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ABSTRACT

In this study, we investigated the molecular mechanisms of eribulin-induced cell
death and its therapeutic potential in combination with the PLK1 inhibitor BI 6727
in Ewing sarcoma (ES). Here, we show that eribulin triggers cell death in a dose-
dependent manner in a panel of ES cell lines. In addition, eribulin at subtoxic, low
nanomolar concentrations acts in concert with BI 6727 to induce cell death and to
suppress long-term clonogenic survival. Mechanistic studies reveal that eribulin
monotherapy at cytotoxic concentrations and co-treatment with eribulin at subtoxic
concentrations together with BI 6727 arrest cells in the M phase of the cell cycle prior
to the onset of cell death. This mitotic arrest is followed by increased phosphorylation
of BCL-2 and BCL-x, as well as downregulation of MCL-1, suggesting inactivation of
these antiapoptotic BCL-2 family proteins. Consistently, eribulin monotherapy and
eribulin/BI 6727 co-treatment trigger activation of BAX, a key proapoptotic BCL-2
family protein, and increase proteolytic activation of caspase-9 and -3. Importantly,
overexpression of BCL-2 or addition of the broad-range caspase inhibitor zVAD.fmk
significantly rescue eribulin- as well as eribulin/BI 6727-induced cell death. Together,
these findings demonstrate that eribulin induces cell death via the intrinsic pathway
of apoptosis in ES cells, both alone at cytotoxic concentrations and in combination
with BI 6727 at subtoxic concentrations. Thus, our study highlights the therapeutic
potential of eribulin for the treatment of ES alone or in rational combination therapies.

INTRODUCTION

Ewing sarcoma (ES) is the second most common
primary pediatric bone tumor predominantly affecting
adolescents and young adults that tends to metastasize
at an early stage making a cure quite challenging [1-4].
Despite a combination of surgery, irradiation and
aggressive chemotherapy, the overall survival of patients
with metastasis or relapse is still poor [3, 4]. This calls for
the development of new therapeutic strategies to improve
survival rates of ES patients and to reduce side effects.

Current chemotherapy protocols for the treatment
of ES include cyclic combinations of DNA-damaging
drugs such as ifosphamide, actinomycin D, etoposide
and doxorubicin as well as the anti-mitotic agent
vincristine (VCR) [3, 4]. Dividing cells with DNA
damage or defects in mitosis are recognized by cell cycle
checkpoints and subsequently eliminated by programmed

cell death pathways [5]. Apoptosis represents one of
the best characterized forms of programmed cell death
and is mediated via two major signaling pathways,
i.e. the extrinsic and the intrinsic pathway [6]. This
eventually results in the activation of caspases, known
as key effector molecules [6, 7]. A number of pro- and
antiapoptotic proteins are responsible for the tight
regulation of apoptosis. For example, the interaction
and the ratio of pro- (i.e. BAX) and antiapoptotic (i.c.
BCL-2, BCL-x, and MCL-1) proteins of the BCL-2
family are involved in the control of mitochondrial outer
membrane permeabilization, a process that promotes
caspase activation, e.g. by the release of mitochondrial
intermembrane space proteins [8, 9].

Various kinases play an important role during cell
cycle progression including the serine/threonine kinase
polo-like kinase 1 (PLK1) [10]. PLK1 is overexpressed
in many malignancies including ES [10-12]. We recently
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reported that PLK1 inhibitors such as BI 6727 provide a
new strategy to chemosensitize ES cells and demonstrated
that BI 6727 synergizes with VCR to trigger apoptosis
in ES cells [13]. An initial screening revealed that this
synergistic interaction of BI 6727 extends also to other
microtubule-interfering drugs including eribulin [13].

Eribulin is a novel anti-mitotic drug derived from
the marine and natural compound halichondrin B with a
unique mechanism of action, which has been shown to
exert anti-cancer activities at very low doses [14, 15].
Vinca alkaloids and eribulin both bind to the B-tubulin
subunit, presumably without overlapping binding sites
[15-19]. Whereas vinca alkaloids bind to the ends of
microtubules as well as along the microtubule sides
[16, 20, 21], eribulin only binds to the microtubules ends
with preference to the plus ends [22]. Another unique
characteristic of eribulin is its exclusive inhibition
of microtubule growth without marked influence on
microtubule shortening [14, 22-24], whereas many other
tubulin-binding agents affect both parameters [14, 16, 17,
20, 23]. Also, eribulin has been suggested to have a more
favorable tolerability profile than most other microtubule-
interfering drugs [15, 16, 24, 25]. Preclinical evaluation
by the Pediatric Preclinical Testing Program (PPTP) has
recently shown that eribulin exerts higher antineoplastic
activity in ES xenografts than VCR [25], a classical
microtubule-interfering drug that is part of first-line
chemotherapy protocols for ES [3, 4]. Eribulin has already
entered clinical evaluation (www.clinicaltrials.gov). In a
phase III trial eribulin has recently been documented to
significantly improve survival of patients with advanced
or metastatic soft-tissue sarcomas [26]. In 2016, eribulin
has been approved by the Food and Drug Administration
(FDA) for patients with unresectable or metastatic
liposarcoma who have received an anthracycline-
containing chemotherapy beforehand [27].

In light of the documented antitumor activity
of eribulin against adult soft-tissue sarcoma as well as
childhood malignancies, in the present study we investigated
the therapeutic potential and molecular mechanisms of action
of eribulin-induced cell death in ES cells, both as a single
agent and in combination with the PLK1 inhibitor BI 6727.

RESULTS

Eribulin induces cell death in ES cells and
cooperates with the PLK1 inhibitor BI 6727

To evaluate the therapeutic potential of eribulin
against ES, we assessed DNA fragmentation, a typical
parameter of apoptotic cell death [28], upon exposure of
a panel of ES cell lines (A4573, SK-ES-1, TC-71, TC-32
and A673) to a broad range of eribulin concentrations.
Eribulin dose-dependently triggered an increase in
DNA fragmentation in all five ES cell lines already at
low nanomolar concentrations (Figure 1A). In addition,

subtoxic concentrations of eribulin significantly enhanced
BI 6727-triggered DNA fragmentation (Figure 1B).

To address the question as to how cell death induced
by eribulin alone at cytotoxic doses and by eribulin at
subtoxic concentrations together with the PLK1 inhibitor
BI 6727 is mediated on a molecular level we focused our
subsequent studies on two ES cell lines, i.e. A4573 and
SK-ES-1. To investigate whether eribulin affects long-
term survival of ES cells, we performed colony formation
assays. Eribulin as single agent markedly suppressed
colony formation in comparison to untreated controls
(Figure 1C). Moreover, eribulin at low doses significantly
cooperated with BI 6727 to reduce colony formation
compared to either drug alone (Figure 1D). These results
show that eribulin as single agent triggers cell death in a
dose-dependent manner and reduces long-term survival of
ES cells. Furthermore, subtoxic concentrations of eribulin
act together with BI 6727 to induce cell death and to
suppress colony formation.

Caspases partially contribute to eribulin- and
eribulin/BI 6727-induced cell death

Since caspases are known as key mediators of
apoptosis [6—8], we addressed the question as to whether or
not cell death induced by eribulin alone or in combination
with BI 6727 is mediated via caspases. To this end, we used
the broad-range caspase inhibitor N-benzyloxycarbonyl-
Val-Ala-Asp-fluoromethylketone (zVAD.fmk). Of note,
the addition of zVAD.fmk significantly rescued DNA
fragmentation induced by treatment with eribulin alone
(Figure 2A) or in combination with BI 6727 (Figure 2B),
although this rescue was partial, especially in A4573
cells. To further explore whether caspases are activated,
we monitored cleavage of caspases into active fragments
by Western blot analysis. Tumor-Necrosis-Factor-related
apoptosis-inducing ligand (TRAIL)-induced caspase
activation in SK-ES-1 cells was used as a positive control
for both A4573 and SK-ES-1 cells (Figure 2C and 2D).
Indeed, treatment with eribulin increased the cleavage
of caspase-9 into the active cleavage fragments p37/p35
and of caspase-3 into p17/p12 fragments in both A4573
and SK-ES-1 cells as well as cleavage of caspase-8
into p43/p41 fragments in SK-ES-1 cells (Figure 2C).
By comparison, A4573 cells express very low levels
of caspase-8, in line with a previous report [29]. Also,
eribulin cooperated with BI 6727 to trigger cleavage of
caspase-9 and -3 into active cleavage fragments in both
cell lines and of caspase-8 in SK-ES-1 cells (Figure 2D).
To further confirm the involvement of caspases, we
extended our study to a caspase-3/7 activation assay.
Notably, eribulin alone at high doses as well as eribulin/
BI 6727 co-treatment significantly increased caspase-3/7
activity in both tested ES cell lines compared to their
untreated controls or the treatment with either agent alone
(Supplementary Figure 1). These experiments show that
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both eribulin monotherapy and combined treatment with
BI 6727 trigger activation of caspases which, at least
partially, contributes to the execution of cell death.

Eribulin and eribulin/BI 6727 co-treatment
cause mitotic arrest prior to the onset of cell
death

Since both eribulin as microtubule-interfering
drug and BI 6727 as PLK1 inhibitor have been reported
to block cell cycle progression [30, 31], we asked
whether cell cycle arrest occurs prior or at the onset of

cell death. To address this question, we simultaneously
monitored the kinetics of cell cycle progression and
cell death. This analysis showed that eribulin alone at
cytotoxic doses (Figure 3A) or at subtoxic concentrations
together with BI 6727 (Figure 3B) induced cell death in
a time-dependent manner starting at around 12 hours.
Also, we detected a significant increase of cells arrested
in G2/M phase already at 12 hours, as represented by
tetraploid DNA content, after treatment with eribulin
alone (Figure 3C and 3E) or in combination with BI 6727
(Figure 3D and 3F). To distinguish between G2 and M
phase, we additionally analyzed phosphorylation levels of
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Figure 1: Eribulin induces cell death in ES cells and cooperates with the PLK1 inhibitor BI 6727. (A-B) ES cells were
treated for 48 hours with indicated concentrations of eribulin (A) and/or BI 6727 (B). Apoptosis was determined by quantification of DNA
fragmentation of Pl-stained nuclei using flow cytometry. Results are expressed as mean with SD of at least three independent experiments
performed in triplicate; *p < 0.05; **p < 0.01; ***p < 0.001. (C—D) A4573 cells were treated for 15 hours with 2 nM eribulin (ERI) (C)
or for 18 hours with 0.4 nM eribulin and/or 15 nM BI 6727 (D), SK-ES-1 cells were treated for 15 hours with 1 nM eribulin (C) or for 18
hours with 0.15 nM eribulin and/or 15 nM BI 6727 (D). Subsequently the treatment was replaced by drug-free medium and ES cells were
incubated for additional 9 (A4573) or 12 days (SK-ES-1). Colonies were stained with crystal violet solution and counted by using ImageJ
software. The colony count is expressed as percentage of untreated controls (left panels) and representative images are shown (right panels).
Results are presented as mean with SD of at least three independent experiments performed in triplicate; *p < 0.05; **p < 0.01.
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histone H3 at serine 10, a specific mitotic marker [32],
since analysis of cell cycle distribution by flow cytometry
does not allow a discrimination between G2 and M phase.
Notably, eribulin alone at high doses markedly increased
histone H3 phosphorylation compared to untreated
controls at 9 and 12 hours (Figure 3G) prior to the onset
of DNA fragmentation (Figure 3A). Also, eribulin and
BI 6727 cooperated to cause histone H3 phosphorylation
compared to treatment with either drug alone at 9 and 12
hours (Figure 3H). These results show that both eribulin
monotherapy at high doses as well as eribulin/BI 6727 co-
treatment arrest ES cells in mitosis prior to the onset of
DNA fragmentation as a marker of apoptotic cell death.

Eribulin and eribulin/BI 6727 co-treatment
trigger inactivation of antiapoptotic BCL-2
proteins

Since it has been reported that mitotic arrest can
lead to post-translational modifications of antiapoptotic
BCL-2 family proteins, i.e. BCL-2, BCL-x, and
MCL-1 [33-37], we assessed the expression levels and
the phosphorylation status of BCL-2, BCL-x, and MCL-
1 by Western blot analysis. Interestingly, we detected an
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upward band shift on SDS-PAGE gel for both BCL-2 and
BCL-x, following eribulin single treatment (Figure 4A)
and eribulin/BI 6727 co-treatment (Figure 4B), pointing
to an increased phosphorylation. To confirm that this
upward band shift of BCL-2 and BCL-x, is indeed due
to phosphorylation, we incubated lysates from eribulin-
treated A4573 cells with or without A-phosphatase before
Western blot analysis. This metal ion-dependent enzyme
dephosphorylates phosphorylated amino acid residues
(serine, threonine, tyrosine or histidine) of proteins
or peptides via hydrolysis [38]. Indeed, addition of
A-phosphatase reversed the eribulin-stimulated upward
band shift on SDS-PAGE gel for both BCL-2 and BCL-x,
(Supplementary Figure 2A), underlining that these
upper bands of BCL-2 and BCL-x, represent their
phosphorylated forms. Moreover, treatment with eribulin
alone (Figure 4A) and eribulin/BI 6727 co-treatment
(Figure 4B) decreased protein levels of MCL-1, although
this decrease was slightly weaker in SK-ES-1 cells. To
address the question whether or not this downregulation
is due to proteasomal degradation as claimed in previous
reports upon prolonged mitotic arrest [33, 34], we
treated A4573 and SK-ES-1 cells with the proteasome
inhibitor bortezomib in addition to eribulin. Of note,
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Figure 2: Caspases contribute to eribulin- and eribulin/BI 6727-induced cell death. (A-B) A4573 cells were treated with
2 nM eribulin (ERI) (A) or 0.4 nM eribulin and/or 15 nM BI 6727 (B), SK-ES-1 cells with 1 nM eribulin (A) or 0.15 nM eribulin and/
or 15 nM BI 6727 (B) for 48 hours in the presence or absence of the broad-range caspase inhibitor zZVAD.fmk (20 uM). Apoptosis was
determined by quantification of DNA fragmentation of PI-stained nuclei using flow cytometry. Results are expressed as mean with SD of at
least three independent experiments performed in triplicate; *p <0.05; **p <0.01; ***p <0.001. (C-D) A4573 cells were treated with 2 nM
eribulin (ERI) (C) or 0.4 nM eribulin and/or 15 nM BI 6727 (D), SK-ES-1 cells with 1 nM eribulin (C) or 0.15 nM eribulin and/or 15 nM
BI 6727 (D) for indicated times. Cleavage of caspase-8, -9 and -3 was examined by Western blotting. A 2 hour treatment of SK-ES-1 cells
with 2 pg/mL TRAIL receptor-2 agonistic antibody ETR2 was used as a positive control (PC) for caspase activation for both A4573 and
SK-ES-1 cells. Expression of GAPDH was used as loading control. Arrowheads indicate active cleavage fragments, asterisks unspecific

bands. Representative blots of two independent experiments are shown.
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addition of bortezomib rescued the eribulin-stimulated
downregulation of MCL-1 protein levels (Supplementary
Figure 2B), indicating that this decrease in MCL-1
levels is due to proteasomal degradation. Together, these
results suggest that eribulin alone at high doses as well
as eribulin/BI 6727 co-treatment cause post-translational
modifications of key antiapoptotic BCL-2 family members
that have been associated with their inactivation.

BCL-2 overexpression protects from eribulin-
and eribulin/BI 6727-induced cell death

To further investigate the role of BCL-2 in
regulating eribulin- or eribulin/BI 6727-induced cell
death, we generated ES cell lines that stably overexpress
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murine BCL-2. Ectopic expression of murine BCL-2 was
confirmed by Western blot analysis (Figure 5A). Notably,
BCL-2 overexpression significantly rescued eribulin- as
well as eribulin/BI 6727-induced cell death, although the
protection was not complete (Figure 5B and 5C). These
findings emphasize the antiapoptotic function of BCL-2
during eribulin- and eribulin/BI 6727-induced cell death.

Eribulin and eribulin/BI 6727 co-treatment
cause BAX activation

It has been reported that inactivation of antiapoptotic
BCL-2 family proteins shifts the balance towards
apoptosis resulting in the activation of BAX or BAK, two
proapoptotic proteins of the BCL-2 family [8, 9]. Since
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Figure 3: Eribulin and eribulin/BI 6727 co-treatment cause mitotic arrest prior to the onset of cell death. (A-B) A4573
cells were treated with 2 nM eribulin (ERI) (A) or 0.4 nM eribulin and/or 15 nM BI 6727 (B), SK-ES-1 cells with 1 nM eribulin (A) or
0.15 nM eribulin and/or 15 nM BI 6727 (B) for indicated times. Apoptosis was assessed by quantification of DNA fragmentation of
Pl-stained nuclei using flow cytometry. Results are expressed as mean with SD of at least three independent experiments performed in
triplicate; n.s., not significant; *p < 0.05; **p < 0.01; ***p < 0.001 comparing eribulin-treated to non-treated or eribulin/BI 6727-treated
to BI 6727-treated cells. (C—F) A4573 cells were treated with 2 nM eribulin (ERI) (C and E) or 0.4 nM eribulin and/or 15 nM BI 6727 (D
and F), SK-ES-1 cells with 1 nM eribulin (C and E) or 0.15 nM eribulin and/or 15 nM BI 6727 (D and F) for 12 hours. Cell cycle analysis
was performed by FlowJo software after measurement of PI-stained nuclei using flow cytometry. Results are expressed as representative
cell cycle profiles (C and D) or as mean with SD of at least three independent experiments performed in triplicate (E and F); *p < 0.05; **p
<0.01; ***p <0.001 comparing the frequency of cells arrested in G2/M phase. (G-H) A4573 cells were treated with 2 nM eribulin (ERI)
(G) or 0.4 nM eribulin and/or 15 nM BI 6727 (H), SK-ES-1 cells with 1 nM eribulin (G) or 0.15 nM eribulin and/or 15 nM BI 6727 (H) for
indicated times. Expression levels of H3 and pH3 were analyzed by Western blotting. Expression of GAPDH, B-actin or a-tubulin served as
loading control. Results are shown as representative blots of two independent experiments.
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we detected post-translational changes of antiapoptotic
BCL-2 proteins that are associated with their inactivation,
we investigated whether treatment with eribulin alone or
in combination with BI 6727 stimulates BAX activation.
To address this point, we immunoprecipitated activated
BAX using an active conformation-specific antibody,
as it has been described that BAX undergoes structural
changes during activation [8, 9]. Indeed, eribulin at high
doses triggered a marked increase of activated BAX levels
compared to untreated controls (Figure 6A). Further,
eribulin and BI 6727 cooperated to stimulate BAX
activation compared to either drug alone (Figure 6B).
These results show that both eribulin monotherapy at high
doses as well as eribulin/BI 6727 co-treatment stimulate
BAX activation.

DISCUSSION

Eribulin, derived from the marine and natural
compound halichondrin B, is considered as a novel and
promising microtubule-interfering drug for the treatment
of cancer including adult soft-tissue sarcoma and
childhood malignancies [25, 26]. In the present study, we
therefore investigated the therapeutic potential and the
underlying molecular mechanisms of eribulin-induced cell
death in ES cells either alone at cytotoxic concentrations
or at subtoxic concentrations in combination with the
PLK1 inhibitor BI 6727. Here, we demonstrate that
eribulin alone dose-dependently triggers cell death in a
panel of ES cell lines. Furthermore, we show that subtoxic,
low nanomolar concentrations of eribulin significantly
enhance BI 6727-induced cell death. In addition to causing
increased cell death, treatment with eribulin alone or in
combination with BI 6727 also suppresses long-term
clonogenic survival of ES cells.

To our knowledge, the elucidation of the underlying
molecular mechanisms of cell death induced by eribulin
alone or in combination with BI 6727 in ES cells remained
so far largely elusive and is therefore of high relevance. Our
mechanistic studies reveal the critical role of the intrinsic
apoptotic signaling pathway in mediating cell death
induced by eribulin alone or in combination with BI 6727.
This conclusion is supported by the following pieces of
evidence. First, eribulin single as well as eribulin/BI 6727
co-treatment cause inactivation of antiapoptotic BCL-2
family proteins, i.e. phosphorylation of BCL-2 and BCLx,
and downregulation of MCL-1. Second, eribulin alone or
in combination with BI 6727 stimulates BAX activation.
Third, these treatments cause activation of caspase-9 and
-3 and DNA fragmentation, typical markers of apoptotic
cell death [6, 7, 39, 40]. Fourth, genetic evidence using
BCL-2 overexpression emphasizes the importance of BCL-
2 inactivation following mitotic arrest and the central role
of the mitochondrial apoptosis pathway.

Post-translational modifications of antiapoptotic
BCL-2 family members during prolonged mitotic

arrest either via phosphorylation (in case of BCL-2 and
BCL-x,) or via phosphorylation, ubiquitination and
subsequent proteasomal degradation (in case of MCL-1)
have previously been reported to result in inhibition
of their antiapoptotic function [33—-37]. Our findings
showing that eribulin single as well as eribulin/BI 6727
co-treatment cause mitotic arrest prior to BCL-2 and
BCL-x, phosphorylation, MCL-1 downregulation and
the onset of apoptosis support the conclusion that these
antiapoptotic BCL-2 family proteins become inactivated
by phosphorylation during prolonged mitotic arrest.
However, the role of BCL-2 phosphorylation has also been
controversially discussed [35, 36, 41].

The role of the intrinsic apoptotic signaling pathway
is further highlighted by our findings showing activation
of proapoptotic BAX as well as caspase-9 and -3 upon
eribulin single and eribulin/BI 6727 co-treatment. By
comparison, caspase-8 turned out to be dispensable, at
least in A4573 cells, which are susceptible to eribulin-
and eribulin/BI 6727-induced cell death despite very
low levels of caspase-8. Consistently, A4573 cells were
shown to be resistant to extrinsic apoptosis induced by
the death receptor ligand TRAIL [29, 42]. Caspase-8 has
been reported to be epigenetically silenced in some ES cell
lines [43]. While our data indicate that caspases contribute
to eribulin- and eribulin/BI 6727-induced cell death,
caspase-independent mechanisms might also be involved,
as the caspase inhibitor zZVAD.fmk provides significant,
yet not complete protection.

Eribulin has previously been shown to induce cell
death associated with apoptotic features in lymphoma and
prostate cancer [30], whereas it was reported to trigger
non-apoptotic cell death in osteosarcoma cells [44].
This points to tumor type-related differences in eribulin-
stimulated signaling pathways that eventually lead to
cancer cell death and highlights the relevance of studies to
unravel the mechanisms of eribulin-induced cell death in
different tumor entities. We previously reported that PLK1
inhibitors and microtubule-interfering agents synergize to
trigger apoptosis following prolonged mitotic arrest in ES,
rhabdomyosarcoma (RMS) and neuroblastoma (NB) cells
[13, 45-47], i.e. tumor entities that have been reported
to overexpress PLK1 [11, 12]. In addition to in vitro
studies, we demonstrated in in vivo models of RMS and
NB that the PLK1 inhibitor BI 2536 cooperates with VCR
or eribulin, respectively, to significantly suppress tumor
growth compared to either drug alone [45—47]. Of note,
we did not detect additive toxicity of BI 6727 and VCR in
a human xenograft mouse model of RMS [45], pointing to
some tumor selectivity.

The current study has several important clinical
implications. First, our findings indicate that eribulin
represents a promising new anticancer drug for the
treatment of ES. This notion is emphasized by a previous
study of the PPTP demonstrating eribulin's strong
anticancer activity in a panel of pediatric xenografts
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including ES [25]. Additionally, a recent phase III clinical
trial showed that eribulin improves the overall survival
of patients with advanced or metastatic soft-tissue
sarcomas compared to dacarbazine treatment [26]. There
is an urgent medical need for novel and more efficient
therapeutic strategies for ES as this tumor represents an
aggressive malignancy with poor overall survival for
patients suffering from relapse or metastatic disease [3, 4].

Second, eribulin might constitute an alternative to
VCR because of its more favorable profile, in particular
its reduced risk to cause peripheral neurotoxicity [16, 23,
24, 48]. Microtubule-interfering drugs are an important
pillar in cancer therapy [20], and the vinca alkaloid VCR
is currently part of first-line chemotherapy protocols
for the treatment of ES [3, 4]. However, microtubule-
interfering agents are well-known for their side effects [16,
20] and VCR in particular frequently causes dose-limiting
peripheral neuropathy [16, 49]. In contrast, eribulin is
associated with a comparatively low incidence of severe
peripheral neuropathy [16, 24], which has been linked
to eribulin's different mode of microtubule binding and
action as compared to other microtubule-targeting drugs
[15, 16, 22].

Third, eribulin might overcome resistance to other
microtubule-interfering drugs because of its distinct
binding and mechanism of action towards microtubules
[15, 23]. Indeed, it has already gained FDA approval for
unresectable or metastatic liposarcoma after anthracycline
failure as well as third-line therapy for metastatic breast

A

A4573

BAX-IP Input

cancer after failure of an anthracycline- and a taxan-
containing regimen [23, 27].

Fourth, eribulin might suppress the development
of metastasis, since it has recently been demonstrated
to decrease metastasis of breast cancer cells in an
experimental in vivo metastasis model which has
been linked to the reversal of epithelial-mesenchymal
transition [50]. This is of high relevance, since ES is often
associated with early metastasis and metastatic disease
correlates with poor survival [1-4, 51, 52].

Fifth, the eribulin concentrations that we used in
the present study are presumably achievable in clinical
practice, because a phase I trial demonstrated peak plasma
concentrations above 2 nM after systemic application of
eribulin [48].

Sixth, combined treatment of eribulin and PLK1
inhibitors might represent a promising therapeutic option
for ES patients, because PLK1 has been shown to be
overexpressed in different malignancies including ES [11].
The PPTP previously demonstrated that monotherapy
of BI 6727 caused no objective in vivo responses in ES
xenografts [53] highlighting the relevance of combination
regimens. Currently, BI 6727 is being investigated in a
phase I study for pediatric leukemias or advanced solid
tumors without another known treatment option (www.
clinicaltrials.gov).

Taken together, our findings indicate that eribulin
alone or in combination with PLK1 inhibitors represents a
promising strategy for the treatment of ES.
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Figure 6: Eribulin and eribulin/BI 6727 co-treatment cause BAX activation. (A-B) A4573 cells were treated with 2 nM
eribulin (ERI) (A) or 0.4 nM eribulin and/or 15 nM BI 6727 (B), SK-ES-1 cells with 1 nM eribulin (A) or 0.15 nM eribulin and/or 15 nM
BI1 6727 (B) for 15 hours. Activation of BAX was assessed by immunoprecipitation of activated BAX using an active conformation-specific
antibody (BAX-IP). Expression of -actin or GAPDH served as loading control. Asterisks indicate unspecific bands. Results are shown as

representative blots of at least two independent experiments.
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MATERIALS AND METHODS

Cell culture and chemicals

ES cell lines were kindly provided by C. Roessig
(Muenster, Germany) or obtained from German
Collection of Microorganisms and Cell Cultures
(Braunschweig, Germany) or American Type Culture
Collection (Manassas, VA, USA) and authenticated
by STR profiles. Cells were maintained in DMEM
GlutaMAX™-1 or RPMI 1640 GlutaMAX™-1 medium
(Life Technologies, Inc., Darmstadt, Germany),
supplemented with 10% fetal calf serum (FCS), 1%
penicillin/streptomycin and 1 mM sodium pyruvate. Cell
lines were regularly tested for mycoplasma contamination
to guarantee that experiments were performed only with
mycoplasma-free cells. For colony formation assay,
cells were seeded on collagen-coated plates. Eribulin
was obtained from Eisai Inc. (Frankfurt, Germany),
zVAD.fmk from Bachem (Heidelberg, Germany) and
bortezomib from Selleckchem (Munich, Germany). PLK1
inhibitor BI 6727 was kindly provided by Boehringer
Ingelheim (Vienna, Austria) and TRAIL receptor-2
agonistic antibody ETR2 from Human Genome Sciences
(Rockville, MD, USA). Chemicals were purchased from
Sigma-Aldrich or Carl Roth (Karlsruhe, Germany) unless
otherwise indicated.

Determination of apoptosis and colony formation

Apoptosis was determined by flow cytometric
analysis (FACSCanto II, BD Biosciences, Heidelberg,
Germany) of DNA fragmentation of propidium iodide
(PI)-stained nuclei as described previously [39, 54]. For
colony formation assay, 100 cells (A4573) or 200 cells
(SK-ES-1) per well were seeded in 6-well plates and
treated for 15 hours (eribulin alone) or 18 hours (eribulin/
BI 6727 co-treatment) with indicated drug concentrations.
Subsequently, drug-containing medium along with
detached, dead cells was removed and replaced by fresh
medium. Cells were then cultured in drug-free medium for
additional 9 days (A4573) or 12 days (SK-ES-1) before
fixation and staining with crystal violet solution (0.5%
crystal violet, 30% ethanol, 3% formaldehyde). Colonies
were counted using Imagel] software (1.48v, National
Institutes of Health, USA).

Cell cycle analysis

Cells were stained with PI as described previously
[55] and measured by flow cytometry. Cell cycle
analysis was performed using FlowJo software (Tree
Star Inc., Oregon, USA) following the manufacturer’s
instructions.

Western blot analysis

Western blot analysis was performed as described
previously [54] using the following antibodies: BCL-2,
BCL-x, (BD Biosciences, New Jersey, USA), murine
BCL-2 (Invitrogen), caspase-3, caspase-9 (Cell Signaling,
Beverly, MA, USA), BAX NT, pH3, a-tubulin (Millipore,
Darmstadt, Germany), MCL-1, caspase-8 (Enzo Life
Science, Lorrach, Germany), H3 (Abcam, Cambridge,
UK), GAPDH (HyTest, Turku, Finland) and f-actin
(Sigma-Aldrich). Goat anti-mouse IgG and goat anti-
rabbit IgG conjugated to horseradish peroxidase (Santa
Cruz Biotechnology, Heidelberg, Germany) as secondary
antibodies and enhanced chemiluminescence (Amersham
Bioscience, Freiburg, Germany) or infrared dye-labeled
secondary antibodies and infrared imaging (Odyssey
Imaging System, LI-COR Bioscience, Bad Homburg,
Germany) were used for detection. Representative blots
of at least two independent experiments are shown.

Analysis of BCL-2 and BCL-x, phosphorylation
status

A4573 cells were treated for 15 hours with 2 nM
eribulin, protein lysates were prepared and 50 pg protein
were incubated with 50 U A-phosphatase (400,000 U/mL in
50 mM Tris-HCI, 0.1 mM EGTA, 0.01% BRIJ 35 and 50%
glycerol, pH 7.5, Santa Cruz), 1-fold A-phosphatase buffer
(50 mM HEPES, 0.1 mM EGTA, 5 mM dithiothreitol and
0.01% BRIJ 35, pH 7.5, Santa Cruz) and 2 mM MnCl,
(Santa Cruz) for 30 minutes at 30°C. Afterwards 6-fold
SDS loading buffer was added, samples were denaturized
for 5 minutes at 96°C, loaded on a SDS-PAGE gel and
analyzed by Western blotting.

Overexpression of murine BCL-2

Stable overexpression of murine BCL-2 was
performed by using lentiviral vectors. Briefly, Phoenix cells
were transfected with 20 pg of pMSCYV plasmid (empty
vector; BCL-2) using calcium phosphate transfection.
Virus-containing supernatant was collected, sterile-filtered
and used for spin transduction at 37°C in the presence of
8 ng/mL polybrene. For selection of transduced ES cells,
10 pg/mL blasticidin (Carl Roth) was used. Efficiency of
transduction was confirmed by Western blotting.

Determination of BAX activation

BAX activation was determined by
immunoprecipitation using active conformation-specific
antibodies. Briefly, cells were lysed in CHAPS lysis
buffer (10 mmol/L HEPES, pH 7.4; 150 mmol/L NacCl;
1% CHAPS). 500 pg protein were incubated overnight

www.impactjournals.com/oncotarget

Oncotarget



at 4°C with 8 ug mouse anti-BAX antibody (clone 6A7;
Sigma-Aldrich) and 10 pL panmouse IgG Dynabeads
(Dako, Hamburg, Germany), washed with CHAPS lysis
buffer and analyzed by Western blotting using rabbit anti-
BAX NT antibody.

Statistical analysis

Statistical significance was assessed by Student’s
t-Test (two-tailed distribution, two-sample, equal variance)
using Microsoft Excel (Microsoft Deutschland GmbH);
n.s. not significant; *p < 0.05; **p < 0.01; ***p <0.001.

Abbreviations

AML, acute myeloid leukemia; ES, Ewing sarcoma;
EV, empty vector; FCS, fetal calf serum; FDA, Food and
Drug Administration; NB, neuroblastoma; PC, positive
control; PI, propidium iodide; PLKI1, polo-like kinase
1; PPTP, Pediatric Preclinical Testing Program; RMS,
rhabdomyosarcoma; TRAIL, Tumor-Necrosis-Factor-related
apoptosis-inducing ligand; VCR, vincristine; zZVAD.fimk,
N-benzyloxycarbonyl-Val-Ala-Asp-fluoromethylketone.

Authors’ contributions

L.M.W. performed experiments, analyzed and
interpreted data and prepared the manuscript together
with S.F.; M.H. contributed to design and interpretation of
data; S.F. designed research, analyzed and interpreted data,
supervised the project and wrote the manuscript together
with L.M.W.; all authors approved the final version of the

paper.
ACKNOWLEDGMENTS

We thank Boehringer Ingelheim (Vienna, Austria)
for providing PLK1 inhibitor and C. Hugenberg for expert
secretarial assistance.

CONFLICTS OF INTEREST

None to declare.

FUNDING

This work has been partially supported by grants
from the Deutsche Krebshilfe and BMBF (to S. F.).

REFERENCES

1. Iwamoto Y. Diagnosis and treatment of Ewing’s sarcoma.
Jpn J Clin Oncol. 2007; 37:79-89.

2. Esiashvili N, Goodman M, Marcus RB Jr. Changes in
incidence and survival of Ewing sarcoma patients over the

10.

11.

12.

13.

14.

15.

16.

17.

past 3 decades: Surveillance Epidemiology and End Results
data. J Pediatr Hematol Oncol. 2008; 30:425-430.

Gaspar N, Hawkins DS, Dirksen U, Lewis 1J, Ferrari S,
Le Deley MC, Kovar H, Grimer R, Whelan J, Claude L,
Delattre O, Paulussen M, Picci P, et al. Ewing Sarcoma:
Current Management and Future Approaches Through
Collaboration. J Clin Oncol. 2015; 33:3036-3046.

Potratz J, Dirksen U, Jurgens H, Craft A. Ewing sarcoma:
clinical state-of-the-art. Pediatr Hematol Oncol. 2012; 29:1-11.
Pucci B, Kasten M, Giordano A. Cell cycle and apoptosis.
Neoplasia. 2000; 2:291-299.

Fulda S, Debatin KM. Extrinsic versus intrinsic apoptosis
pathways in anticancer chemotherapy. Oncogene. 2006;
25:4798-4811.

Taylor RC, Cullen SP, Martin SJ. Apoptosis: controlled
demolition at the cellular level. Nat Rev Mol Cell Biol.
2008; 9:231-241.

Youle RJ, Strasser A. The BCL-2 protein family: opposing
activities that mediate cell death. Nat Rev Mol Cell Biol.
2008; 9:47-59.

Adams JM, Cory S. The Bcl-2 apoptotic switch in cancer
development and therapy. Oncogene. 2007; 26:1324-1337.
Strebhardt K. Multifaceted polo-like kinases: drug targets
and antitargets for cancer therapy. Nat Rev Drug Discov.
2010; 9:643-660.

Hu K, Lee C, Qiu D, Fotovati A, Davies A, Abu-Ali S,
Wai D, Lawlor ER, Triche TJ, Pallen CJ, Dunn SE.
Small interfering RNA library screen of human kinases
and phosphatases identifies polo-like kinase 1 as a
promising new target for the treatment of pediatric
rhabdomyosarcomas. Mol Cancer Ther. 2009; 8:3024-3035.
Ackermann S, Goeser F, Schulte JH, Schramm A,
Ehemann V, Hero B, Eggert A, Berthold F, Fischer M.
Polo-like kinase 1 is a therapeutic target in high-risk
neuroblastoma. Clin Cancer Res. 2011; 17:731-741.

Weiss LM, Hugle M, Romero S, Fulda S. Synergistic
induction of apoptosis by a polo-like kinase 1 inhibitor and
microtubule-interfering drugs in Ewing sarcoma cells. Int J
Cancer. 2016; 138:497-506.

Jordan MA, Kamath K, Manna T, Okouneva T, Miller HP,
Davis C, Littlefield BA, Wilson L. The primary antimitotic
mechanism of action of the synthetic halichondrin E7389 is
suppression of microtubule growth. Mol Cancer Ther. 2005;
4:1086-1095.

Swami U, Chaudhary I, Ghalib MH, Goel S. Eribulin — a
review of preclinical and clinical studies. Crit Rev Oncol
Hematol. 2012; 81:163-184.

LaPointe NE, Morfini G, Brady ST, Feinstein SC, Wilson L,
Jordan MA. Effects of eribulin, vincristine, paclitaxel and
ixabepilone on fast axonal transport and kinesin-1 driven
microtubule gliding: implications for chemotherapy-
induced peripheral neuropathy. Neurotoxicology. 2013;
37:231-239.

Bai R, Nguyen TL, Burnett JC, Atasoylu O, Munro MH,
Pettit GR, Smith AB 3rd, Gussio R, Hamel E. Interactions

www.impactjournals.com/oncotarget

52454

Oncotarget



18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

of halichondrin B and eribulin with tubulin. J Chem Inf
Model. 2011; 51:1393-1404.

Gigant B, Wang C, Ravelli RB, Roussi F, Steinmetz MO,
Curmi PA, Sobel A, Knossow M. Structural basis for the
regulation of tubulin by vinblastine. Nature. 2005; 435:519-522.
Dabydeen DA, Burnett JC, Bai R, Verdier-Pinard P,
Hickford SJ, Pettit GR, Blunt JW, Munro MH, Gussio R,
Hamel E. Comparison of the activities of the truncated
halichondrin B analog NSC 707389 (E7389) with those
of the parent compound and a proposed binding site on
tubulin. Mol Pharmacol. 2006; 70:1866—1875.

Jordan MA, Wilson L. Microtubules as a target for
anticancer drugs. Nat Rev Cancer. 2004; 4:253-265.

Jordan MA, Margolis RL, Himes RH, Wilson L.
Identification of a distinct class of vinblastine binding sites
on microtubules. J Mol Biol. 1986; 187:61-73.

Smith JA, Wilson L, Azarenko O, Zhu X, Lewis BM,
Littlefield BA, Jordan MA. Eribulin binds at microtubule
ends to a single site on tubulin to suppress dynamic
instability. Biochemistry (Mosc). 2010; 49:1331-1337.
Jain S, Cigler T. Eribulin mesylate in the treatment of
metastatic breast cancer. Biologics. 2012; 6:21-29.

Cortes J, Montero AJ, Gluck S. Eribulin mesylate, a novel
microtubule inhibitor in the treatment of breast cancer.
Cancer Treat Rev. 2012; 38:143-151.

Kolb EA, Gorlick R, Reynolds CP, Kang MH, Carol H,
Lock R, Keir ST, Maris JM, Billups CA, Desjardins C,
Kurmasheva RT, Houghton PJ, Smith MA. Initial testing
(stage 1) of eribulin, a novel tubulin binding agent, by the
pediatric preclinical testing program. Pediatr Blood Cancer.
2013; 60:1325-1332.

Schoffski P, Chawla S, Maki RG, Italiano A, Gelderblom H,
Choy E, Grignani G, Camargo V, Bauer S, Rha SY,
Blay JY, Hohenberger P, D’Adamo D, et al. Eribulin versus
dacarbazine in previously treated patients with advanced
liposarcoma or leiomyosarcoma: a randomised, open-label,
multicentre, phase 3 trial. Lancet. 2016; 387:1629-1637.
Thomas C, Movva S. Eribulin in the management of
inoperable soft-tissue sarcoma: patient selection and
survival. Onco Targets Ther. 2016; 9:5619-5627.

Galluzzi L, Vitale I, Abrams JM, Alnemri ES,
Bachrecke EH, Blagosklonny MV, Dawson TM,
Dawson VL, El-Deiry WS, Fulda S, Gottlieb E, Green
DR, Hengartner MO, et al. Molecular definitions of cell
death subroutines: recommendations of the Nomenclature
Committee on Cell Death 2012. Cell Death Differ. 2012;
19:107-120.

Kontny HU, Hammerle K, Klein R, Shayan P, Mackall CL,
Niemeyer CM. Sensitivity of Ewing’s sarcoma to TRAIL-
induced apoptosis. Cell Death Differ. 2001; 8:506-514.
Kuznetsov G, Towle MJ, Cheng H, Kawamura T,
TenDyke K, Liu D, Kishi Y, Yu MJ, Littlefield BA.
Induction of morphological and biochemical apoptosis
following prolonged mitotic blockage by halichondrin

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

B macrocyclic ketone analog E7389. Cancer Res. 2004;
64:5760-5766.

Rudolph D, Steegmaier M, Hoffmann M, Grauert M,
BaumA, Quant J, Haslinger C, Garin-Chesa P, Adolf GR.
BI 6727, a Polo-like kinase inhibitor with improved
pharmacokinetic profile and broad antitumor activity. Clin
Cancer Res. 2009; 15:3094-3102.

Hans F, Dimitrov S. Histone H3 phosphorylation and cell
division. Oncogene. 2001; 20:3021-3027.

Harley ME, Allan LA, Sanderson HS, Clarke PR.
Phosphorylation of Mcl-1 by CDK1-cyclin B1 initiates its
Cdc20-dependent destruction during mitotic arrest. Embo J.
2010; 29:2407-2420.

Wertz IE, Kusam S, Lam C, Okamoto T, Sandoval W,
Anderson DJ, Helgason E, Ernst JA, Eby M, Liu J,
Belmont LD, Kaminker JS, O’Rourke KM, et al. Sensitivity
to antitubulin chemotherapeutics is regulated by MCL1 and
FBW7. Nature. 2011; 471:110-114.

Eichhorn JM, Sakurikar N, Alford SE, Chu R,
Chambers TC. Critical role of anti-apoptotic Bcl-2 protein
phosphorylation in mitotic death. Cell Death Dis. 2013;
4:e834.

Terrano DT, Upreti M, Chambers TC. Cyclin-dependent
kinase 1-mediated Bcl-xL/Bcl-2 phosphorylation acts as a
functional link coupling mitotic arrest and apoptosis. Mol
Cell Biol. 2010; 30:640-656.

Upreti M, Galitovskaya EN, Chu R, Tackett AJ, Terrano DT,
Granell S, Chambers TC. Identification of the major
phosphorylation site in Bel-xL induced by microtubule
inhibitors and analysis of its functional significance. J Biol
Chem. 2008; 283:35517-35525.

Zhuo S, Clemens JC, Hakes DJ, Barford D, Dixon JE.
Expression, purification, crystallization, and biochemical
characterization of a recombinant protein phosphatase.
J Biol Chem. 1993; 268:17754-17761.

Nicoletti I, Migliorati G, Pagliacci MC, Grignani F,
Riccardi C. A rapid and simple method for measuring
thymocyte apoptosis by propidium iodide staining and flow
cytometry. J Immunol Methods. 1991; 139:271-279.
Wyllie AH, Kerr JF, Currie AR. Cell death: the significance
of apoptosis. Int Rev Cytol. 1980; 68:251-306.

Dai H, Ding H, Meng XW, Lee SH, Schneider PA,
Kaufmann SH. Contribution of Bcl-2 phosphorylation
to Bak binding and drug resistance. Cancer Res. 2013;
73:6998-7008.

Lissat A, Vraetz T, Tsokos M, Klein R, Braun M,
Koutelia N, Fisch P, Romero ME, Long L, Noellke P,
Mackall CL, Niemeyer CM, Kontny U. Interferon-gamma
sensitizes resistant Ewing’s sarcoma cells to tumor necrosis
factor apoptosis-inducing ligand-induced apoptosis by up-
regulation of caspase-8 without altering chemosensitivity.
Am J Pathol. 2007; 170:1917-1930.

Fulda S, Kufer MU, Meyer E, van Valen F, Dockhorn-
Dworniczak B, Debatin KM. Sensitization for death
receptor- or drug-induced apoptosis by re-expression

WWW

.impactjournals.com/oncotarget

52455

Oncotarget



44.

45.

46.

47.

48.

49.

50.

of caspase-8 through demethylation or gene transfer.
Oncogene. 2001; 20:5865-5877.

Sampson VB, Vetter NS, Zhang W, Patil PU, Mason RW,
George E, Gorlick R, Kolb EA. Integrating mechanisms of
response and resistance against the tubulin binding agent
Eribulin in preclinical models of osteosarcoma. Oncotarget.
2016; 7:86594-86607. doi: 10.18632/oncotarget.13358.

Hugle M, Belz K, Fulda S. Identification of synthetic
lethality of PLK1 inhibition and microtubule-destabilizing
drugs. Cell Death Differ. 2015; 22:1946-1956.

Czaplinski S, Hugle M, Stiehl V, Fulda S. Polo-like kinase 1
inhibition sensitizes neuroblastoma cells for vinca alkaloid-
induced apoptosis. Oncotarget. 2016; 7:8700—8711. doi:
10.18632/oncotarget.3901.

Stehle A, Hugle M, Fulda S. Eribulin synergizes with
Polo-like kinase 1 inhibitors to induce apoptosis in
rhabdomyosarcoma. Cancer Lett. 2015; 365:37-46.

Tan AR, Rubin EH, Walton DC, Shuster DE, Wong YN,
Fang F, Ashworth S, Rosen LS. Phase I study of eribulin
mesylate administered once every 21 days in patients with
advanced solid tumors. Clin Cancer Res. 2009; 15:4213-4219.
Carlson K, Ocean AJ. Peripheral neuropathy with
microtubule-targeting agents: occurrence and management
approach. Clin Breast Cancer. 2011; 11:73-81.

Yoshida T, Ozawa Y, Kimura T, Sato Y, Kuznetsov G, Xu S,
Uesugi M, Agoulnik S, Taylor N, Funahashi Y, Matsui J.

51.

52.

53.

54.

55.

Eribulin mesilate suppresses experimental metastasis of
breast cancer cells by reversing phenotype from epithelial-
mesenchymal transition (EMT) to mesenchymal-epithelial
transition (MET) states. Br J Cancer. 2014; 110:1497-1505.
Spraker HL, Price SL, Chaturvedi A, Schiffman JD,
Jones KB, Lessnick SL, Beckerle M, Randall RL. The clone
wars - revenge of the metastatic rogue state: the sarcoma
paradigm. Front Oncol. 2012; 2:2.

Wiles ET, Bell R, Thomas D, Beckerle M, Lessnick SL. ZEB2
Represses the Epithelial Phenotype and Facilitates Metastasis
in Ewing Sarcoma. Genes Cancer. 2013; 4:486-500. doi:
10.1177/1947601913506115.

Gorlick R, Kolb EA, Keir ST, Maris JM, Reynolds CP,
Kang MH, Carol H, Lock R, Billups CA, Kurmasheva RT,
Houghton PJ, Smith MA. Initial testing (stage 1) of the
Polo-like kinase inhibitor volasertib (BI 6727), by the
Pediatric Preclinical Testing Program. Pediatr Blood
Cancer. 2014; 61:158-164.

Fulda S, Sieverts H, Friesen C, Herr I, Debatin KM. The
CD95 (APO-1/Fas) system mediates drug-induced apoptosis
in neuroblastoma cells. Cancer Res. 1997; 57:3823-3829.

Rapino F, Naumann I, Fulda S. Bortezomib antagonizes
microtubule-interfering  drug-induced apoptosis by
inhibiting G2/M transition and MCL-1 degradation. Cell
Death Dis. 2013; 4:€925.

www.impactjournals.com/oncotarget

52456

Oncotarget



