead drug candidate, ATM-3507, for targeting

the Tpm3.1 tropomyosin isoform that is enriched inmost cancers.

Figure 4.

Effect of combining ATM-3507 and vincristine on tumor growth in athymic nude animals bearing CHLA20 xenografts. A, Treatment schemas used for in vivo
studies. Analysis of tumor growth (B and D) and animal survival (C and E) with monotherapies or combinations of intravenous (IV) vincristine with
intraperitoneal (IP) ATM-3507 (B, C; n ¼ 5), or intravenous ATM-3507 (D, E; n ¼ 4–6).
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ATM-3507 showed cancer cell cytotoxicity comparable with our
previously described first-in-class tool compound, TR100. The
morehighly functionalized structure ofATM-3507 is better able to
interact with the C-terminal domain of Tpm3.1, which is pre-
dicted to improve selectivity for this particular isoform. ATM-
3507 has been shown to be well tolerated in bothmouse and dog
models with no impact on skeletal muscle studies suggesting that
that ATM-3507 can discriminate in vivo between the actin cyto-
skeleton of tumor cells and that of the muscle sarcomere (Novo-
gen Pty Ltd; personal communication). In addition, ATM-3507
lacks the reactive a,b-unsaturated carbonyl moiety present in
TR100, a functional group that has been associated with the
formation of reactive metabolites (27).

We found a strong synergistic effect when TR100 or ATM-3507
were combined with antimicrotubule agents in both in vitro and

in vivo neuroblastoma models. The observation of profound
synergy with antimicrotubule agents suggests that it is based on
the structural collaboration of actin filaments containing Tpm3.1
and microtubules. One possibility we considered was a simulta-
neous impact on both the actin and microtubule cytoskeletons.
However, the highly transformed nature of themorphology of the
most responsive cells suggests to us that this possibility is less
likely. Instead, the cell-cycle analysis and chromosome staining
indicates that antitropomyosin drugs sensitize the cell to the
mechanism of action of antimicrotubule agents alone (28).
Furthermore, the finding that both a vinca alkaloid (vincristine)
and a taxane (paclitaxel), which target microtubules via different
mechanisms of action (28), can synergize with antitropomyosin
agents suggests that there is a specific microtubule–actin filament
interaction that plays an important role in G2–M progression.

Figure 5.

Effect of combining tropomyosin and microtubule inhibitors on cell cycle, chromatin condensation, and the mitotic spindle. Percentage of cells arrested in
G2–M phase after 24 hours of either single or double drug treatment with TR100 (3.1 mmol/L; A) � vincristine (62.5 nmol/L for CHLA-20; 1.25 nmol/L for
SKNBe2) or ATM-3507 (B; 4 mmol/L)� vincristine (10 nmol/L for CHLA-20; 1.5 nmol/L for SKNBe2). Data are presented as a ratio of total cells counted in G1, S, and
G2–M phase. Error bars represent � SD. � , P < 0.05; �� , P < 0.01. C, Effect of low dose and combined TR100 plus vincristine on chromatin condensation in
neuroblastoma cell lines. Combination treatment with low dose TR100 plus vincristine showed a significant increase in condensed chromatin compared with
the respective single-drug treatments. Error bars represent � SD. � , P < 0.05; �� , P < 0.01; ��� , P < 0.001; ���� , P < 0.0001. D–G, Images of nuclei in CHLA-20 cells
with insets showing examples of condensed chromatin. Cells have been treated with vehicle control (D), low dose TR100 (E), low dose vincristine (F), or low
dose TR100 plus vincristine (G). Scale bars, 10 mm. H–M, Images of the mitotic spindle (green) and chromosome organization (blue) in CHLA-20 cells. Cells
have been treated with vehicle control (H), low dose TR100 (3.1 mmol/L; I), low dose vincristine (10 nmol/L; J), low dose TR100 plus low dose vincristine (K),
low dose ATM-3507 (3 mmol/L; L), or low dose ATM-3507 plus low dose vincristine (M). Scale bar, 10 mm.
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Indeed, it has previously been demonstrated that reduction in the
levels of functional gamma-actin can both suppress microtubule
dynamics (29) and contribute to the development of cellular
resistance to antimicrotubule agents (30). These observations
taken together are consistent with a collaborative role for actin
filaments with microtubules in G2–M progression. This idea is
further supported by the recent observation that anti-LIMK com-
pounds synergize with vincristine in a model of neuroblastoma
(31). Anti-LIMK compounds have been shown to increase the
level of active cofilin, which in turn leads to an increase in cofilin-
induced severing of actin filaments (32). While this actin disrup-
tionmay reflect an effect on Tpm3.1-containing actin filaments, it
may also reflect the involvement of more than one type of actin
filament population because Tpm3.1-containing actin filaments
are highly resistant to severing by cofilin (33). For example,
there is evidence that g-actin plays a role in normal centrosome
function (34).

The simplest explanation of the observed synergy is that actin
filaments containing Tpm3.1 are involved in the assembly and/or
function of the mitotic spindle. The imaging of chromatin dis-
organization when cells are exposed to both agents suggests that
there is a failure ofmetaphase. This defect could be due to a failure
to properly connect the mitotic spindle to the kinetochores. The

Drosophila tropomyosin isoform Tm1J is enriched in both cen-
trosomes and the kinetochores throughoutmetaphase andknock-
down of this isoform leads to a G2–Marrest (35). Because Tm1J is
also located in the Golgi, it has been proposed that the impact on
the cell cycle could be indirect due to the effect on the Golgi (35).
However, it is also possible that the impact on the cell cycle is due
to a role for Tm1J in the organization and/or function of the
spindle via interaction of microtubules with the kinetochores.

There are also numerous studies implicating actin filaments in
normal functioning of the mitotic spindle (36). It has been
suggested that cortical actin filaments are required for anchoring
and orientation of the mitotic spindle in some mammalian cells
(37, 38) possibly via involvement of myosin-10 (37, 39, 40).
There is also evidence for an interaction between the actin cortex
and astral microtubules (41). We have recently demonstrated an
interaction of the microtubule þTIP protein EB1 with g-actin in
the cell cortex which may provide a mechanism for the impact of
the actin cytoskeleton on astral microtubules (42). The intrinsic
problem with studies that follow actin organization is the diffi-
culty in discerning a specific interaction between actin filaments
and the mitotic spindle. It is possible that the ability to follow
Tpm3.1-containing actinfilamentswill allow for the visualization
of the relevant actin filament population.

Figure 6.

The combination of tropomyosin inhibitors plus vincristine-induced apoptosis. A, CHLA-20 cells were treated with TR100 (4 mmol/L) plus vincristine
(10 nmol/L) for 6, 20, and 30 hours, stained with Annexin-V/PI and analyzed by flow cytometry. B, Quantitative analysis of n ¼ 4 samples show the
time-course progression through early and late apoptosis of CHLA-20 cells treated with ATM-3507 (4 mmol/L) plus vincristine (10 nmol/L) for 6, 20, and 30 hours.
C and E, Western blots for showing cleaved PARP only when TR100 (C) or ATM-3507 (E) were combined with vincristine. D and F, CHLA-20 cells were
pretreated with the pan-caspase inhibitor Z-VAD-FMK (50 mmol/L) for 2 hours prior to treatment with either single treatment (D), TR100, or ATM-3507 alone
or combined with vincristine and cell survival was determined by MTS at day 3 (F).
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We found synergistic effects in the majority of neuroblasto-
ma cells we tested, which seem to be unrelated to levels of
Tpm3.1 expression. How generalizable the synergy will be for
other cancer types is not yet known. In addition, whether or not
inhibiting tropomyosins might sensitize cancer cells to other
therapies is not yet known, although they failed to so with
doxorubicin in our experiments. Overall, our results suggests
that antitropomyosin compounds should be tested in combi-
nation with antimicrotubule agents in a clinical setting once
clinical safety data are available for the antitropomyosin lead
drug candidate as monotherapy.
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