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ABSTRACT

Death Receptor 5 (DR5) is a promising target for cancer therapy due to its ability
to selectively induce apoptosis in cancer cells. However, the therapeutic usefulness of
DRS5 agonists is currently limited by the frequent resistance of malignant tumours to
its activation. The identification of molecular mechanisms that determine outcomes
of DR5 action is therefore crucial for improving the efficiency of DR5-activating
reagents in cancer treatment. Here, we provide evidence that an intrinsically kinase-
inactive member of the Eph group of receptor tyrosine kinases, EPHB6, induces
marked fragmentation of the mitochondrial network in breast cancer cells of triple-
negative origin, lacking expression of the estrogen, progesterone and HER2 receptors.
Remarkably, this response renders cancer cells more susceptible to DR5-mediated
apoptosis. EPHB6 action in mitochondrial fragmentation proved to depend on its
ability to activate the ERK-DRP1 pathway, which increases the frequency of organelle
fission. Moreover, DRP1 activity is also essential to the EPHB6-mediated pro-apoptotic
response that we observe in the context of DR5 activation. These findings provide
the first description of a member of the receptor tyrosine kinase family capable of
producing a pro-apoptotic effect through the activation of ERK-DRP1 signaling and
subsequent mitochondrial fragmentation. Our observations are of potential practical
importance, as they imply that DR5-activating therapeutic approaches should be
applied in a more personalized manner to primarily treat EPHB6-expressing tumours.
Finally, our findings also suggest that the EPHB6 receptor itself may represent a
promising target for cancer therapy, since EPHB6 and DR5 co-activation should
support more efficient elimination of cancer cells.

INTRODUCTION Moreover, activation of these receptors with their common
ligand, TRAIL, or with agonistic antibodies triggers

Deregulation of apoptotic responses is a frequent apoptotic responses predominantly in cancer cells, while
phenomenon in most types of malignancies and cancer sparing normal ones [9, 10]. Based on these findings,
cells are often resistant to apoptosis induction [1-3]. DR4 and DRS5 are considered to be promising targets for
Surprisingly, two death receptors, DR4 and especially cancer therapy, and clinical studies with DR4 and DR5
DR5 are strongly expressed on tumour cells [4-8]. agonists have been initiated. Unfortunately, while all

clinical trials to date have confirmed the safety of DR4 and
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DRS5 activating reagents, neither DR4 nor DRS activation
produced a statistically significant positive effect on
unselected cancer patients [11]. This is at least partially
due to the action of molecular mechanisms that affect the
sensitivity of cancer cells to apoptotic signaling initiated by
these receptors. DR4 and DRS initiate apoptotic cell death
through both the mitochondrial-independent, extrinsic
and the mitochondrial-dependent, intrinsic pathways
[7, 11, 12]. In agreement, several mechanisms that have
the potential to impinge upon these pathways have been
shown to suppress the responsiveness of cancer cells to
DR4 or DRS signaling. These include reduced expression
of CASPASE-8 [13, 14], overexpression of the apoptosis-
inhibiting proteins, BCL2, CIAP2 and MCL-1 [15, 16],
and overactivation of the AKT signaling pathway [17].
In addition, cancer cells also reduce their responsiveness
to DR4 and DRS5 activation by decreasing the expression
of these molecules or by reducing their abundance at the
cell surface [18, 19]. While a detailed understanding of the
molecular machinery that controls DR4 and DRS action in
cancer cells is crucial for improving the efficiency of DR4-
and/or DR5- activating agents in cancer treatment, and for
selecting patients with tumours that are more amenable
to this therapeutic approach, surprisingly little is known
about the mechanisms that improve the sensitivity of
cancer cells to these molecules.

Previously published observations indicate that a
member of the Eph group of receptor tyrosine kinases,
EPHB4, suppresses TRAIL-induced apoptosis in some
types of solid tumours, including breast cancer cells
[20-22], indirectly suggesting that its signaling partners
may also actively regulate this response in a positive
or negative manner. Signaling of Eph receptors mostly
depends on their inherent kinase activity, which assures
the ligand-induced tyrosine phosphorylation that is
required for interactions with cytoplasmic molecules and
the activation of downstream signaling pathways [23—
25]. Nevertheless, the Eph group possesses two kinase-
deficient members, EPHA10 [26] and EPHB6 [27, 28],
that are thought to play an important role in modulating
biological responses initiated by their kinase-active
relatives [25]. Interestingly, our previous work showed that
the EPHBG6 receptor suppresses aggressiveness of breast
cancer cells by interacting with EPHB4 and interfering
with EPHB4 action [29], which implies that EPHB6
may also enhance the DR4- or DR5- mediated apoptotic
response. In our present work, we mostly focus on EPHB6
function in triple-negative breast cancer (TNBC) cells,
since triple-negative breast tumours that miss expression
of the estrogen and progesterone receptors, and do not
overexpress HER2 represent the most aggressive breast
cancer subtype, and a targeted therapy for the effective
treatment of this lethal malignancy remains elusive [30].
Our investigation reveals a novel mechanism, where
EPHBG6 stimulates ERK-DRP1 signaling in TNBC cells,
which in turn promotes mitochondrial fragmentation and

enhances the DR5-induced apoptotic response. As such,
we believe that these findings are of potential clinical
importance, because they imply that DRS5-targeting
therapeutic approaches should be applied in a personalized
manner mostly to patients with TNBC tumours that
express EPHB6 and also suggest that simultaneous
administration of EPHB6 and DRS5 agonists is likely to
assure more effective killing of TNBC cells. Our findings
are also of general importance, since they provide to
our knowledge the first description of a member of the
receptor tyrosine kinase family capable of initiating a pro-
apoptotic effect on mitochondria through the ERK-DRP1
signaling cascade.

RESULTS

The EPHBG6 receptor enhances DRS-initiated
apoptosis in TNBC cells

Previous reports, including the work of our group,
have shown that some receptors of the EphB type suppress
apoptotic responses triggered by death receptors [20-22,
31]. Since earlier work shows that EPHB6 often executes
its responses through interactions with other EphB
receptors [29, 32, 33], we examined if it also interferes
with DR5-induced apoptosis in cancer cells. We focused
specifically on DR5 action because breast cancer cells
have been found to preferentially respond to DRS5 rather
than DR4 activation [34, 35].

To assess the effect of EPHB6 on DRS5-mediated
apoptotic cell death, we partially silenced its expression
in BT-20 TNBC cells and rescued it in TNBC cells, MDA-
MB-231, which have lost endogenous EPHB6 expression
due to promoter methylation [36]. Both EPHBG6 silencing
in BT-20 and rescue of EPHB6 expression in MDA-
MB-231 cells were described in detail in our earlier
publications [29, 37]. EPHB6-expressing and EPHB6-
deficient cells from both TNBC lines were stimulated with
an activating anti-DRS antibody, and cell survival was
monitored using resazurin staining or the MTT assay. This
approach revealed that in contrast to the anti-apoptotic
action of many other Eph receptors, EPHB6 significantly
enhances the DR5-mediated death response in TNBC cells
(Figure 1A-1D). Consistent with this observation, EPHB6
expression also potentiated DRS5-induced activation of
the effector CASPASE-3 (Figure 1E), further confirming
the ability of EPHBG6 to support DR5-triggered apoptotic
action.

The pro-apoptotic action of EPHBG is associated
with a fragmented mitochondrial network

DRS5 is known to use the mitochondrial-dependent
pathway in its pro-apoptotic signaling [7, 11, 12].
Therefore, we used confocal microscopy to examine
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Figure 1: The EPHB6 receptor enhances DR5-induced cell death and CASPASE-3 activation in triple-negative breast
cancer cells. A. Western blot analysis of EPHB6 expression in triple-negative breast cancer (TNBC) cells, MDA-MB-231, stably
transfected with the pcDNA3 expression vector encoding myc-tagged EPHB6 (MDA-B6-M) or mock-transfected with the empty vector
(MDA-pc3). Western blotting with anti-tubulin was used as a loading control. B. Anti-DRS activating antibody or matching non-specific
IgG (both at 10 pg/mL) were immobilised overnight at 4°C on 96-well plates. MDA-B6-M and MDA-pc3 cells were loaded onto the pre-
coated plates (5 x 10* cells/well) in DMEM containing 0.5% FBS, and incubated at 37°C for 24 h or 36 h. To assess cell survival, cells
were stained with resazurin and the fluorescence was measured using a SpectraMax M5 plate reader. Each graph represents the analysis
of quadruplicates. The graphs present cell viability in DR5-treated cells as percentages relative to matching non-specific IgG controls. C.
TNBC cells, BT-20, were transduced with EPHB6-targeting shRNA (BT20-B6-shRNA) or non-silencing shRNA (BT20-NS). EPHB6
expression was analysed by Western blotting as in (A). D. BT20-NS and BT20-B6-shRNA cells were stimulated in 96-well plates (1.5 x 10*
cells/well) for 36 h with anti-DRS pre-immobilised at 20 pg/mL, as in (B). Matching non-specific IgG was used as a control. Cell survival
was monitored by the MTT assay. A Spectramax 340PC plate reader was used to measure absorbance. Each graph represents the analysis
of five replicates. The graph shows cell survival as a percentage relative to matching IgG controls. E. The indicated cells (1x 106 cells/well)
were incubated in 6-well plates pre-coated with anti-DR5 or matching control IgG (both at 10 pg/mL) for 5 h and CASPASE-3 activity was
measured using the EnzChek® CASPASE-3 Assay Kit #1 (Abcam) according to the manufacturer’s instructions. Each graph represents the
analysis of triplicates. The graphs present CASPASE-3 activity as percentages relative to IgG controls. All experiments were performed at
least three times. *, P < 0.05, Student’s ¢-test.
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if the effects of EPHB6 on apoptosis are associated
with altered mitochondrial dynamics, which reflects the
balance between organelle fusion and fission events.
Excitingly, our imaging experiments demonstrated
that the mitochondrial network is disproportionately
fragmented in breast cancer cells expressing the EPHB6
receptor even in the absence of DRS activation (Figure
2A). Complementing its effect on mitochondrial
fragmentation, EPHB6 also increased reactive oxygen
species (ROS) production and caused a significant
decrease in mitochondrial membrane potential (Figure
2B and 2C). The observed mitochondrial fragmentation
is likely to be directly relevant to the pro-apoptotic action
of EPHB6 because it is a response that precedes the final
stages of apoptosis induction [38]. It is also known that
mitochondrial fission is required for the initiation of
molecular events that eventually trigger CASPASE-9
activation and ultimately lead to the activation of effector
caspases, including CASPASE-3 [38]. Consistent with this
model, EPHB6 enhanced DR5-mediated activation of both
CASPASE-9 and CASPASE-3 (Figure 2D and Figure 1E),
thus confirming the involvement of mitochondria in the
pro-apoptotic function of the EphB6 receptor.

The EPHB6 receptor relies on the activation of
DRP1 for its pro-apoptotic effect on cancer cells

There is considerable evidence that the fragmented
mitochondrial network observed in many cancer cell
types results from activation of the DRP1 GTPase [39,
40], which plays a central role in mitochondrial fission
[41]. ERK2 is responsible for DRP1 activation through
phosphorylation of Serine 616 [40] and it has recently
been shown that the ERK1 and ERK2 kinases are both
activated in MDA-MB-231 cells overexpressing EPHB6
[42]. Our recent observations also emphasize that ERK
activation is suppressed in several breast cancer cell lines
upon silencing of EPHB6 expression (Toosi et al, EMBO
Molecular Medicine, in revision). We therefore examined
if EPHB6 uses ERK-DRPI signaling in its pro-apoptotic
action. We confirmed the recently reported effect of
EPHBG6 on ERK kinases and found that in addition to ERK
activation, EPHB6 expression also increases the amount
of DRP1 that is phosphorylated on the activating residue,
Serine 616. In contrast, silencing of EPHB6 expression
produced the opposite effect in TNBC cells (Figure 3A and
3B). Inhibition of ERK signaling with a MEK inhibitor,
PD0325901, blocked EPHB6-initiated DRP1 activation
(Figure 4A and 4B) and suppressed mitochondrial
fragmentation (Figure 4C) in two different TNBC cell
lines, confirming an important role for ERK kinases
in EPHB6 action. Consistent with these observations,
silencing ERK2 expression by transducing EPHB6-
expressing cells with an ERK2-specific shRNA (Figure
5A) resulted in a significant reduction in the abundance
of phosphorylated DRP1 (Figure 5B) and a more

reticular mitochondrial network (Figure 5C). Silencing
of DRP1 expression with a DRP1-specific ShRNA also
blocked EPHB6-initiated mitochondrial fission, further
demonstrating that the ERK2-DRP1 signaling pathway
is essential for the effects of EPHB6 on mitochondrial
dynamics (Figure 6A and 6B).

As mitochondrial fission represents a critical step in
apoptosis induction [38] and the mitochondrial network
is highly fragmented in EPHB6 expressing cells, we next
directly addressed the role of DRP1 in the pro-apoptotic
action of the EPHB6 receptor. Consistent with our initial
observations that DRP1 is required for EPHB6-induced
alterations in mitochondrial dynamics, silencing its
expression efficiently suppressed the ability of EPHB6
to enhance DR5-mediated cell death (Figure 6C and 6D).
Taken together, these findings provide strong support
for an entirely novel model, where EPHB6 augments
the pro-apoptotic effect of DRS on TNBC cells by
activating ERK2-DRP1 signaling, which in turn induces
fragmentation of the mitochondrial network. Our model
also provides a rational explanation for why in multiple
cancer types, malignant tumours tend to reduce EPHB6
expression [37], since a decrease in EPHB6 levels should
improve survival of cancer cells by protecting them from
immunoelimination mediated by DRS activation [43—45].

DISCUSSION

It is now clear that the ability of malignant cells
to regulate mitochondrial dynamics is critical to their
oncogenic potential, yet our understanding of how
mitochondrial shape and organelle function contribute
to cancer-related phenotypes is only in its infancy [46].
Here, we show that EPHB6, an unusual member of the
Eph group of receptor tyrosine kinases that lacks catalytic
activity due to multiple alterations in the sequence of
its kinase domain [27, 28], exerts a striking effect on
the organization of the mitochondrial network in TNBC
cells. EPHB6 expression promotes mitochondrial
fragmentation by activating the ERK kinases, which
leads to phosphorylation of an activating residue, Serine
616, in DRP1, a GTPase that plays an essential role in
mitochondrial fission. According to previously published
observations, the phosphorylated form of DRP1 assures
membrane scission by assembling into an oligomeric,
ring-like structure that physically constricts mitochondrial
membranes [47, 48]. Our shRNA silencing experiments
reveal that DRP1 phosphorylation in TNBC cells
expressing EPHBG is mediated at least in part by ERK2, a
result that is consistent with a recent study demonstrating
that the amino acids flanking Serine 616 comprise an
evolutionarily conserved consensus sequence for ERK2
substrate recognition [40]. DRP1 function is tightly
regulated by multiple post-translational modifications
[49], and a recent study elegantly demonstrated that
SUMOylation of DRP1 promotes cytochrome c release
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Figure 2: EPHB6 controls mitochondrial behaviour in TNBC cells. A. To visualise mitochondria, the indicated cells were
stained with 70 nM of MitoTracker Green for 20 minutes. Following staining, cells were washed twice with phenol red-free medium and
live cell imaging was performed using a LSM 700 confocal microscope equipped with a live cell imaging chamber. Selected areas are
shown at higher magnifications. Scale bar, 20 pm. Fluorescence intensity was adjusted using the Fiji software. The ZEN 2012 software
was used to quantify mitochondrial morphology in at least 94 cells per experimental condition. Each graph represents the analysis of
three independent experiments. B. The indicated cells were incubated with the ROS assay stain (total ROS assay 520 nm kit, affymetrIX
eBioscience) or a matching volume of DMSO as a solvent control, and reactive oxygen species production was analysed by flow cytometry.
C. To measure mitochondrial membrane potential, cells were incubated with 200 nM TMRE or a matching volume of DMSO for 25 min
and fluorescence intensity was quantitated using a SpectraMax M5 plate reader. In addition, some cells were also pre-treated with 80 uM
of doxorubicin (DOX) for 24 h to confirm the specificity of the TMRE staining, as DOX is expected to induce a strong intrinsic apoptotic
response, causing a drop in mitochondrial membrane potential. Each graph represents the analysis of at least triplicates. D. Cells were
treated with anti-DRS5 or control IgG for 5 h, as in Figure 1E and CASPASE-9 activity was measured using the Colorimetric CASPASE-9
assay kit (Abcam) according to the manufacturer’s instructions. A SpectraMax 340PC plate reader was used to quantitate CASPASE-9
activity. Each graph represents the analysis of triplicates. All experiments were performed at least three times. * p<0.05, Student’s ¢-test.
n.s., statistically not significant.
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and apoptotic cell death via the intrinsic pathway [50]. The
EPHBG6 receptor also uses DRP1 activation to sensitize
TNBC cells to pro-apoptotic stimuli mediated via the
intrinsic pathway. EPHB6 expressing cells not only
harbor a more fragmented mitochondrial network, but
also produce more ROS and have a lower mitochondrial
membrane potential. While these functional differences are
not associated with an appreciable release of cytochrome
¢ into the cytosol in unstimulated cells (data not shown),
DRPIl-induced fragmentation of the mitochondrial
network in EPHB6 expressing cells does appear to make
the organelle more vulnerable to pro-apoptotic signaling.
Consistent with this idea, EPHB6 expression promotes
the ability of a DRS agonist to activate CASPASE-9, a
signaling event that directly depends on the involvement
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of mitochondria in the apoptotic response. This effect
ultimately enhances activation of the effector caspase,
CASPASE-3, and causes a more efficient induction of
cell death. Silencing of DRP1 effectively suppresses
the apoptotic response to DRS stimulation in EPHB6
expressing cells, suggesting a central role for this GTPase
molecule in EPHB6 action. Interestingly, we have not
observed the pro-apoptotic effect of EPHB6 expression in
our experiments with paediatric T-cell acute lymphoblastic
leukaemia (T-ALL) cells (data not shown), which further
confirms the specificity of our observations in TNBC
cells and indicates that the pro-apoptotic EPHB6 action
via DRP1 activation may be restricted to certain types of
malignancies. This distinction could be due to the fact that
EphB receptors, including EphB6, act in T-ALL cells in a
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Figure 3: EPHBG6 activates ERK kinases and DRP1 in cancer cells. A. The indicated cells were lysed, cell lysates were resolved
by SDS PAGE and phosphorylation of ERK1 and ERK2 kinases was analysed by Western blotting with anti-phospho-ERK (anti-p-ERK1/
ERK?2). ERK phosphorylation was quantitated by densitometry, measurements were normalized to tubulin controls and are presented in
arbitrary units (AU). B. DRP1 phosphorylation on the activating residue, Ser616, was analysed by Western blotting with anti-phospho-
DRP1 (anti-p-DRP1) as in (A). All experiments were performed at least three times.
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completely different molecular context, which collectively
allows them to activate the AKT kinase, initiating anti-
apoptotic signaling and supporting cell survival [31].

The results of our past studies [37] and those
presented herein emphasize that whether TNBC tumours
express EPHB6 should be a serious consideration
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(-) and DRP1 phosphorylation was assessed by Western blotting. B. To confirm the efficiency of MEK inhibition, cells were treated with
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* p<0.05, Student’s t-test. n.s., statistically not significant.
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and ERK2 expression was examined by Western blotting. B. Phosphorylation of DRP1 was analysed in the indicated cells by Western
blotting. DRP1 phosphorylation was quantitated by densitometry, measurements were normalized to matching tubulin controls and are
presented in arbitrary units (AU). C. Mitochondria were visualised in the indicated cells by confocal microscopy as in Figure 2A. Arrows
indicate elongated mitochondria. Selected areas are shown at higher magnifications. Z-stack frames were split and fluorescence intensity was
adjusted using the Fiji software. Scale bar, 20 um. Quantitative analysis was done as in Figure 2A. Each graph represents two independent
experiments. * p<0.05, Student’s ¢-test. n.s., statistically not significant. All experiments were repeated at least twice.
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Figure 6: EPHBG6 relies on DRP1 for its pro-apoptotic action. A. MDA-B6-M and BT-20 cells were stably transduced with
DRPI-targeting shRNA (MDA-B6-M-DRP1-shRNA and BT20-DRP1-shRNA) or non-silencing shRNA (MDA-B6-M-NS and BT20-NS)
and DRP1 expression was examined by Western blotting. B. Mitochondria were visualised in the indicated cells by confocal microscopy
as in Figure 2A. Arrows indicate elongated mitochondria. Selected areas are shown at higher magnifications. Z-stack frames were split
and fluorescence intensity was adjusted using the Fiji software. Scale bar, 20 pm. Mitochondrial morphology was quantified as in Figure
2A. Each graph represents three independent experiments. C. Anti-DRS or control IgG (10 pg/mL each) were immobilised overnight at
4°C onto 96 well plates. MDA-B6-M-DRP1-shRNA and MDA-B6-M-NS cells were loaded onto the pre-coated plates (3 x10* cells/well),
incubated for 24 h, and cell survival was monitored by resazurin staining. D. Anti-DRS and control IgG were immobilised overnight onto
96-well plates at 20 pg/mL each. Cells (15,000/well) were seeded onto the pre-coated plates and incubated for 36 h. Cell survival was
assessed by the MTT assay. The graphs in (C) and (D) represent cell viability as percentages relative to matching IgG controls. Each graph
represents the analysis of quadruplicates. All experiments were performed at least three times. * p<0.05, Student’s ¢-test.
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DRS5 activation because they have relatively low levels
of phosphorylated DRP1 and maintain a robust, reticular
mitochondrial network. In contrast, TNBC tumours
expressing EPHB6 are likely to have higher levels of
the active, phosphorylated form of DRP1, a fragmented
mitochondrial network and therefore be more sensitive
to the DRS-initiated apoptotic signal. While a large
body of evidence supports the idea that DRP1-mediated
mitochondrial fission is pro-tumorigenic in nature [51—
54], including in breast cancer [55], our findings clearly
indicate that EPHB6-positive tumour cells should be more
susceptible to DRS5-activating therapeutic approaches.
Importantly, this implies that EPHB6 may be used as a
new biomarker for selecting TNBC tumours sensitive
to DRS activation and that DR5 agonists could produce
better results if used selectively to treat EPHB6-positive
tumours. In addition, our observations also highlight the
potential for EPHBG to be used as a novel target for cancer
therapy. Thus, interventions that support its activity,
including the application of stabilizing anti-EphB6
antibodies, with the simultaneous administration of DR5
agonists may improve tumour eradication. Future studies
in animal models and in TNBC patients will be required
to further validate the potential therapeutic application of
these treatment approaches.

MATERIALS AND METHODS

Antibodies and reagents

Phospho-DRP1 (Ser616) and phospho-ERK
antibodies were obtained from Cell Signaling Technology
(Danvers, MA, USA). DRPI1, B-tubulin and ERK1/2
antibodies were purchased from Santa Cruz Biotechnology
(Dallas, TX, USA). Anti-EPHB6 was obtained from Santa
Cruz and Sigma-Aldrich (St. Louis, MO, USA). Bovine
serum albumin (BSA) was acquired from BioShop Canada
Inc. (Burlington, ON, Canada). Dimethyl sulfoxide
(DMSO), puromycin, doxorubicin and polybrene
were purchased from Sigma-Aldrich. Resazurin was
obtained from R&D Systems (Minneapolis, MN, USA).
PD0325901 was acquired from Tocris (Bio-Techne,
Minneapolis, MN, USA). Tween-20 was obtained from
Fisher Scientific (Ottawa, ON, Canada).

Cell culture

MDA-MB-231 and BT-20 TNBC cells were
purchased from American Type Culture Collection
(Manassas, VA, USA). MDA-MB-231 and BT-20 cells
were grown in cell culture medium: DMEM supplemented
with 1% penicillin/streptomycin, 1 mM sodium pyruvate
and 10% FBS (all from Gibco, Life Technologies,
Burlington, ON, Canada).

Western blot analysis

Cell lysates were prepared by washing cells once
with ice-cold phosphate buffered saline (PBS) and lysing
them in lysis buffer (0.2% NP-40, 0.1 M EDTA, 0.3 M
Tris, 0.1 M NaCl, 6 mM PMSF, and 3 mM sodium ortho-
vanadate) for 30 minutes on ice. Cell debris was removed
by centrifugation. Samples were resolved by SDS-PAGE,
and transferred to a nitrocellulose membrane (Amersham,
GE Healthcare Life Sciences, Baie d’Urfe, QC, Canada).
Membranes were blocked in TBS (50 mM Tris Base,
pH= 7.4, 150 mM NaCl) containing 0.1% Tween-20
and 5% BSA, or in PBS with 5% non-fat dry milk and
0.1% Tween-20, and then incubated with a primary
antibody overnight at 4°C. Membranes were washed
3 times for 5 min with TBS or PBS, and incubated for
1 h with a fluorescently labeled secondary antibody in
TBS or PBS containing 0.1% Tween-20 and 5% BSA or
5% non-fat dry milk. Following three additional washes
with TBS or PBS, membranes were imaged with the LI-
COR Odyssey imaging system (LI-COR Biotechnology,
Guelph, ON, Canada). Fluorescence intensity was
analysed by densitometry using the Carestream software
(Carestream Molecular Imaging Software, New Haven,
CT, USA). Figures were generated using the Carestream
and PowerPoint software. Western Blot images were
cropped using PowerPoint. Brightness and contrast of
Western blot images were adjusted using the Carestream
and PowerPoint software to optimize image presentation.

Cell survival and caspase activation assays

Activating human Trail R2/TNFRSF10B (DR5)
antibody (Cat # MAB631) from R&D Systems was
used to induce apoptosis in TNBC cells. Anti-DR5 and
matching non-specific control IgG (R&D Systems) were
immobilized overnight at 4°C onto 96-well cell culture
plates at 10 pg/mL or 20 pg/mL in DMEM supplemented
with 0.5% FBS. Cells were then seeded in DMEM
medium containing 0.5% FBS and incubated at 37°C for
24 or 36 h. The resazurin assay was used according to the
manufacturer’s instructions to assess cell survival and the
fluorescence intensity was measured using a SpectraMax
MS5 plate reader (Molecular Devices, Sunnyvale, CA,
USA). Alternatively, cell survival was monitored using the
MTT (Thiazolyl Blue Tetrazolium Bromide) assay (Sigma-
Aldrich). The MTT assay was performed according to
manufacturer’s instructions using a Spectramax 340PC
plate reader (Molecular Devices).

To analyse CASPASE-3 or CASPASE-9 activation,
6-well plates were pre-coated with activating anti-DRS
or a matching non-specific IgG as described above. Cells
were seeded onto the pre-coated 6-well plates (1x10°
cells/well) in DMEM medium containing 0.5% FBS
and incubated at 37°C for 5 h. Caspase activity was
monitored using the EnzChek® CASPASE-3 Assay Kit
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#1 (Cat # E-13183) or the CASPASE-9 Assay Kit, Cat#
ab65608 (Abcam, Toronto, ON, Canada) by following
manufacturer’s instructions.

Lentiviral transduction

Lentiviral particles encoding EPHBG6-targeting
shRNA or control non-silencing shRNA were purchased
from Santa Cruz. Lentiviral particles encoding DRP1
shRNA (Sigma- Aldrich, Clone ID, NM_012062.3-
1244s21cl1) or ERK2 shRNA (Santa Cruz, Cat # sc-
35335-SH) were generated by co-transfecting HEK
293T cells at ~80% confluence in 10 cm plates with the
pMD2G (1.11 pg), pRSV-Rev (1.7 pg) and pMDLg/pRRE
(1.7 pg) plasmids and 4.17 pg of either lentiviral vector
in 10 mL of antibiotic-free DMEM containing 2% FBS
and 30 ul METAFECTENE PRO (Biontex Laboratories,
Miinchen, Germany). After 16 h, the transfection medium
was replaced with regular culture medium. Viral particles
were collected 48 and 72 h after transduction by filtration
of the medium with 0.44 pm filters. Lentiviral particles
were used to transduce cells by overnight incubation in
medium containing 10 pg/mL polybrene (Sigma-Aldrich).
The lentiviral transduction medium was replaced with cell
culture medium and cells were incubated for additional
24-48 h. Cell lines with stable shRNA expression were
generated by selection with 10 pg/mL of puromycin
(Sigma-Aldrich) for 5 days. Western blotting was
performed to confirm silencing of each target molecule.

Reactive oxygen species (ROS)

ROS production was analysed by flow cytometry.
Briefly, cells (10° cells/sample) were incubated with
DMSO or ROS assay stain solution for 1 h using the Total
ROS assay kit 520 nm (affymetrIX eBioscience, San
Diego, USA) following the manufacturer’s instructions.
Cells were harvested, centrifuged for 5 min at 300 relative
centrifugal force, resuspended in PBS with ROS assay
stain solution and incubated for 1 h at 37°C. Cell staining
was assessed by flow cytometry. Results were analysed
using the FlowJo software (FlowJo LLC, Ashland, OR,
USA).

Mitochondrial membrane potential

The tetramethylrhodamine ethyl ester (TMRE) kit
(Abcam) was used to measure mitochondrial membrane
potential. Cells were stained in 96-well plates (10° cells/
well) with 200 nM TMRE solution or a matching volume
of DMSO as a control for 25 min at 37°C in an atmosphere
of 5% CO,, following the manufacturer’s instructions.
MDA-pc3 and MDA-B6-M cells were stained as a
monolayer, while BT20-NS and BT20-B6-shRNA were
stained in suspension to optimize the staining. Cells were
washed twice with PBS, resuspended in PBS with 0.2%

BSA and TMRE fluorescence was measured using a
SpectraMax M5 plate reader at Ex/Em = 549/575 nm.

Immunofluorescence

Cells were plated on glass-bottom coverslip dishes
(MatTek, AshLand, MA, USA) the day prior to imaging
experiments. Cells were washed once with PBS and then
incubated with 70 nM of MitoTracker Green FM (Life
Technologies, CA, USA) for 20 min at 37°C. Cells were
washed twice with phenol red-free medium. All live
cell imaging experiments were performed in a live cell
imaging chamber in the presence of 5% CO, at 37°C using
the confocal laser microscope LSM 700 (Zeiss Canada,
North York, ON, Canada). The LSM 700 is equipped with
the PC running LSM ZEN 2012 (Version 8) software.
Mitochondria were visualized using laser 488 power (3-
6%) and the plan-Apochromat 40x/1.4 or 63x/1.4 NA
oil immersion objectives. At least ten images, z-stacks
or time-lapse images were obtained for each cell line.
The Fiji software [56] was used to adjust the intensity,
split frames and crop images. Mitochondrial length was
measured as described previously [57]. For quantitation,
measurements were done using the ZEN 2012 software
and at least 94 cells were analysed per experimental
condition.

Statistical analysis

Student’s t-test was performed for statistical
analyses. Data are presented as the mean + standard
deviation (SD).

CONFLICTS OF INTEREST

The authors disclose no potential conflicts of
interest.

GRANT SUPPORT

This work was supported by operating grants from
the Canadian Breast Cancer Foundation (CBCF) grant #
C7003 to A.F. and S.C.L., Canadian Institutes of Health
Research (CIHR) grant # RSN 132192 and SHRF grant
# 2891 to A.F., and by fall-in funds from a CIHR New
Investigator Award #244917 to S.C.L.

REFERENCES

1. Evan GI, Vousden KH. Proliferation, cell cycle and
apoptosis in cancer. Nature. 2001; 411:342-348.

2. Johnstone RW, Ruefli AA, Lowe SW. Apoptosis: a link
between cancer genetics and chemotherapy. Cell. 2002;
108:153-164.

www.impactjournals.com/oncotarget

77875

Oncotarget



10.

11.

13.

14.

16.

Vogelstein B, Kinzler KW. Cancer genes and the pathways
they control. Nat Med. 2004; 10:789-799.

MacFarlane M, Ahmad M, Srinivasula SM, Fernandes-
Alnemri T, Cohen GM, Alnemri ES. Identification and
molecular cloning of two novel receptors for the cytotoxic
ligand TRAIL. J Biol Chem. 1997; 272:25417-25420.

Pan G, O'Rourke K, Chinnaiyan AM, Gentz R, Ebner R, Ni
J, Dixit VM. The receptor for the cytotoxic ligand TRAIL.
Science. 1997; 276:111-113.

Ichikawa K, Liu W, Zhao L, Wang Z, Liu D, Ohtsuka
T, Zhang H, Mountz JD, Koopman WJ, Kimberly RP,
Zhou T. Tumoricidal activity of a novel anti-human DRS5
monoclonal antibody without hepatocyte cytotoxicity. Nat
Med. 2001; 7:954-960.

Yang A, Wilson NS, Ashkenazi A. Proapoptotic DR4 and
DRS signaling in cancer cells: toward clinical translation.
Curr Opin Cell Biol. 2010; 22:837-844.

de Miguel D, Lemke J, Anel A, Walczak H, Martinez-
Lostao L. Onto better TRAILSs for cancer treatment. Cell
Death Differ. 2016; 23:733-747.

Ashkenazi A, Pai RC, Fong S, Leung S, Lawrence DA,
Marsters SA, Blackie C, Chang L, McMurtrey AE, Hebert
A, DeForge L, Koumenis IL, Lewis D, et al. Safety and
antitumor activity of recombinant soluble Apo2 ligand. J
Clin Invest. 1999; 104:155-162.

Ashkenazi A. Directing cancer cells to self-destruct with
pro-apoptotic receptor agonists. Nat Rev Drug Discov.
2008; 7:1001-1012.

Lemke J, von Karstedt S, Zinngrebe J, Walczak H. Getting
TRAIL back on track for cancer therapy. Cell Death Differ.
2014; 21:1350-1364.

Suliman A, Lam A, Datta R, Srivastava RK. Intracellular
mechanisms of TRAIL: apoptosis through mitochondrial-
dependent and -independent pathways. Oncogene. 2001;
20:2122-2133.

Hopkins-Donaldson S, Bodmer JL, Bourloud KB, Brognara
CB, Tschopp J, Gross N. Loss of caspase-8 expression in
highly malignant human neuroblastoma cells correlates with
resistance to tumor necrosis factor-related apoptosis-inducing
ligand-induced apoptosis. Cancer Res. 2000; 60:4315-4319.

Kang Z, Chen JJ, Yu Y, Li B, Sun SY, Zhang B, Cao L.
Drozitumab, a human antibody to death receptor 5, has
potent antitumor activity against rhabdomyosarcoma with
the expression of caspase-8 predictive of response. Clin
Cancer Res. 2011; 17:3181-3192.

Fulda S, Wick W, Weller M, Debatin KM. Smac agonists
sensitize for Apo2L/TRAIL- or anticancer drug-induced
apoptosis and induce regression of malignant glioma in
vivo. Nat Med. 2002; 8:808-815.

Ricci MS, Kim SH, Ogi K, Plastaras JP, Ling J, Wang W,
Jin Z, Liu YY, Dicker DT, Chiao PJ, Flaherty KT, Smith
CD, El-Deiry WS. Reduction of TRAIL-induced Mcl-1 and
cIAP2 by c-Myc or sorafenib sensitizes resistant human
cancer cells to TRAIL-induced death. Cancer Cell. 2007;
12:66-80.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Xu J, Zhou JY, Wei WZ, Wu GS. Activation of the Akt
survival pathway contributes to TRAIL resistance in cancer
cells. PLoS One. 2010; 5:€10226.

Szliszka E, Mazur B, Zydowicz G, Czuba ZP, Krol W.
TRAIL-induced apoptosis and expression of death receptor
TRAIL-R1 and TRAIL-R2 in bladder cancer cells. Folia
Histochem Cytobiol. 2009; 47:579-585.

Zhang Y, Zhang B. TRAIL resistance of breast cancer
cells is associated with constitutive endocytosis of death
receptors 4 and 5. Mol Cancer Res. 2008; 6:1861-1871.
Kumar SR, Scehnet JS, Ley EJ, Singh J, Krasnoperov V,
Liu R, Manchanda PK, Ladner RD, Hawes D, Weaver
FA, Beart RW, Singh G, Nguyen C, Kahn M, Gill PS.
Preferential induction of EphB4 over EphB2 and its
implication in colorectal cancer progression. Cancer Res.
2009; 69:3736-3745.

Masood R, Kumar SR, Sinha UK, Crowe DL, Krasnoperov
V, Reddy RK, Zozulya S, Singh J, Xia G, Broek D,
Schonthal AH, Gill PS. EphB4 provides survival advantage
to squamous cell carcinoma of the head and neck. Int J
Cancer. 2006; 119:1236-1248.

Kumar SR, Singh J, Xia G, Krasnoperov V, Hassanich L,
Ley EJ, Scehnet J, Kumar NG, Hawes D, Press MF, Weaver
FA, Gill PS. Receptor tyrosine kinase EphB4 is a survival
factor in breast cancer. Am J Pathol. 2006; 169:279-293.
Murai KK, Pasquale EB. 'Eph'ective signaling: forward,
reverse and crosstalk. J Cell Sci. 2003; 116:2823-2832.

Brantley-Sieders D, Schmidt S, Parker M, Chen J.
Eph receptor tyrosine kinases in tumor and tumor
microenvironment. Curr Pharm Des. 2004; 10:3431-3442.

Truitt L, Freywald A. Dancing with the dead: Eph receptors
and their kinase-null partners. Biochem Cell Biol. 2011;
89:115-129.

Aasheim HC, Patzke S, Hjorthaug HS, Finne EF.
Characterization of a novel Eph receptor tyrosine kinase,
EphA10, expressed in testis. Biochim Biophys Acta. 2005;
1723:1-7.

Gurniak CB, Berg LJ. A new member of the Eph family
of receptors that lacks protein tyrosine kinase activity.
Oncogene. 1996; 13:777-786.

Matsuoka H, Iwata N, Ito M, Shimoyama M, Nagata A,
Chihara K, Takai S, Matsui T. Expression of a kinase-
defective Eph-like receptor in the normal human brain.
Biochem Biophys Res Commun. 1997; 235:487-492.
Truitt L, Freywald T, DeCoteau J, Sharfe N, Freywald
A. The EphB6 receptor cooperates with c-Cbl to regulate
the behavior of breast cancer cells. Cancer Res. 2010;
70:1141-1153.

Mayer IA, Abramson VG, Lehmann BD, Pietenpol JA. New
strategies for triple-negative breast cancer--deciphering the
heterogeneity. Clin Cancer Res. 2014; 20:782-790.

Maddigan A, Truitt L, Arsenault R, Freywald T, Allonby O,
Dean J, Narendran A, Xiang J, Weng A, Napper S, Freywald
A. EphB receptors trigger Akt activation and suppress Fas

WWw

.impactjournals.com/oncotarget

77876

Oncotarget



32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

receptor-induced apoptosis in malignant T lymphocytes. J
Immunol. 2011; 187:5983-5994.

Freywald A, Sharfe N, Roifman CM. The Kinase-null
EphB6 Receptor Undergoes Transphosphorylation in a
Complex with EphB1. J Biol Chem. 2002; 277:3823-3828.

Fox BP, Kandpal RP. A paradigm shift in EPH receptor
interaction: biological relevance of EPHB6 interaction with
EPHA2 and EPHB?2 in breast carcinoma cell lines. Cancer
Genomics Proteomics. 2011; 8:185-193.

Kelley RF, Totpal K, Lindstrom SH, Mathieu M, Billeci K,
Deforge L, Pai R, Hymowitz SG, Ashkenazi A. Receptor-
selective mutants of apoptosis-inducing ligand 2/tumor
necrosis factor-related apoptosis-inducing ligand reveal a
greater contribution of death receptor (DR) 5 than DR4 to
apoptosis signaling. J Biol Chem. 2005; 280:2205-2212.

Zinonos I, Labrinidis A, Lee M, Liapis V, Hay S, Ponomarev
V, Diamond P, Zannettino AC, Findlay DM, Evdokiou A.
Apomab, a fully human agonistic antibody to DRS, exhibits
potent antitumor activity against primary and metastatic
breast cancer. Mol Cancer Ther. 2009; 8:2969-2980.

Fox BP, Kandpal RP. Transcriptional silencing of EphB6
receptor tyrosine kinase in invasive breast carcinoma cells
and detection of methylated promoter by methylation specific
PCR. Biochem Biophys Res Commun. 2006; 340:268-276.
Paul JM, Toosi B, Vizeacoumar FS, Bhanumathy KK,
LiY, Gerger C, El Zawily A, Freywald T, Anderson DH,
Mousseau D, Kanthan R, Zhang Z, Vizeacoumar FJ,
Freywald A. Targeting synthetic lethality between the
SRC kinase and the EPHB6 receptor may benefit cancer
treatment. Oncotarget. 2016; 7:50027-50042. doi: 10.18632/
oncotarget.10569.

Suen DF, Norris KL, Youle RJ. Mitochondrial dynamics
and apoptosis. Genes Dev. 2008; 22:1577-1590.
Serasinghe MN, Wieder SY, Renault TT, Elkholi R, Asciolla
JJ, Yao JL, Jabado O, Hoehn K, Kageyama Y, Sesaki H,
Chipuk JE. Mitochondrial division is requisite to RAS-
induced transformation and targeted by oncogenic MAPK
pathway inhibitors. Mol Cell. 2015; 57:521-536.

Kashatus JA, Nascimento A, Myers LJ, Sher A, Byrne FL,
Hoehn KL, Counter CM, Kashatus DF. Erk2 phosphorylation
of Drpl promotes mitochondrial fission and MAPK-driven
tumor growth. Mol Cell. 2015; 57:537-551.

Kasahara A, Scorrano L. Mitochondria: from cell death
executioners to regulators of cell differentiation. Trends
Cell Biol. 2014; 24:761-770.

Bhushan L, Tavitian N, Dey D, Tumur Z, Parsa C, Kandpal
RP. Modulation of liver-intestine cadherin (Cadherin 17)
expression, ERK phosphorylation and WNT signaling in
EPHBG6 receptor-expressing MDA-MB-231 cells. Cancer
Genomics Proteomics. 2014; 11:239-249.

Falschlehner C, Schaefer U, Walczak H. Following TRAIL's
path in the immune system. Immunology. 2009; 127:145-154.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Hersey P, Zhang XD. Treatment combinations targeting
apoptosis to improve immunotherapy of melanoma. Cancer
Immunol Immunother. 2009; 58:1749-1759.

Tel J, Anguille S, Waterborg CE, Smits EL, Figdor CG,
de Vries 1J. Tumoricidal activity of human dendritic cells.
Trends Immunol. 2014; 35:38-46.

Senft D, Ronai ZA. Regulators of mitochondrial dynamics
in cancer. Curr Opin Cell Biol. 2016; 39:43-52.

Labrousse AM, Zappaterra MD, Rube DA, van der Bliek
AM. C. elegans dynamin-related protein DRP-1 controls
severing of the mitochondrial outer membrane. Mol Cell.
1999; 4:815-826.

Ingerman E, Perkins EM, Marino M, Mears JA, McCaffery
JM, Hinshaw JE, Nunnari J. Dnm1 forms spirals that are
structurally tailored to fit mitochondria. J Cell Biol. 2005;
170:1021-1027.

Elgass K, Pakay J, Ryan MT, Palmer CS. Recent advances
into the understanding of mitochondrial fission. Biochim
Biophys Acta. 2013; 1833:150-161.

Prudent J, Zunino R, Sugiura A, Mattie S, Shore GC,
McBride HM. MAPL SUMOylation of Drp1 Stabilizes an
ER/Mitochondrial Platform Required for Cell Death. Mol
Cell. 2015; 59:941-955.

Arismendi-Morillo G. Electron microscopy morphology of
the mitochondrial network in human cancer. Int J Biochem
Cell Biol. 2009; 41:2062-2068.

Rehman J, Zhang HJ, Toth PT, Zhang Y, Marsboom G,
Hong Z, Salgia R, Husain AN, Wietholt C, Archer SL.
Inhibition of mitochondrial fission prevents cell cycle
progression in lung cancer. FASEB J. 2012; 26:2175-2186.
Inoue-Yamauchi A, Oda H. Depletion of mitochondrial
fission factor DRP1 causes increased apoptosis in human
colon cancer cells. Biochem Biophys Res Commun. 2012;
421:81-85.

Hagenbuchner J, Kuznetsov AV, Obexer P, Ausserlechner
MJ. BIRC5/Survivin enhances aerobic glycolysis and drug
resistance by altered regulation of the mitochondrial fusion/
fission machinery. Oncogene. 2013; 32:4748-4757.

Zhao J, Zhang J, Yu M, Xie Y, Huang Y, Wolff DW, Abel
PW, Tu Y. Mitochondrial dynamics regulates migration
and invasion of breast cancer cells. Oncogene. 2013;
32:4814-4824.

Schindelin J, Arganda-Carreras I, Frise E, Kaynig V,
Longair M, Pietzsch T, Preibisch S, Rueden C, Saalfeld S,
Schmid B, Tinevez JY, White DJ, Hartenstein V, Eliceiri K,
Tomancak P, Cardona A. Fiji: an open-source platform for
biological-image analysis. Nat Methods. 2012; 9:676-682.

Ramonet D, Perier C, Recasens A, Dehay B, Bove
J, Costa V, Scorrano L, Vila M. Optic atrophy 1
mediates mitochondria remodeling and dopaminergic
neurodegeneration linked to complex I deficiency. Cell
Death Differ. 2013; 20:77-85.

WWw

.impactjournals.com/oncotarget

77877

Oncotarget



