BJC

British Journal of Cancer

www.nature.com/bjc

®

Check for
updates

ARTICLE

Cellular and Molecular Biology

Targeting the actin/tropomyosin cytoskeleton in epithelial
ovarian cancer reveals multiple mechanisms of synergy
with anti-microtubule agents

Xing Xu(@®', Yao Wang', Nicole S. Bryce', Katrina Tang?, Nicola S. Meagher®*, Eun Young Kang®, Linda E. Kelemen®, Martin Kobel?,
Susan J. Ramus®*, Michael Friedlander’, Caroline E. Ford (**, Edna C. Hardeman'* and Peter W. Gunning'*

BACKGROUND: Anti-microtubule agents are widely used to treat ovarian cancers, but the efficacy is often compromised by drug
resistance. We investigated co-targeting the actin/tropomyosin cytoskeleton and microtubules to increase treatment efficacy in
ovarian cancers and potentially overcome resistance.

METHODS: The presence of tropomyosin-3.1 (Tpm3.1) was examined in clinical specimens from ovarian cancer patients using
immunohistochemistry. Combinatorial effects of an anti-Tpm3.1 compound, ATM-3507, with vinorelbine and paclitaxel were
evaluated in ovarian cancer cells via MTS and apoptosis assays. The mechanisms of action were established using live- and fixed-cell
imaging and protein analysis.

RESULTS: Tpm3.1 is overexpressed in 97% of tumour tissues (558 of 577) representing all histotypes of epithelial ovarian cancer.
ATM-3507 displayed synergy with both anti-microtubule agents to reduce cell viability. Only vinorelbine synergised with ATM-3507
in causing apoptosis. ATM-3507 significantly prolonged vinorelbine-induced mitotic arrest with elevated activity of the spindle
assembly checkpoint and mitotic cell death; however, ATM-3507 showed minor impact on paclitaxel-induced mitotic defects. Both
combinations substantially increased post-mitotic G1 arrest with cyclin D1 and E1 downregulation and an increase of p21<P and
p27%P,

CONCLUSION: Combined targeting of Tpm3.1/actin and microtubules is a promising treatment strategy for ovarian cancer that

should be further tested in clinical settings.

British Journal of Cancer (2021) 125:265-276; https://doi.org/10.1038/s41416-021-01420-y

BACKGROUND

As the second most common gynaecological malignancy,
epithelial ovarian cancer is responsible for ~185,000 female death
worldwide each year." The majority of patients have advanced-
stage disease at initial diagnosis and have a 5-year survival of
<30%.2 The chemotherapy combination of carboplatin (CBDCA)
and paclitaxel (PTX) has been the standard of care for over 30
years with the most important recent progress being the
introduction of maintenance therapy with poly ADP ribose
polymerase (PARP) inhibitors in selected subsets of patients with
high-grade serous cancer following response to first-line che-
motherapy.® Although response rates are high, the majority of
patients will experience a recurrence and most will die with drug-
resistant disease often after many lines of treatment, which
commonly includes a taxane.® Single agents such as weekly PTX
either alone or in combination with bevacizumab is commonly
used to treat patients with platinum-resistant ovarian cancer.* The
response rates with chemotherapy in platinum-resistant ovarian

cancers are low and in the pivotal AURELIA trial was 12% and the
progression-free survival 3.4 months.®> These numbers increased
with the addition of bevacizumab to 30% and 6.4 months,
respectively, although there was no difference in overall survival
with the addition of bevacizumab.® Vinorelbine (VNB) is an anti-
microtubule agent that has been reported to have similar efficacy
to PTX in phase 2 trials,® but this was never extended to phase 3
trials in ovarian cancer probably due to the fact that it was out of
patent and not an attractive option given there are a number of
generics on the market since 2003. Thus, investigating new
approaches to increase the efficacy of anti-microtubule agents is
of strong rationale, particularly in patients with platinum-resistant
high-grade serous cancers as well as in patients with other
histotypes such as clear cell, mucinous and low-grade serous
cancers where response rates to standard of care chemotherapy
are even lower.*

We recently discovered a strong anti-tumour synergy that
resulted from combined targeting of microtubules and tropomyosin
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3.1 (Tpm3.1)-containing actin filaments.”® Tpm3.1 belongs to the
tropomyosin family, which is a category of actin-binding proteins
that form co-polymers with actin and determine the functional
capability of actin filaments in an isoform-dependent manner.’
Tpm3.1 exhibits dynamic interactions with actin filaments and is
able to activate myosin Il ATPase, but it does not protect actin
filaments from cofilin-mediated severing.'® Tpm3.1-containing actin
filaments mediate the nuclear translocation of the extracellular
signal-regulated kinase and thus promote cell growth and prolifera-
tion of mouse fibroblast."" Upregulation of this isoform is associated
with the process of cellular transformation and it is the major
tropomyosin isoform in cancer cells.'> We have developed
compounds, such as ATM-3507, that specifically target the C-
terminus of Tpm3.1 and successfully inhibit tumour growth without
compromising cardiac function, which is the major side effect of
anti-actin agents.”?'31*

ATM-3507 in combination with anti-microtubule agents have
shown profound synergy in a neuroblastoma xenograft mouse
model.”® The synergy of targeting Tpm3.1 and microtubule
depolymerisation was further confirmed in a lung cancer
xenograft model and multiple cell lines including an ovarian
cancer cell line, OVCAR-3.2 Moreover, it has long been reported
that the actin cytoskeleton interacts with the microtubule
network in broad cellular functions, including migration,
intracellular transport and division."”>'® Synergistic effects of
anti-tropomyosin compounds (ATMs) and microtubule drugs
therefore represent a novel strategy of co-targeting the actin
cytoskeleton and microtubules to improve the efficacy of anti-
microtubule agents and could have broad application given the
widespread use of these agents in multiple cancers, including
ovarian cancer, breast cancer and non-small cell lung cancer
among many others."”

Based on the effects on microtubules at high concentrations,
anti-microtubule agents are divided into depolymerising agents
(e.g. vinca alkaloids) and stabilising agents (e.g. taxanes).'” At
clinically relevant concentrations, both types of anti-microtubule
agents interfere with microtubule dynamics without altering the
polymer mass.'”” Our previous findings showed that ATM-3507
promotes vincristine (microtubule depolymeriser) induced mitotic
defects,”® but the mechanism of synergy of anti-Tpms3.1
compounds and microtubule stabilisers has not been established.
Cells exposed to anti-microtubule agents that eventually complete
a prolonged mitosis are often blocked in the subsequent (or post-
mitotic) interphase.'® As the actin cytoskeleton interacts with the
microtubule network throughout the cell cycle,’® combined
targeting of both cytoskeletons may result in a combinatorial
effect on the post-mitotic interphase. Therefore, the synergy of
anti-Tpm3.1 compounds and anti-microtubule agents may include
enhanced interruptions in both mitosis and post-mitotic
interphase.

In this study, we investigate the expression of Tpm3.1 in ovarian
cancer tissues and evaluate the combined targeting of Tpm3.1
and microtubules in ovarian cancer cell lines. The combination of
ATM-3507 with either the microtubule depolymeriser, VNB, or the
microtubule stabiliser, PTX, synergistically reduces the viability of
ovarian cancer cells. While the mitosis-dependent synergy relies
on the microtubule drug in use, combinations of ATM-3507 and
both microtubule drugs are sufficient to promote G1 arrest in the
subsequent interphase.

METHODS

Clinical samples

Tumour tissues were obtained from the Alberta Ovarian Tumour
Type Study (AOV)." and Calgary Serous Carcinoma Study
(CAL).?° Five hundred and ninety-eight samples from 577
patients were received, in which 462 samples from AOV and

130 samples from 115 patients from CAL were used to generate
the tumour microarrays.

Chemicals

ATM-3507 was synthesised as described previously.7 VNB (54269)
was purchased from Selleck Chemicals. PTX (T7191) and CBDCA
(C2538) were purchased from Sigma Aldrich. Stock solutions
(10 mM) of ATM-3507, VNB and PTX were prepared by dissolving
the solid compounds in dimethyl sulfoxide (DMSO; D2650, Sigma
Aldrich) and stored at —20°C. CBDCA solutions were prepared
fresh by dissolving the powder in sterilised Milli-Q water.

Antibodies

Primary antibodies: mouse anti-Tpm2.1 (CG1; 1:1000); mouse anti-
Tpm3.1 (y9/d; 1:1000); rabbit anti-Tpm4.1/4.2 (§9/d; 1:1000); rabbit
anti-cyclin E1 (sc-198, Santa Cruz; 1:1000); mouse anti-cyclin D1
(sc-8396, Santa Cruz; 1:500); mouse anti-p27 (3698S, Cell Signaling
Technology; 1:1000); mouse anti-p21 (2946T, Cell Signaling
Technology; 1:1000); rabbit anti-p16 (ab108349, Abcam; 1:1000);
mouse anti-GAPDH (MAB374, Millipore; 1:4000), human anti-
centromere antibody (15-235-0001, Antibodies Inc.; 1:200); mouse
anti-BubR1 (612502, BD Biosciences; 1:500); rabbit anti-BubR1
(phospho S670; ab200062, Abcam; 1:2000); rabbit anti-phospho-
Histone H3 (pSer10; Merck; 1:1000).

Secondary antibodies: rabbit anti-mouse immunoglobulin G
(IgG) (horseradish peroxidase (HRP) conjugate, A9044, Sigma-
Aldrich; 1:4000); goat anti-rabbit IgG (HRP conjugate, 1706515,
Bio-Rad; 1:4000); chicken anti-human IgG (fluorescein isothio-
cyanate (FITC) conjugate, IHF-1010, Aves Labs; 1:500); goat anti-
mouse IgG (AF555 conjugate, A-21422, Invitrogen; 1:500); goat
anti-rabbit IgG (FITC conjugate, AB6717, Abcam; 1:1000).

Cell lines and cultures

Three human ovarian cancer cell lines, A2780 (ECACC 93112519),
A2780cis (ECACC 93112517) and OVCAR4 (NCI-DTP OVCAR-4),
were cultured in RPMI-1640 (11875-119, Gibco) supplemented
with 10% foetal bovine serum (FBS; 10099141, Gibco). The
immortalised human ovarian surface epithelium HOSE-6.3 (RRID:
CVCL_7673) was cultured in 1:1 mixture of MCDB 105 medium
(117-500, Sigma Aldrich) and Medium 199 (M4530, Sigma Aldrich)
supplemented with 10% FBS.?' To maintain platinum resistance in
A2780cis cells, medium was supplemented with 10 uM CBDCA. All
cell lines were cultured in a humidified 37 °C incubator, 5% CO..
All cell lines were negative for mycoplasma using real-time PCR-
based screening.

Immunohistochemistry
Immunostaining was performed at the Histopathology Facility,
Garvan Institute of Medical Research (Sydney, Australia) using y9/d
anti-body (1:500 dilution in 0.1% (v/v) saponin with 2% (w/v)
bovine serum albumin in phosphate-buffered saline), which has
been optimised with control tissues (tonsil and uterus).?? Images
were taken on a Vectra Polaris slide scanner (CLS143455,
PerkinElmer) with a x20 objective (CFI Plan Apochromat Lambda,
%20/0.75, Nikon).

Stained slides were scored by a gynaecologic pathologist (K.T.),
blinded to histotype. The intensity was graded on a scale of 0
(absence), 1 (weak), 2 (moderate) and 3 (intense).

Western blot

Western blotting for proteins of interest was performed as
previously described.'? To minimise the cell volume-dependent
variations in the expression of housekeeping gene, a duplicate
gel was incubated in Coomassie Blue R-250 staining solution
(1610436, Bio-Rad) and then de-stained for total protein
quantification as the loading control for the detection of
tropomyosin isoforms.?



Cell viability assay

Cells were seeded into 96-well plates (5000 cells/well for A2780
and A2780cis; 2500 cells/well for OVCAR4) 24 h prior to drug
treatments. The MTS-based cell viability assay was performed as
previously described.®

Annexin V apoptosis assay

OVCAR4 cells were seeded into 6-well plates (2 x 10° cells/well for
A2780 and A2780cis; 1 x 10° cells/well for OVCAR4) 24 h prior to
drug treatments. The apoptosis assay was performed as described
previously.® Both Annexin V-positive and Annexin V/7-AAD double
positive cells were scored as apoptotic.

Combination index (Cl) analysis

The Cl was calculated using the CompuSyn software (ComboSyn,
Inc.) as described previously.®>?* The Cl values based on actual
experimental points were plotted as dots and the interpolated
trends of Cl values are presented as lines in each graph.

Live-cell imaging

OVCAR4 cells were seeded (1 x 10° cells/well) onto glass bottom
6-well plates (P06G-1.5-20-F, MatTek) 24 h prior to drug treat-
ments. Time-lapse live-cell imaging was performed described
previously using a Nikon microscope (Eclipse Ti2, Nikon) with a
%20 objective (CFI Plan Fluor DLL %x20/0.5, Nikon), phase-contrast
mode.®

Immunofluorescence

OVCAR4 cells were seeded (1 x 10° cells/well) on coverslips in 6-well
plates and treated as for live-cell imaging for 24 h. Immunostaining
was performed as previously described.”® Images were acquired
on a Zeiss LSM 900 with Airyscan 2 module using a x63 objective
(Plan-Apochromat x63/1.4 oil, Zeiss) under the same illumination
settings. ZEN software (blue edition, Zeiss) was used for image
acquisition and Airyscan processing.
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Image analysis

Fiji software (RRID:SCR_002285) was used for post-acquisition
analysis. For live-cell imaging, time in mitosis was defined as the
time from cell rounding to the exit of mitosis or mitotic cell death.
BubR1 intensity was quantified as described previously.?> Thresh-
old was set to raw images of 0.13-um section z-stacks on each
slice and all centromeres were selected under the ACA channels.
Masks of the same areas were applied to the BubR1 channel. The
average intensity of both channels was measured after back-
ground subtraction. All images in Fig. 4c were adjusted under the
same settings.

Statistical analysis

Unpaired two-tailed Student’s t test was performed in Excel
(Microsoft) for the measurement of statistical significance. p < 0.05
was considered statistically significant. All data points with error
bars are presented as mean + standard deviation (mean +S.D.).

RESULTS

Tpm3.1 is highly expressed in tumour tissue in all histotypes of
epithelial ovarian cancer

Previous findings showed that Tpm3.1 is the dominant tropo-
myosin isoform consistently expressed in cancer cells;'#%¢
however, the expression of Tpm3.1 has not been examined in
ovarian tumours. We thus investigated its expression in tumour
tissues from large cohorts with a total of 577 ovarian cancer
specimens using Tpm3.1 antibody.?” (Table 1 and Supplemental
Tables S1 and S2). Tumour tissues collected from the AOV and CAL
studies contained samples from the five main histotypes (n =510),
high-grade serous, low-grade serous, endometrioid, clear cell,
mucinous carcinoma, and mucinous borderline ovarian tumours
(n=67) (Table 1). Tpm3.1 in 98% of invasive primary samples (498
out of 510 patients) was intensely stained regardless of tumour
histotype, suggesting that high Tpm3.1 expression is common

Table 1. Expression score of Tpm3.1 in primary ovary tumour samples.

Invasive (n =510) Non-invasive Total

(n=67)

HGS LGS END Cccc MuUC MBOT
IHC score
1 (weak) 1 1
2 (moderate) 2 7 2 7 18
3 (intense) 162 29 170 67 70 60 558
Total 164 29 177 67 73 67 577
Age at diagnosis (mean, median,  61.4, 62, 51.3, 49, 54.2, 52, 56.7, 55, 53.0, 51, 48.6, 47, 55.6, 55,
range) (39-92) (30-77) (25-91) (31-83) (24-95) (25-81) (24-95)
FIGO stage, n (%)
| 4 (2%) 4 (14%) 79 (45%) 21 (31%) 48 (66%) 44 (66%) 200
1l 11 (7%) 3 (10%) 57 (32%) 28 (42%) 10 (14%) 2 (3%) 11
1] 109 (66%) 20 (69%) 22 (12%) 17 (25%) 8 (11%) 1 (1%) 177
\% 30 (18%) 2 (7%) 3 (2%) - - - 35
Unknown 10 (6%) - 16 (9%) 1 (1%) 7 (10%) 20 (30%) 54
Vital status at last follow-up, n (%)
Alive 50 (30%) 15 (52%) 128 (72%) 28 (42%) 45 (62%) 58 (87%) 324
Deceased 110 (67%) 14 (48%) 49 (28%) 39 (58%) 28 (38%) 9 (13%) 249
Unknown 4 (2%) - - - - - 4
HGS high-grade serous carcinoma, LGS low-grade serous carcinoma, END endometrioid carcinoma, CCC clear cell carcinoma, MUC mucinous carcinoma, MBOT
mucinous borderline tumour.
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Uterus

Fig. 1

Representative images of Tpm3.1 IHC in patient samples with ovarian cancer and control tissues. Images represent staining scoring

of 1 (weak), 2 (moderate) and 3 (intense). HGS high-grade serous carcinoma, MUC mucinous carcinoma. Note that adjacent non-tumour cells

are poorly stained. Scale bar, 150 pm.

across ovarian tumour tissues (Table 1, Fig. 1 and Supplemental
Fig. S1). Intense staining (score 3) of Tpm3.1 was also observed in
90% (60 out of 67) of mucinous borderline ovarian tumours and
ubiquitous in a series of matched tumours from 8 patients from
the CAL study, with consistently high expression in the ovary,
omentum and recurrent tissue samples (Table 1 and Supplemental
Table S3). Moreover, high levels of Tpm.3.1 were present in all sites
sampled and similar at primary diagnosis and at recurrence
(Supplemental Table S3). However, we could not correlate Tpm3.1
expression with FIGO staging and grade due to the lack of
samples with low-to-moderate staining (Supplemental Tables S1
and S2).

Targeting Tpm3.1 exhibits high efficacy against the viability of
ovarian cancer cells

Targeting Tpm3.1 using ATM-3507 was compared with three
agents (a microtubule depolymeriser, VNB, a microtubule stabi-
liser, PTX, and a platinum agent, CBDCA), which are commonly
used in ovarian cancer treatments. The potency and efficacy of
single agents on cell viability were examined in three human
ovarian cancer cell lines, A2780, A2780cis and OVCAR4. A2780 is
an endometrioid ovarian cancer cell line and is commonly used to
test potential treatments because these cells have not been
exposed to anti-cancer drugs and are highly sensitive to platinum
and taxanes.?® A2780cis cells were selected due to their platinum
resistance, which is the most common chemoresistance in ovarian
cancer patients.?>*° Indeed, CBDCA had an approximately three
times higher ICso in A2780cis cells than that in A2780 cells
(Supplemental Table S4). OVCAR4 cell line represents the most
common ovarian cancer histotype, high-grade serous carci-
noma.”® All three cell lines exhibited consistent high expression
of Tpm3.1 while displaying variable amounts of other tropomyosin
isoforms compared to an ovarian surface epithelium, HOSE-6.3
(Supplemental Fig. S2).

ATM-3507 had low-micromolar ICses and exhibited the highest
efficacy in all the tested cell lines with more than a 95% cell
viability reduction at concentrations approximately 2-fold of its
ICso (Fig. 2a—-c and Supplemental Table S4). Although both VNB

and PTX had ICs0s in the nanomolar range, they produced the
maximum outcome with 80-85% viability reduction in A2780 and
A2780cis cells and 60-70% in OVCAR4 cells (Fig. 2a-c and
Supplemental Table S4). CDBCA is less effective than ATM-3507
with 11-53 times higher ICsos (Supplemental Table S4). While
CDBCA showed similar efficacy as ATM-3507 in A2780 and
A2780cis cells, it reached a dose limitation at 2.5-fold I1C5q in the
high-grade serous OVCAR4 cells (Fig. 2a—c). These results indicate
that disrupting Tpm3.1 is highly efficient in reducing the viability
of ovarian cancer cells of different histotypes, including platinum-
sensitive and -resistant lines.

Combined targeting of Tpm3.1 and microtubules is synergistic
In previous studies, we reported that ATM synergises with anti-
microtubule agents to reduce viability in cancer cells in vitro and
in vivo.”® While initial data showed the synergy of ATM-3507 in
combination with VNB in ovarian cancer cells (OVCAR-3)2 the
combinatorial effects of ATM-3507 and PTX have not yet been
studied in this cancer type. Here the efficacy of ATM-3507 in
combination with VNB or PTX to reduce the cell viability was
evaluated in A2708, A2780cis and OVCAR4 cells, which was
compared with the standard first-line combinational chemother-
apy for ovarian cancer, CBDCA/PTX. The addition of ATM
significantly enhanced the treatment efficacy of VNB and PTX in
all three cell lines, regardless of cell types as well as platinum
resistance (Fig. 2d-i). In contrast, the CBDCA/PTX combination
slightly increased the viability reduction in A2780 cells, while its
efficacy in A2780cis and OVCAR4 cells was lower compared to
individual drugs (Supplemental Fig. S3). Quantitative analysis on
the combination effects using the Chou-Talalay method showed
that ATM-3507 synergises with both VNB and PTX in all tested cell
lines at most of the fraction affected (percentage of reduced cell
viability) where the CI values are <0.9 (Fig. 2j-I).>* However, an
antagonistic effect (Cl > 1.1) was observed between CBDCA and
PTX (Fig. 2j-I).

Although all single agents showed a comparable activity in
ovarian cancer cells versus the non-tumour HOSE-6.3 cells, the Cl
analysis demonstrated that ATM-3507/VNB is slightly synergistic
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Fig.2 ATM-3507 (ATM) is efficient and synergises with anti-microtubule agents, vinorelbine (VNB) and paclitaxel (PTX), in reducing the
viability of ovarian cancer cells. a-c A2780, A2780cis and OVCAR4 cells were treated with single agents as indicated for 72h
and corresponding cell viability reduction was measured by MTS assay. Concentrations of each drug were converted into fold
changes to their ICso. d—f Dose-response curves of ATM, VNB and their combination. g-i Dose-response curves of ATM, PTX and their
combination. j-I Chou-Talalay analysis of synergy of each drug combination in the three ovarian cancer cell lines. Lines showing the trend of
Cl values interpolated from actual ClI values presented by each dot in the same drug combination. Cl values below 0.9 indicate synergy.*

Fraction affected indicates the percentage of cell viability reduction. CBDCA carboplatin. Data were generated from at least three independent
experiments and presented as mean = S.D. if applicable.
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and ATM-3507/PTX is nearly additive against HOSE-6.3 cells
(Supplemental Fig. S4). Compared to the strong synergy in three
ovarian cancer cell lines, data in HOSE6.3 cells indicate that
combining ATM-3507 and anti-microtubule agents may have a
better selectivity against cancer cells than when used as single
agents.

ATM-3507 synergistically induces apoptosis with VNB but not with
PTX

We previously reported that the combination of ATM-3507 and
anti-microtubule agents synergistically induces apoptosis in a
neuroblastoma cell line and HeLa cells.”® To examine whether the
synergy of ATM-3507/VNB and ATM-3507/PTX is cytotoxic in
ovarian cancer cells, we measured the apoptotic cell population
by flow cytometry using the Annexin V/7-AAD staining. An
increased population of apoptotic cells was induced by ATM-3507/
VNB over that seen with ATM-3507 or VNB alone in a dose-
dependent manner (Fig. 3a—c). In contrast, little difference was

a b

c

observed between ATM-3507/PTX and either drug alone in
apoptosis induction (Fig. 3d—f). Cl analysis using the Chou-Talalay
method demonstrated that ATM-3507 synergised with VNB in
inducing apoptosis (Fig. 3g-i), but the interaction between ATM-
3507 and PTX trended towards an antagonistic or additive
relationship (Fig. 3g-i). Collectively, these data show that ATM-
3507 synergistically induces apoptosis with VNB but not with PTX
in ovarian cancer cells.

ATM-3507 enhances VNB-induced mitotic arrest with elevated
activity of the spindle assembly checkpoint (SAC)

Our previous studies demonstrated a mitosis-dependent synergy
between ATM-3507 and microtubule depolymerisers.”® To further
investigate the difference in the mechanism of action between
ATM-3507/VNB and ATM-3507/PTX in ovarian cancer cells, we
monitored the response of single cells and determined their fates
upon drug treatments using live-cell imaging (Supplemental Fig
S5). OVCARA4 cells were chosen because they are the most suitable

Fig. 3 ATM-3507 (ATM) synergistically induces apoptosis with vinorelbine (VNB) but not with paclitaxel (PTX). a-f A2780, A2780cis and
OVCAR4 were incubated with single agents or in combination as indicated for 48 h and the corresponding induction of apoptosis was
measured by Annexin V apoptosis assay using flow cytometry. Dose-response curves of ATM, VNB and their combination are shown in a-c.
Dose-response curves of ATM, PTX and their combination are shown in d—f. g-i Chou-Talalay analysis of synergy of two drug combinations in
the three ovarian cancer cell lines. Lines showing the trend of Cl values interpolated from actual Cl values presented by each dot in the same
drug combination. Cl values <0.9 indicate synergy.>* Fraction affected indicates the percentage of induced apoptosis. Data were generated
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model for imaging among the three studied cell lines. Moreover,
OVCAR4 line is from the high-grade histotype, which is the most
common type of ovarian cancer. ATM-3507 did not perturb mitotic
progression with an average of 1.1 h to complete the first mitosis,
as compared with the control (Fig. 4a). VNB and PTX alone
significantly arrested cells in mitosis to an average of 4.3 h (Fig. 4a).
However, the VNB-induced mitotic arrest was prolonged by ATM-
3507 with an average of 13 h, whereas ATM-3507 only slightly
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increased the mitotic duration in PTX-treated cells by about 1h
(Fig. 4a).

Moreover, 21% of VNB-treated cells exited mitosis without
division, a phenomenon known as mitotic slippage,®’ while 75%
of them underwent division, 1% dying in mitosis and 3%
remaining in interphase without entering into mitosis (Fig. 4b
and Supplemental Fig. S6). However, the addition of ATM-3507
markedly increased the slipped cell population (42%) or death in
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Fig. 4 ATM-3507 (ATM) potentiates vinorelbine (VNB)-induced mitotic arrest with elevated activity of the spindle assembly checkpoint
(SAC), resulting in an efficient mitotic cell death. a Time that cells spent in the first mitosis. OVCAR4 cells were treated with DMSO, ATM (5
pM), VNB (8 nM), A +V (5 pM ATM + 8 nM VNB), paclitaxel (PTX, 5nM) and A + P (5 uM ATM + 5 nM PTX), respectively, and then subjected to
time-lapse microscopy. Images were recorded every 2 min for 72 h. For each treatment, 100 cells from each of at least three independent
experiments were analysed. b The percentage of OVCAR4 cells in a that underwent different cell fates before entering the next interphase. ¢
Representative images showing different BubR1 immunostaining in cells treated as in a for 24 h before fixation and antibody staining. Scale
bar, 2 um. d The ratio of fluorescent intensity of BubR1 relative to centromere (ACA). The average ratio of a cell is presented as an individual
dot. In each treatment, 30 randomly imaged late prometa/metaphase cells were analysed. e The expression of p-BubR1 (S670) in cells treated
with VNB (8 nM), A +V (5 uM ATM + 8 nM VNB), PTX (5 nM) and A + P (5 pM ATM + 5 nM PTX), respectively, for 24 h. Treated cells collected via
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the first mitosis (28%; Fig. 4B and Supplemental Fig. S6). In
contrast, cells treated with PTX or ATM-3507/PTX had similar cell
fate during the first cell cycle, with 42 versus 45% cells slipped
(Fig. 4B and Supplemental Fig. S6). These data suggest that the
anti-mitotic synergy is unique to the combination of ATM-3507
and microtubule depolymerisers in ovarian cancer cells.

During mitosis, the SAC plays an essential role in maintaining
the accuracy of chromosome segregation by delaying the
anaphase onset3? Kinetochores unattached and improperly
attached to microtubules lead to SAC activation by generating a
protein complex consisting of Mad-2, Bub1, BubR1 and Cdc20,
which inhibits the anaphase-promoting complex/cyclosome.
Moreover, phosphorylation on BubR1 at S670 is found significantly
enhanced at unattached kinetochores but not at those lacking
tension.>** Anti-microtubule drugs interfere with the dynamics of
microtubules, leading to aberrant spindle formation and activation
of the SAC (Fig. 4c).>* Since a significantly prolonged mitotic arrest
resulted from ATM-3507 with VNB, but not with PTX, we reasoned
that combining ATM-3507 with VNB may reinforce the activity of
the SAC.

The fluorescence intensity of BubR1 on kinetochores was
measured to indicate the activity of the SAC.>**” We found that
the activity of the SAC was significantly stronger in ATM-3507 and
VNB co-treated cells than VNB alone as indicated by the increased
BubR1 intensity on kinetochores (Fig. 4¢, d). In contrast, ATM-
3507/PTX caused no change in SAC activity as compared to PTX
alone (Fig. 4c, d). To confirm the drug impacts on SAC activation,
p-BubR1 (S670) expression in treated cells was evaluated. After
drug treatments, mitotic shake-off was performed to increase the
proportion of mitotic cells for western blot analysis. We observed
that the level of p-BubR1 was increased in VNB-treated cells
containing 60% of cells in mitosis, as compared to the control
(without mitotic shake-off) with 2.6% mitotic population (Fig. 4e).
The upregulation of p-BubR1 was strikingly enhanced in cells co-
treated with ATM-3507/VNB, 70% of which were mitotic cells
(Fig. 4e). This enhancement is more likely to be a result of a
strengthened activation of the SAC, rather than the slightly
increased mitotic population (i.e. 10%). In contrast, PTX (28%
mitotic cells) and its combination with ATM-3507 (30% mitotic
cells) showed similar impact on p-BubR1 expression (Fig. 4e).
Taken together, these data suggest that ATM-3507 enhances VNB-
induced mitotic arrest with elevated activity of the SAC, resulting
in a portion of cells dying in mitosis, while ATM-3507 has marginal
impact on PTX-induced mitotic defects.

Co-targeting Tpm3.1 and microtubules promotes post-mitotic
arrest in the subsequent G1 phase
Since a substantial cell population survived the first mitosis in the
live-cell imaging experiment, we questioned whether the
combinations lead to a different effect on the subsequent
interphase, which may in turn account for the synergy between
ATM-3507 and PTX. We observed that both ATM-3507/PTX and
ATM-3507/VNB resulted in more daughter cells remaining in the
subsequent interphase (50 and 65%, respectively) at the end of
imaging without further division, compared to ATM-3507 (23%),
PTX (30%) and VNB (15%) alone (Fig. 5a). Cells treated with single
agents or their combinations spent significantly longer time in the
next interphase than with DMSO, indicating a post-mitotic arrest
(Fig. 5b). The expression of two essential interphase cyclins that
regulate the G1-S transition, cyclin D1 and E1,%33° were examined
to confirm the state of subsequent interphase arrest. Immunoblots
revealed that single drug treatments decreased cyclin D1 and E1
expression. However, a much more substantial decrease was
observed in cells co-treated with ATM-3507/VNB or ATM-3507/PTX
(Fig. 5c), suggesting that both drug combinations induce an
enhanced G1 arrest in daughter cells.

The cyclin-dependent kinase (CDK) inhibitors (CKls) are negative
regulators of interphase progression, including proteins from two

gene families, CIP/KIP (CDK interacting protein/Kinase inhibitory

protein) and INK4 (inhibitors of CDK4).***' We found that the
expression of p21“P and p27XP from the CIP/KIP family were
upregulated in ATM-3507/VNB or ATM-3507/PTX co-treated cells
by approximately 2-fold compared to single drug-treated cells
(Fig. 5d).*° However, while slightly increased in VNB- or PTX-
treated cells, the expression of p16™K*® from the INK4 family
displayed a significant downregulation in cells when ATM-3507
was present,*° irrespective of its presence as a single agent or in
combination with microtubule drugs, suggesting that Tom3.1 may
locate upstream of microtubule-regulated p16™K*® expression
(Fig. 5d). Therefore, the synergy of ATM-3507 and both anti-
microtubule drugs involves an enhanced post-mitotic G1 arrest
with upregulation of p21“* and p27".

DISCUSSION

In this study, we demonstrate for the first time that Tpm3.1 is
abundant in 97% of 577 ovarian cancer tumour samples
representing all histotypes of epithelial ovarian cancer. Tpm3.1
expression was homogeneous and observed in primary and
metastatic sites as well as at initial diagnosis and at recurrence.
Upregulation of TPM3, the gene encoding Tpm3.1 and a dozen
of other Tpm isoforms, has been implicated in haematopoietic
malignancy,** gliomas,** and oesophageal squamous cell
carcinoma.*® Using isoform-specific reagents, it has been well
documented that, among all isoforms encoded by TPM3, Tpm3.1
is consistently expressed in a variety of cancer cell lines,'*'3%%
resulting in the development of anti-Tpm3.1 as a cancer therapy.
However, Tpm3.1 expression in tumour samples of a particular
cancer type has not been analysed previously.

Although there have been advances in the treatment of a
subset of patients with recurrent ovarian cancer including
targeting angiogenesis and inhibiting PARP, the majority of
patients progress and most will ultimately die due to platinum-
resistant ovarian cancer.*>*’ Despite an enormous effort and
multiple clinical trials in patients with platinum-resistant ovarian
cancer, the response rates are low and median survival is around
12 months.* Improving treatment for these patients remains an
important unmet need. The abundance of Tpm3.1 in almost all
tumour samples make anti-Tpm3.1 a potential and generic
strategy to treat epithelial ovarian cancer of all histotypes
including clear cell and mucinous cancers as well as low-grade
serous cancers, which all have a low response to platinum- and
taxane-based chemotherapies.* This is supported by the high
efficacy of ATM-3507 in the three tested ovarian cancer cell lines
that represent high-grade serous (OVCAR4), endometrioid
(A2780) and platinum-resistant (A2780cis) ovarian cancers,
which validates the feasibility of inhibiting Tpm3.1 for ovarian
cancer treatment. Moreover, ATM-3507 was well tolerated in
animal models without compromising muscle structure and
functions, which is the major side effect of anti-actin agents,
suggesting that ATM-3507 is likely to specifically target the
cytoskeleton of tumour cells while sparing those in muscle
tissues.”

Simultaneously targeting Tpm3.1 and microtubules has shown
synergy in multiple cancer cell types.”® This study comprehen-
sively demonstrated a similar synergy in ovarian cancer cell lines.
The combination of CBDCA and PTX has been the first-line
chemotherapy for ovarian cancer since the late 1990s.%® Although
response rates are high particularly in patients with high-grade
serous cancers, the majority of patients with advanced-stage
disease will relapse and either have platinum-resistant disease at
first recurrence or after multiple lines of further chemotherapy.*®
Moreover, the CBDCA/PTX combination is not synergistic;50 some
studies have even reported an antagonistic interaction between
these two drugs,”’ which is also seen in our study using ovarian
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cancer cell lines. Therefore, the combination of ATM-3507 and
anti-microtubule drugs is promising as a supplemental approach
to CBDCA/PTX. Our findings support the further establishment of
the activity and tolerability of our drug combinations in in vivo
models of platinum-resistant ovarian cancer.

The drug synergy in reducing the viability of ovarian cancer
cells is observed with ATM-3507 in combination with either VNB or
PTX. However, only VNB but not PTX synergises with ATM-3507 to
induce apoptotic cell death in the studied cell lines. This
discrepancy is also seen in mitotic defects, where the mitotic
arrest caused by VNB but not PTX is significantly prolonged by
ATM-3507. It has been demonstrated that during a prolonged
mitotic arrest certain anti-apoptotic proteins (e.g. IAP and Mcl-1)
are depleted due to the absence of transcription, which can
trigger apoptotic cell death.”? This might partially explain why
ATM-3507/VNB shows synergy in inducing apoptosis, whereas
AMT-3507/PTX does not. On the other hand, cells that exit mitosis
upon the co-treatment with ATM-3507/PTX are synergistically
blocked in the subsequent G1 phase, which likely underlies the
synergy of this combination in reducing cell viability.

In contrast to the synergy with VNB, ATM-3507 has marginal
impacts on PTX-induced mitotic defects suggesting that the

mitosis-dependent synergy relies on the anti-microtubule drug
used in combination. The distinct impacts of VNB and PTX on
microtubule dynamics (i.e. depolymerising versus stabilising)
during mitosis may subsequentially cause different consequences
in disrupting the interactions between the microtubule network
and the actin cytoskeleton when AMT-3507 is used simulta-
neously. There are numerous studies reporting the crosstalk
between the actin cytoskeleton and microtubules in spindle
positioning and cortical force generation.>>>° Given that Tpm3.1
or Tpm3.1-containing actin filaments are enriched at the cell
cortex during mitosis,® where astral microtubules interact with
cortical actin via protein complexes (e.g. NuMA-dynein-dynactin
and LGN-Gai) required for mitotic spindle assembly and position-
ing,>® it is not surprising that anti-Tpm3.1 by ATM-3507 produces a
better combinational impact with the microtubule depolymeriser
VNB than the stabiliser PTX on mitosis. Moreover, the fact that
ATM-3507 reinforces VNB- but not PTX-induced activation of the
SAC also supports this statement. Therefore, our data suggest the
possibility that disruption of the interaction between Tpm3.1-
containing actin filaments and microtubules during mitosis is
exclusively triggered by the consequences of the depolymerisa-
tion of microtubules.
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The increased arrest in the post-mitotic G1 phase with cyclin D1
and E downregulation underlies the synergy of ATM-3507/PTX and
also contributes to the combinatorial effects of ATM-3507/VNB.
Given that disruption of actin filaments downregulates the
expression of cyclin D1 and E>’~® and prolonged mitosis leads to
the blockage of the subsequent interphase,'® combined targeting of
both systems may be expected to enhance a post-mitotic interphase
block. A similar explanation can be applied to the upregulation of
p21“P and p27fP in daughter cells exposed to the drug
combinations because the expression of both CKis is either directly
or indirectly regulated by actin and microtubules>?°" Interestingly,
p16™K42 s downregulated when ATM-3507 is used in the
combinations. Although p16™“® has long been regarded as a
tumour suppressor, recent studies suggest that this CKl is not a
favourable prognostic marker for ovarian cancer, particularly high-
grade serous carcinoma;®? rather downregulation of p16™* inhibits
cell proliferation and induces G1 arrest in cervical cancer cells.%®
Thus, decreased p16™%* may potentially contribute to the efficacy
of both studied combinations in the treatment of ovarian cancer.

Furthermore, it is noted that cells surviving mitosis via slippage
often become tetraploid, especially upon PTX treatment, which is
a state that some studies argue may promote chromosome
instability and thus cancer progression.°*®> However, it has also
been shown by many others that tetraploid cells would be
arrested in the next interphase (i.e. post-mitotic G1 phase) and die
through apoptosis.?®®” Indeed, the PTX-induced post-slippage
multinucleation in cancer cells triggers extensive DNA damage
and subsequent apoptosis in the following cell generations.®® The
dual cytotoxicity (mitotic and post-slippage) of PTX by two distinct
mechanisms makes it much more potent in triggering cell death
than anti-mitotic agents, especially in cancer cells resistant to
apoptosis during mitotic arrest.?® The enhanced post-slippage G1
arrest caused by the combination of PTX/VNB and ATM-3507
indicates a potentially increased treatment efficacy as compared
to PTX or VNB alone, which is supported by the synergy of these
drug combinations in reducing the viability of ovarian cancer cells.

It also needs to be noted that our study is limited by a lack of
tissues from normal ovary or other organs, which may in turn result
in concerns such as targeting Tpm3.1 may not have a sufficient
therapeutic window. Nevertheless, data from public database
provide important insights. For example, Ensembl records that
the expression of TPM3 gene is at a level from low to medium in
most organs.%® The Human Protein Atlas shows that TPM3 is low at
RNA level while moderate at protein level throughout the body.”°
These data together with our findings support the rationale of
introducing anti-Tpm3.1-based therapy for the treatment of ovarian
cancer, even though further comparisons of the expression of
Tpm3.1 between cancerous and normal tissues is needed in future
studies. We conclude that synergy resulting from combined
targeting of Tpm3.1 and microtubules in ovarian cancer cell lines
demonstrates that this is a promising strategy that deserves
to be explored in in vivo models and subsequently the clinic.
The abundance of Tpm3.1 in almost all epithelial ovarian tumour
histotypes suggests the potential broad applicability of this
combinatorial approach.
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