Suppression of ANXA4 expression improves
platinum sensitivity in vivo

To determine whether ANXA4 knockdown in
clear cell carcinoma cells improved platinum sensitivity
in vivo, NC7 and Y4 cells were subcutaneously injected
in ICR nu/nu mice. One week after inoculation with the
tumour cells, the mice were randomised into 2 groups
and received cisplatin or PBS ip. twice a week for 4
weeks. The tumour growth rate in the absence of drugs
was similar for both cell lines (Figs. 2A and 2B). Cisplatin
treatment had very little effect on NC7 cells (Fig. 2A), but
tumour volume markedly decreased in Y4 cells (Fig. 2B).
Cisplatin treatment significantly decreased tumour growth
in Y4 cells (87.4 + 1.8%) compared with NC7 cells (-1.1
+ 18.0%; p < 0.01; Fig. 2C). These results showed that
ANXA4 knockdown in the RMG-I cell line significantly
attenuated resistance to cisplatin in vivo.

The annexin repeat domain is required for the
platinum drug resistance

To identify a possible resistance-related domain
within the annexin repeated sequence of ANXA4, we
constructed 3 deletion mutants by deleting the annexin
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repeats one by one from the C-terminal region. Figure 3A
shows the structure of each deletion mutant. Full-length
ANXA4, 3 ANXA4 deletion mutants or the empty vector
were transfected into NUGCS3 cells, whose endogenous
ANXA4 expression is relatively low (Supplementary
Fig. S1). Therefore, we established cell lines stably
overexpressing full-length ANXA4 (FL-22), each ANXA4
deletion mutant (R3-6, R2-13 or R1-12) or the empty
vector (NC-14). Expression of each ANXA4 deletion
mutant was confirmed using Western blotting (Fig. 3B).

Subsequently, the sensitivity to the platinum-
based drugs cisplatin and carboplatin was assessed. Cells
transfected with full-length ANXA4 and the 3 deletion
ANXA4 mutants were significantly more resistant to both
cisplatin and carboplatin compared with control cells,
approximately with a 1.7- to 2.2-fold increase in IC, for
cisplatin (p < 0.01) and a 1.4- to 1.7-fold increase in IC_,
for carboplatin (p < 0.05; Fig. 3C).

To test whether these deletion mutants induce
platinum resistance through regulating cellular drug
concentration as previously reported [28], we quantitated
the intracellular platinum content of each deletion
mutant-transfected cell clone after cisplatin treatment,
which is one of the most representative platinum drugs.
Platinum accumulation was significantly reduced in cells
overexpressing either full-length ANXA4 or any of the 3
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Fig.2: ANXA4 knockdown cells show enhanced sensitivity to cisplatin in vivo. Female ICR nu/nu mice were subcutaneously
inoculated with RMG-I NC7 or Y4 cells and given PBS (control group: filled circles) or cisplatin i.p. (3 mg/kg; treatment group: open
circles) twice weekly for 4 weeks (n = 6 per group). Growth curves of NC7 tumours (A) and Y4 tumours (B). The mean volume (points)
+ SE (bars) is shown. (C) Comparison of the cisplatin-induced growth inhibition of tumours 46 days after treatment among NC7 and Y4
tumours. The average (columns) = SE (bars) are shown (*p < 0.01).

www.impactjournals.com/oncotarget

7778

Oncotarget

—123—



deletion mutants compared with NC-14 cells regardless
of the incubation time after cisplatin exposure (Fig. 3D).
These results suggested that the decreased intracellular
platinum contents were associated with platinum
resistance of the cells transfected with ANXA4 full length
and each deletion mutant.

The calcium-binding site of the annexin repeat is
responsible for platinum resistance

As specified above, platinum resistance was
enhanced in cells overexpressing ANXA4 deletion
mutants, which contained at least 1 intact annexin repeat.
Thus, to assess whether the calcium-binding site of the
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annexin repeat sequence was involved in chemoresistance,
another deletion mutant, R1(E70A) was constructed.
Within the annexin repeat next to the N-terminal region,
the 70th amino acid, glutamic acid, was responsible
for the calcium-dependent activity of ANXA4 [30].
Accordingly, at this site, the point mutation variant of R1,
RI1(E70A), loses the function of its calcium-binding site
(Fig. 4A). Similar to other deletion mutants, RI(E70A)
was transfected into NUGC3 cells and designated
RI(E70A)-95. Western blotting revealed that R1-12 had
the same molecular weight as RI(E70A)-95 (Fig. 4B).
RI(E70A)-95 did not induce resistance to either cisplatin
or carboplatin (Fig. 4C). Moreover, the intracellular
platinum content of R1(E70A)-95-transfected cells did
not decrease compared with that of NC-14 cells after 0 hr
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Fig.3: Annexin repeat domain is required for the platinum drug resistance. (A} A structural map of ANXA4 and 3 deletion
mutant proteins. Annexin repeats were deleted one by one from the C-terminal site. (B) Established deletion mutant cells together with
parent cells, control cells and RMG-I as a positive control were confirmed using Western blotting. (C) Compared with NC-14 cells, IC,;
for both cisplatin and carboplatin was significantly increased in FL-22 and all other mutant cells. (D) Intracellular platinum accumulation
after treatment with 100 uM cisplatin for 60 min with or without additional 3 hr of incubation in cisplatin-free medium. Data are presented

as mean = SD (¥*p < 0.05, **p <0.01).
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or 3 hr of additional incubation in cisplatin-free medium
(Fig. 4D). According to the above results, the platinum
resistance of ANXA4 seemed to be related to the calcium-
binding site of the annexin repeat next to the N-terminal
domain.

The calcium-binding site of the annexin repeated
sequence is required for the resistance to
platinum-based drugs in vivo

To determine whether the annexin deletion mutants
of ANXA4 influenced the sensitivity to cisplatin in vivo,
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we inoculated ICR nuw/nu mice with NC-14, FL-22,
R1-12 or R1(E70A)-95 cells. Mice in each group were
randomised into 2 subgroups and received either cisplatin
at 3 mg/(kg-d) or PBS ip. once a week for 3 weeks.
Cisplatin markedly decreased tumour volume in mice
injected with NC-14 and R1(E70A)-95 cells, whereas the
treatment effect was relatively smaller in mice injected
with FL-22 and R1-12 cells (Fig. SA). Consistent with the
tumour volume, tumour growth was significantly inhibited
by cisplatin in mice inoculated with NC-14 (96.5 + 1.3%)
and RI1(E70A)-95 cells (87.8 = 11.4%) compared with
those injected with FL-22 (48.5 + 11.7%) and R1-12 cells
(37.7 £ 9.8%; p < 0.01; Fig. 5B). These in vivo results
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Fig.4: The calcium-binding site of the annexin repeat is responsible for induction of the platinum resistance. (A) A
structural map of R1 and R1(E70A) variants without a function for the calcium-binding site. (B) Western blotting confirmed the mutant
established cell lines. (C) Unlike R1-12, the RI(E70A)-95 cell clone was not resistant to either cisplatin or carboplatin. (D) Intracellular
platinum accumulation in R1(E70A) cells was the same as in NC14 cells both with or without additional 3 hr of incubation in cisplatin-free
medium. Data are presented as mean + SD (*p < 0.05, **p < 0.01).
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were consistent with those obtained in vitro.

Increase of the intracellular chloride
concentration is related to cisplatin resistance

To elucidate the molecular mechanisms of
chemoresistance induced by ANXA4, we focused on
the chloride channel because one of the functions of
ANXA4 is inhibition of calcium-dependent chloride
conductance[32]. According to the literature, treatment
with cisplatin induces an increase of the intracellular
Ca®* concentration [46], which is an important ion for
the phospholipid membrane-binding activity of ANXA4.
In contrast, cisplatin exposure also induces an elevation
of the intracellular chloride concentration: [CI7], [47].
Elevation of [Cl"] has been shown to prevent the aquation
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of 1 or 2 of the 2 chloride coordination sites in cisplatin,
and only the aquated forms of cisplatin covalently
bind to DNA. Nevertheless, the mechanisms of [Cl]
. elevation because of cisplatin treatment have not been
fully elucidated. We hypothesised that an increase in
intracellular Ca®* concentration after cisplatin exposure
would result in translocation of ANXA4 from the cytosol
to plasma membrane, which leads to [Cl"] accumulation
through inhibition of the chloride channel by the Ca**-
bound ANXA4. To confirm this hypothesis, we quantified
[CI], after cisplatin treatment using MAQE fluorescence,
a fluorescent CI” indicator. Relative fluorescence was
substituted for [C17], as previously reported [48].

We monitored MQAE fluorescence in control cells
(NC-14), in cells overexpressing full-length ANXA4 (FL-
22) and in 2 deletion mutants (R1-12 and R1[E70A]-95).
The relative fluorescence ratio before (FO) and after
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Fig.5: The calcium-binding site of the annexin repeat is required for platinum drug resistance in vivo. Female ICR nu/
nu mice were subcutaneously inoculated with NC14, FL-22, R1-12 or RI(E70A)-95 cells and given PBS (control group: filled circles) or
cisplatin i.p. (3 mg/kg; treatment group: open circles) once a week for 3 weeks (n = 6 per group). (A) Growth curves of tumours of each
cell. The mean volume (points) = SE (bars) is shown. (B) Comparison of the cisplatin-induced growth inhibition of tumours 28 days after
treatment. The average (columns) + SE (bars) are shown; *p < 0.01.
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treatment with cisplatin for 30 min (F30) is shown in
Figure 6. The inverse ratio of MQAE fluorescence 1/
(F30/F0), which is directly proportional to the increase in
[CI'], was significantly elevated in the platinum-resistant
cell clones FL-22 (1.12 + 0.03) and R1-12 (1.12 + 0.01)
compared with sensitive clones, NC-14 (1.06 = 0.01) and
R1(E70A)-95 (1.06 + 0.02; p <0.01). Thus, the increase in
[CIT], is likely to be involved in cisplatin resistance.

DISCUSSION

ANXAA4 has been reported to be strongly expressed
and involved in chemoresistance in various cancers. The
factors associated with ANXA4-induced chemoresistance
have been reported, such as NF-xB [45] and ATP7A
[44], but the structure of the protein, i.e. annexin repeats
and calcium-binding sites in the annexin repeated
sequence, has not been taken into account in relation to
the ANXA4-induced chemoresistance. In this study, we
showed that ANXA4 knockdown improved sensitivity
to platinum drugs, and annexin repeats were involved in
chemoresistance.

We first confirmed ANXA4 expression in various
ovarian adenocarcinoma cell lines. As previously
reported [28, 49], ANXA4 is significantly upregulated
in clear cell carcinoma cell lines (OVTOKO, OVISE
and RMG-I) compared with other histological types
(serous and mucinous adenocarcinoma cell lines: A2780,
OVCAR3, OVSAHO and MCAS). It has been previously
demonstrated that enhanced ANXA4 expression induces
platinum resistance both in vifro and in vivo [28, 44],
but whether ANXA4 knockdown attenuates platinum
resistance has been unknown thus far. Mogami et al.
recently reported that an ANXA4 knockdown improves
sensitivity to carboplatin in vitro using 2 cell lines of
ovarian clear cell carcinoma, OVTOKO and OVISE.
To the best of our knowledge, ours is the first study to
show that ANXA4 knockdown markedly improves the
sensitivity to platinum-based drugs not only in vitro but
also in vivo (Figs. 1 and 2).

The result that ANXA4 knockdown improves
sensitivity to platinum-based drugs suggests that ANXA4
is a good therapeutic target. To identify the functional
domain(s) of ANXA4 that could be a promising therapeutic
target, we focused on annexin repeats and constructed 4
deletion mutants (R3, R2, R1 and R1[E70A]). Resistance
to platinum drugs was enhanced in cells transfected with
mutants possessing at least 1 intact annexin repeat. In
contrast, the sensitivity to platinum-based drugs improved
among the R1(E70A)-transfected clones because in those
cells, the calcium-binding site did not function properly
(Figs. 3C and 4C). This result implies that the ANXA4-
induced chemoresistance to platinum-based agents is
calcium dependent. It has been reported that cisplatin
induced increase of intracellular calcium concentration in
chemosensitive cells, but not in resistant cells [46, 50].

Together with this and the data by Chan et al., elevation
of intracellular calcium concentration induced by cisplatin
treatment may translocate Ca?* bound form of ANXA4
from cytosol to plasma membrane, which results in
platinum-resistance[32]. We are currently investigating
on further analysis.

By analysing the intracellular platinum
accumulation, we attempted to elucidate the mechanism
of the platinum resistance induced by ANXA4 and its
deletion mutants. When intracellular platinum contents
were quantitated just after exposure to cisplatin or 3 hr
incubation with cisplatin-free medium after exposure to
cisplatin, significantly less platinum accumulated in cells
transfected with the full-length ANXA4 (FL-22) and 3
deletion mutants (R3-6, R2-13 and R1-12), all of which
enhanced the resistance to the platinum-based drugs. In
contrast, R1(E70A)-transfected cells (R1[E70A]-95),
which did not induce chemoresistance, had the same
amount of platinum accumulation as the control cells
(Figs. 3D and 4D). These results suggest that the
resistance to the platinum-based drugs is mediated by the
decrease in intracellular platinum accumulation, which is
calcium dependent. The annexin repeats, especially their
calcium-binding sites, may be involved in inhibition of
the influx, promotion of the efflux or both of platinum
drugs. Recently, Cu transporters (CTR1 for the uptake and
ATP7A and ATP7B for the efflux) have been reported to
be involved in resistance to both cisplatin and carboplatin
[14, 44, 51]. In addition, ANXA4 likely enhance platinum
efflux through the interaction with ATP7A [44]. The
possible mechanisms of inhibition of the influx mediated
by ANXA4 remains unclear and further analyses are
needed.
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Fig.6: The increase of intracellular chloride
concentration is related to cisplatin resistance.
ANXA4 deletion mutant series cells (NC-14, FL-22, R1-12
and R1[E70A]-95) loaded with N-ethroxycarbonymethyl-6-
methoxyquinolinium bromide (MQAE) were exposed to 100 uM
cisplatin. The fluorescence pre-treatment and during treatment
(30 min exposure) was compared in each cell clone. Data are
presented as mean = SD (¥*p < 0.01).
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Subsequently, the question regarding the
involvement of calcium-binding site in the platinum
resistance arose. To answer this question, we measured
[CI'], after cisplatin exposure. The significant increase in
[CI']; was observed in the cells with platinum resistance,
FL-22 and R1-12, compared with cell clones without
platinum resistance, NC-14 and RI(E70A)-95. In a
previous study, higher [CI'], was observed in cisplatin-
resistant cells compared with sensitive cells, whereas the
intracellular cisplatin accumulation showed the opposite
pattern [47]. These results, in addition to the results of
decreased platinum accumulation in resistant mutants,
indicate that ANXA4 induces platinum resistance through
cellular drug efflux partly by elevating the intracellular
chloride concentration. We report ‘partly’ because

only cisplatin, not carboplatin, was tested in our [Cl'],
assay. Cisplatin becomes intracellularly activated by the
aquation of 1 or 2 of the 2 chloride coordination sites, but
carboplatin does not contain any chloride coordination
sites [1, 52-54]. Thus, this mechanism of resistance
through elevation of [CI"], may be specific to cisplatin and
may not be true of carboplatin resistance. In this study, 3
cell clones overexpressing a deletion mutant (R3-6, R2-
13, and R1-12) show stronger tolerance to cisplatin than
to carboplatin in terms of their IC,; a 1.7- to 2.2-fold
increase for cisplatin and only a 1.4- to 1.7-fold increase
for carboplatin (Fig. 3C). It is assumed that the increase
in [CI7], is one of the factors inducing cisplatin resistance.

In this study, the calcium-binding site in the
annexin repeat next to the N terminus was observed to
be responsible for the resistance to the platinum drugs.
Nevertheless, the role of the other 3 calcium-binding sites
has not yet been investigated. The roles of individual
calcium-binding sites were demonstrated using site-
directed mutagenesis by Nelson and Creutz regarding
calcium-dependent membrane binding and aggregation
[30]. The mutations in each domain had different effects
on the binding or aggregating activities, i.e. a mutation
in the first or fourth domain had a greater effect on
membrane binding. A mutation in the second domain
had a stronger effect on membrane aggregation, whereas
the mutation of the third domain was almost silent.
Although the mechanisms involved in membrane binding/
aggregation and the mechanisms of chemoresistance are
likely different, our data could provide some clues to
understanding the function of each annexin repeat and
each calcium-binding site in chemoresistance.

ANXA4 has been shown to induce resistance to
paclitaxel and platinum-based drugs [55]. The effect of
ANXA4 knockdown on paclitaxel sensitivity was assessed
in a previous study. The effect of sensitivity to paclitaxel
varied among different cell clones: ANXA4 knockdown in
the OVTOKO cell line with acidic isoelectric point (IEPs)
did not improve the sensitivity to paclitaxel, whereas
OVISE cell lines with basic IEPs showed improved
sensitivity to paclitaxel [43]. In our own preliminary data,

significant chemosensitisation to paclitaxel and etoposide
was confirmed in RMG-1 Y4 and R5 (data not shown).
Further studies are required to identify the detailed
mechanism.

In summary, in this study, we observed the annexin
repeat, especially its calcium binding site, was associated
with platinum-resistance induced by ANXA4, and it
happened in calcium-dependent manner. Our findings may
help to understand the mechanisms of platinum resistance
induced by other annexin family proteins, which possesses
the same annexin repeat structure, and offer new strategies
for the treatment of chemoresistant cancers.

METHODS

Cell lines and culture

The human ovarian serous adenocarcinoma cell line
(OVSAHO), human ovarian mucinous adenocarcinoma
cell line (MCAS), human ovarian clear cell carcinoma
cell lines (OVTOKO, OVISE and RMG-I) and human
gastric cancer cell line (NUGC3) were obtained from the
Japanese Collection of Research Bioresources (Osaka,
Japan). A2780 cells from the human ovarian serous
adenocarcinoma were obtained from the European
Collection of Animal Cell Culture (Salisbury, Scotland)
and OVCAR-3 cells from another human ovarian serous
adenocarcinoma were from American Type Culture
Collection (Manassas, VA). MCAS cells were maintained
in the DMEM medium and the others in the RPMI
medium, all supplemented with 10% foetal bovine serum
(FBS; Serum Source International, NC, USA) and 1%
penicillin—streptomycin (Nacalai Tesque, Kyoto, Japan)
at 37°C in a humidified atmosphere with 5% CO,. All the
cell lines were tested and authenticated.

Generation of ANXA4 knockdown cell lines

To generate stable ANXA4 knockdown cell
lines, RMG-I cells were transfected with a commercial
plasmid vector expressing short heparin RNA (shRNA)
that targeted ANXA4 mRNA or a negative control
nonspecific shRNA (SuperArray Bioscience Corp.,
KHO06928N; Frederick, MD, USA) using Lipofectamine
2000 (Invitrogen, Carlsbad, CA), according to the
manufacturer’s instructions. After selection using a culture
medium containing geneticin (600 pg/mL; Invitrogen),
stable clones were maintained in 250 pg/mL geneticin.
Two stable RMG-I-ANXA4 shRNA cell clones were
established, designated Y4 and R5 cells. In addition,
we transfected the empty vector into the RMG-I cell
line using the same procedure to generate control cells,
designated NC7.
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Construction of ANXA4 deletion mutants and
gene transfection

Using pcDNA3.1-ANXA4 as a template, full-
length ¢cDNA of ANXA4 was amplified using KOD-
plus (Toyobo Co. Led., Osaka, Japan) with the primers
forward 5'-TTGACCTAGAGTCATGGCCA-3',
reverse  5'-ATCATCTCCTCCACAGAGAA-3" and
subsequently ligated into the pcDNA3.1/V5-His-TOPO
vector in-frame with the C-terminal V5 and 6x His tag.
To generate ANXA4 deletion mutants, annexin repeat
domains were deleted one by one from the C-terminal
site. Three deletion mutants named R3, R2 and RI1
were generated and similarly amplified (an Arabic
number shows the number of annexin repeat domains).
The nucleotide sequences of the forward primers for
PCR were the same as those described above for all
the deletion mutants, and the reverse primers were as
follows: R3 5-TATAGCCAGCAGAGCATCTT-3,
R2 5-CAGAGACACCAGCACTCGCT-3' and R1
5'-CATCCCCACAATCACCTGCT-3'. We subsequently
set out to generate an R1 mutant (the E70A mutation),
whose calcium-binding site does not work because of
the change of a negatively charged carboxyl group to a
neutral side chain, as previously described [30]. The site-
directed mutagenesis was performed using the KOD-Plus-
Mutagenesis kit (Toyobo), according to the manufacturer’s
protocol. These cDNA fragments, including full-length
gene, were subsequently inserted between the Bg/ 1T and
EcoR 1 sites of the pIRES2AcGFP vector (Clontech,
Palo Alto, CA). The sequences of all the mutants were
confirmed using the ABI PRISM 3100 Genetic Analyser
(Applied Biosystems, Foster City, USA).

Full-length ANXA4, each ANXA4 deletion mutant
construct and the empty vector were transfected into
NUGCS3 cells using Lipofectamine 2000 (Invitrogen).
Stable transfectants designated FL-12, R3-6, R2-13, R1-
12, R1(R70A)-95 and NC-14 were obtained by selection
in a medium containing geneticin and were maintained in
the same manner described above.

Western blotting

Cells were lysed in RIPA buffer (10 mM Tris—HCl,
pH 7.5, 150 mM NaCl, 1% Nonidet P-40, 0.1% sodium
deoxycholate, 0.1% SDS, 1x phosphatase inhibitor
cocktail (Nacalai Tesque) and 1x protease inhibitor
cocktail (Nacalai Tesque)), followed by centrifugation
(13,200 rpm, 4°C, 15 min). Soluble proteins in the
supernatant were separated using sodium dodecyl
sulphate polyacrylamide gel electrophoresis, as described
previously [28]. Additional information can be found in
the Supporting Information on Material and Methods
section.

Measurement of ICsO values after treatment with
a platinum-based drug

Cells were suspended in the RPMI medium
supplemented with 10% FBS, seeded in 96-well plates
(1,500/well for the RMG-I series and 2,500 cells/well for
ANXA4 deletion mutant series), cultured for 24 h and
exposed to various concentrations of cisplatin (0-25 pM;
Sigma—Aldrich, St Louis, MO) or carboplatin (0-1000
uM; Sigma—Aldrich) for 72 h. Cellular proliferation
was subsequently evaluated using the WST-8 assay, i.e.
2-(2-methyosy-4-nitro-phenyl)-3-(4-nitropheny1)-5-(2,4-
disulfophynel)-2H-tetrazolium monosodium salt assay
(Cell Counting Kit-SF; Nacalai Tesque) after treatment.
The absorption of WST-8 was measured at a wavelength
of 450 nm (reference wavelength: 630 nm) using a Model
680 microplate reader (Bio-Rad Laboratories, Hercules,
CA). Absorbance values for the treated samples were
expressed as percentages relative to results for untreated
controls, and IC, values were calculated.
of

Measurement intracellular

accumulation

platinum

Full-length ANXA4-transfected cells (FL-22), each
ANXA4 deletion mutant-transfected cell clone (R3-6, R2-
13, R1-12 and R1[E70A]-95), and control cells (NC-14)
were cultured up to 80% confluence in 150-mm tissue
culture dishes. The cells were then exposed to 100 pM
cisplatin for 60 min at 37°C and washed twice with PBS
either immediately or after 3 hr of incubation in cisplatin-
free RPMI 1640 medium supplemented with 10% FBS.
Whole-cell extracts were prepared, and the concentration
of intracellular platinum was determined using an Agilent
7500ce inductively coupled plasma mass spectrometer
(ICP-MS; Agilent, Santa Clara, CA, USA).

In vivo model of cisplatin resistance

All animal experiments were conducted in
accordance with the Institutional Ethical Guidelines
for Animal Experimentation of the National Institute
of Biomedical Innovation (Osaka, Japan). Female
Institute of Cancer Research (ICR) nu/nu mice were
obtained from Charles River Japan (Yokohama, Japan).
Injection of the ANXA4 knockdown cells was performed
as follows: ICR nu/nu mice at 4 weeks of age were
subcutaneously inoculated (into the flank of the mice;
n = 6 per group) with 2.5 x 10° cells of RMG-I NC7
cells or RMG-I-Y4 cells in the total volume of 100 pL
of 1/1 (v/v) PBS/Matrigel (Becton Dickinson, Bedford,
MA). Injection of ANXA4 mutant-transfected cells, i.e.
mice at 5 weeks of age were inoculated with 10° cells of
NC-14, FL-22, R1-12 or RI(E70A) in the same manner
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as with the ANXA4 knockdown cells. Treatment with
cisplatin (3 mg/kg) or PBS ip. was initiated | week after
inoculation and administered twice weekly for 4 weeks
(ANXA4 knockdown cells) and once a week for 3 weeks
(ANXA4 mutant-transfected cells). Tumour volumes
were determined twice weekly by measuring length (L),
width (W) and depth (D) and using the following formula:
tumour volume (mm?’) = W x L x D.

[CI'], measurements

[CI'], was measured using the fluorescent CI
indicator N-ethroxycarbonymethyl-6-methoxyquinolinium
bromide (MQAE; Dojindo, Kumamoto, Japan). [CI'], is
detected by the mechanism of diffusion-limited collisional
quenching of MQAE fluorescence. MQAE fluorescence
intensity inversely correlates with [CI7].. The cells of the
ANXA4 deletion mutant series (NC-14, FL-22, R1-12
and R1[{E70A]-95) were cultured in 35-mm tissue culture
dishes up to 20% confluence and incubated with a medium
containing 10 mM MQAE for 4 h at 37°C. After loading,
the cells were washed 5 times with Cl™-free buffer and
electrically stimulated under a microscope at 37°C in
a humidified atmosphere with 5% CO,. Fluorescence
measurements were initiated immediately at the indicated
periods using Biozero BZ-9000 (Keyence, Tokyo, Japan)
at 510/40 nm excitation and 380/50 nm emission. The
fluorescence was quantitated by means of a standardised
procedure using a BZ-II Analyser (Keyence), and the
data were presented as the reciprocal of the ratio of
fluorescence data (FO/F30) to identify possible correlations
with the increase in [C17]..

1

Statistical analysis

All calculations involved one-way analysis of
variance (ANOVA) followed by Dunnett’s analysis to
evaluate the significance of differences. In all experiments,
p value of <0.05 was considered statistically significant.
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The EPH receptor A10 (EphA10) is up-regulated in breast cancer but is not normally expressed in healthy
tissue, thus it has been suggested that EphA10 may be a useful target for cancer therapy. This study
reports a diabody, an antibody derivative binding two different target molecules, EphA10 expressed in
tumor cells and CD3 expressed in T cells, which showed T cell dependent-cytotoxicity. The diabody,

Keywords: which has His-tagged and FLAG-tagged chains, was expressed in Escherichia coli and purified in both
Bi.SPECiﬁC antibody heterodimer (Db-1) and homodimer (Db-2) formulations by liquid chromatography. Flow cytometry
EDI‘)?:;‘(E)’ analysis using EphA10-expressing cells showed that binding activity of heterodimers was stronger than
D3 that of homodimers. Addition of diabodies to PBMC cultures resulted in T-cell mediated redirected lysis,

and the bioactivity was consistent with the stronger binding activity of heterodimeric diabody
formulations. Our results indicate that diabodies recognizing both EphA10 and CD3 could have a range
of potential applications in cancer therapy, such as breast cancers that express the EPH receptor A10,

Redirected T cell response

especially triple negative breast cancer.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

The EPH receptor A10 (EphA10) [1], known as an ephrin recep-
tor family protein, is known to be involved in cancer progression.
The roles of EphA10 in cancer have not yet been fully elucidated
121, although it has been shown to be a contributing factor in tumor
progression and invasion and has been associated with enhanced
‘tumorigenic properties and reduced survival times in breast carci-
noma. Its expression in normal human tissue seems to be confined
to the testis [ 1] and it is up-regulated in several cancers including
prostate cancer [3], ovarian cancer and breast cancer [4,5]. EphA10
transcripts are absent in normal prostate and breast cells but are
present in cancer cells of prostate and breast, respectively. Inter-
estingly, high levels of EphA10 are found in the context of triple

* Corresponding author at: Laboratory of Biopharmaceutical Research, National
Institute of Biomedical Innovation, 7-6-8 Saito-Asagi, Ibaraki, Osaka 567-0085,
Japan. Fax: +81 72 641 9817.
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0006-291X/® 2014 Elsevier Inc. All rights reserved.

negative breast cancers (TNBCs) [5]. Targeting EphA10 by blocking
EphA10-dependent activation of the MAPK pathway has resulted
in tumor growth inhibition in vivo. Therefore, EphA10 has emerged
as a promising target for antibody therapies, while the exact func-
tions and mechanism of action of EphA10 in normal physiology or
in pathological conditions remain to be determined.

Creating bispecific antibodies (BsAbs), which are capable of
simultaneous binding to two different targets, could overcome
many defects of monoclonal antibody therapies [G]. Such mole-
cules would be able to retarget not only a large variety of cancer
cells but other cell types as well, such as lymphocytes [7-8]. The
potential of this approach has been demonstrated by several stud-
ies and large amounts of heterogeneous BsAbs have been produced
using techniques of molecular biology. In particular, a diabody,
which is a kind of BsAb, is constructed from non-covalently associ-
ated bivalent molecules, created from scFvs by shortening the
polypeptide linker between the VH and VL domains [10-13]. These
antibody derivatives may be used as therapeutic drugs to treat can-
cer and blood coagulation diseases.
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Antibodies that react specifically with EphA10 could have diag-
nostic and therapeutic utility, particularly if they show functional
blocking activity. Towards this end, we previously created murine
1gG reactive with EphA10 {51 This anti-EphA10 antibody, in full
IgG format, showed anti-tumor activity against breast cancer
model mice, however, the effect of BsAb against EphA10-express-
ing cells was not clear. Here we describe the development of an
anti-EphA10 and CD3 BsAb in diabody format. The bivalent nature
of diabodies is advantageous for targeting and they provide a flex-
ible platform for development of targeted therapeutics. The anti-
EphA10 and CD3 diabody showed cytotoxicity in vitro against
EphA10-expressing cells.

2. Materials and methods
2.1. Cell lines and culture

Hybridoma 38.1 (mouse Hybridoma HB-231) and MDA-MB-435
(human breast cancer cell line HTB-129) cells were obtained from
American Type Culture Collection (ATCC, Rockville, MD) and
cultured under the recommended conditions. Human cells that
overexpressed EphA10, MDA-MB-435 (MDA-MB-4355P"10) \were
established in our laboratory. In brief, a lentiviral vector encoding
human EphA10 was transfected into MDA-MB-435 cells and stably
transfected cells were obtained by Blasticidin (Invitrogen) selec-
tion. A hybridoma producing anti-EphA10 IgG was established
from splenocytes of a human EphA10-immunized mouse by fusion
with a mouse myeloma line.

2.2. Cloning of variable (V) immunoglobulin domains

The genes of V light-chain (VL) and V heavy-chain (VH) domains
from each hybridoma were subcloned using 5'-Full RACE kits
(Takara Bio, Kyoto, Japan). The amplified DNA was directionally
subcloned into a plasmid vector using the TOPO TA cloning kit
(Invitrogen) and sequenced using a 3130xl Genetic Analyzer
(Applied Biosystems, Carlsbad, CA).

2.3. Vector construction

The vectors to express the bispecific antibody or single chain Fv
(scFv), respectively, were constructed as described previously [ 14].
The primer sequences are shown in Table 1. To construct the co-
expression vector, two additional restriction sites (Sacll, Spel) were
inserted into the pET20b vector (Invitrogen) and the new vector
was named pET20b (SS+). The E. coli TOP10 strain (Invitrogen)
was used to subclone target genes. To obtain a scFv A (EphA10-
VL-Linker-CD3-VH) and a scFv B (CD3-VL-Linker-EphA10-VH),
the corresponding VL and VH regions were cloned into separate

Table 1

vectors as templates for VL- and VH-specific PCR using the primer
pairs 5 Ncol-VL (hEphA10 or hCD3)/3’ VL (hEphA10 or hCD3)-
Linker and 5’ Linker-VH (hEphA10 and hCD3)/3’ VH (hCD3)-Noti
(scFv A) or 3 VH (hEphA10)-FLAG tag (DYKDDDDKA) Xhol (scFv
B), respectively. Overlapping complementary sequences were
introduced into the PCR products, which combined to form the
coding sequence of the 5-amino acid (G4S) Linker during the sub-
sequent fusion PCR. This amplification step was performed with
the primer pair 5 Ncol-VL (hEphA10 or hCD3)/3" VH (hCD3)-Notl
(scFv A) or 3' VH (hEphAT10)-FLAG tag Xhol (scFv B), and the result-
ing fusion product was cleaved with the restriction enzymes Ncol
and Notl (scFv A) or Xhol (scFv B), then cloned into the pET20b
(SS+) vector (scFv A) and pET20b vector (scFv B). Next, to construct
the bispecific antibody (diabody) expression vector, the previously
described scFv B vector was used as a template for scFv-specific
PCR with the primer pair 5" Sacll-pelB/3’ FLAG-tag-stop-Spel. The
PCR product was cleaved with the restriction enzymes Sacll and
Spel, then cloned into the pET20b (SS+) scFv A vector (pET20b
(SS+) diabody).

2.4, Expression and purification of the diabody

In order to express the bispecific diabody, plasmid pET20b (SS+)
diabody was transformed into E. coli BL21 (DE3) Star (Invitrogen).
Escherichia coli cells containing the recombinant plasmids were
inoculated into 3 ml of 2xYT medium containing 1 mg/ml ampicil-
lin. Overnight cultures were transferred to 300 m! of fresh medium
and were grown at 37 °C until they reached an Aggo = 0.8. Isopro-
pyl-p-p-thiogalactopyranoside (IPTG) was added to a final concen-
tration of 0.5 mM and the cultures were further grown overnight at
20°C. E. coli cells were collected by centrifugation (8000g for
20min at 4°C) and re-suspended in Osmotic Shock buffer
(20 mM Tris-HCl, pH 8.0, 0.5M sucrose, and EDTA added to
0.1 mM final). After 1 h incubation at 4 °C, the cells were shocked
by adding ice water and then centrifuged (8000g for 30 min at
4°C). The diabody-containing supernatant was brought to 60%
ammonium sulfate and stirred gently overnight. The diabody was
precipitated by centrifugation (8000g for 30 min at 4 °C). The pro-
tein pellet was resuspended in phosphate-buffered saline (PBS)
buffer and dialysed exhaustively against PBS at 4 °C.

After dialysis, the diabody was purified by immobilized metal
affinity chromatography (IMAC). The diabody was eluted using
150 mM imidazole/PBS (Db-1 Elution) and 300 mM imidazole/
PBS (Db-2 Elution) buffers. Each fraction was subjected to gel
filtration chromatography with a Superdex200 prep grade column
(GE Healthcare, Little Chalfont Bucks, UK) equilibrated in PBS. SDS~
PAGE and Western blot analysis with an anti-His or anti-FLAG tag
antibody were performed to detect and confirm the size and purity
of the diabody-containing fractions. Purified proteins were concen-
trated in PBS by ultrafiltration with a Centriprep® 30K or 50 K

Oligonucleotide sequences of PCR primers used for construction of diabody (EphA10/CD3) vector.

Primer

Nucleotide sequence (5'-3")

5’ Ncol-VL (hEphA10)

3’ VL (hEphA10)-Linker

5 Linker-VH (hEphA10)

3’ VH (hEphA10)-FLAG-Xhol
5" Ncol-VL (hCD3)

3’ VL (hCD3)-Linker

5' Linker-VH (hCD3))

3" VH (hCD3)-Notl

5" Sacll-pelB

3’ FLAG-tag-stop-Spel

NNNCCATGGCCAGTTTTGTGATGACCCAGACTCCC
CTGGCTACCACCACCACCAGCCCGTTTGATTTCCAGCTTGGT
GAAAGGTGGTGGTGGTAGCCAGGTTCTGCTGCAGCAGTCT

NNNCTCGAGTCATCAGGCCTTGTCATCGTCATCCTTGTAGTCTGAGGAGACGGTGACTGAGGTT

NNNCCATGGCCCAAATTGTTCTCACCCAGTCTCCAG
CTGGCTACCACCACCACCTTTCAGCTCCAGCTTGGTCCC
GCTGGTGGTGGTGGTAGCCAGGTCCAGCTGCAGCAGT

NNNGCGGCCGCTGAGGAGACGGTGACTGAGGTT
NNNCCGCGGATGAAATACCTGCTGCCGACCG
NNNACTAGTTCATCAGGCCTTGTCATCGTCATC

2 The restriction enzyme site is underlined.
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device (Millipore, Billerica, MA, USA), and protein concentrations
were estimated using a Coomassie Plus Protein Assay kit (Thermo
Fisher Scientific, Rockford, IL).

2.5. Flow cytometric analysis

MDA-MB-435 or MDA-MB-435EP0A10 (5 % 105 cells) were
suspended in Suspension buffer (2% FBS containing PBS) and incu-
bated with 20 pg diabody or 2 pg control 1gG (anti-EphA10, anti-
CD3) for 1h on ice, respectively. After washing with Suspension
buffer, the cells were incubated with Surelight P3 (614 nm excita-
tion and 662 nm emission) labeled antibodies against the His tag
(Columbia Biosciences, Frederick, MD) and Surelight P3 labeled
antibodies against the mouse IgG (Columbia Biosciences) for 1h
on ice. The cells were washed again and resuspended in 500 pL
Suspension buffer and flow cytometric analysis was performed
(FACScanto; BD Biosciences, San Jose, CA). All tests were carried
out in triplicate.

2.6. Cytotoxicity assays

Cytotoxicity assays were performed as described previously
with slight modifications [14]. In brief, MDA-MB-435EPRA10 ce]ls
and MDA-MB-435 parent cells as target cells (107 cells/well) were
added to 96-well plates with 10% FBS containing D-MEM at 37 °C
in a humidified atmosphere containing 5% CO,. After overnight

Diabody (EphA10/CD3) FLAG-His

Sacll G,4S Linker

culture, supernatants were removed and non-stimulated human
PBMC from healthy donors as effector cells were added to an
effector-to-target (E/T) ratio of 10 with each of the antibodies
(0.1-10 pg/mL), respectively. After 48h of incubation, lactate
dehydrogenase (LDH) released into the supernatant was measured
using a CytoTox 96® non-radioactive cytotoxicity assay (Promega,
Madison, WI). Percentages of specific lysis were calculated accord-
ing to the formula: % cytotoxicity = [(experimental release) —
(effector spontaneous release) — (target spontaneous release)]/
[(target maximum release) — (target spontaneous release)] x 100.
All tests were carried out in triplicate.

2.7. Statistical analysis

Differences in cytotoxicity assay results between the control
and target groups were compared using the unpaired Student's
t-test.

3. Result and discussion
3.1. Formulations of diabody binding to EphA10 and CD3

A BsAb was constructed using two different scFv fragments
(scFv A and scFv B) derived from the anti-EphA10 IgG and
anti-CD3 IgG. His-tagged and FLAG-tagged VL-VH chain (EphA10-
VL-Linker-CD3-VH; scFv A and CD3-VL-Linker- EphA10-VH; scFv

Spel G,S Linker

scFV B

Ndel  Ncol | Nol
scFV A

Fig. 1. Construction of the diabody-expressing vector.
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indicates the apparent molecular weight (25 kDa).
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Fig. 3. Binding activity of diabody against EphA10-transfected cells and the parent
cells (MDA-MD-435). The left panels (A, C) show the binding ability of the diabodies
(A) and of the full IgG (C) against parental cells (MDA-MB-435) and the right panels
(B, D) are against EphA10-transfeted cells. Binding activities were measured using
20 pg of each diabody sample. Cell-binding proteins were detected using SureLight
P3 conjugated anti-His tag or anti-mouse IgG mAb. Filled bars are vehicle control
(PBS).

B, respectively) were constructed (Fig. 1). The plasmid vector con-
struct was designed by adding an N-terminal signal peptide to
express BsAb in a soluble form and adding a C-terminal hexahisti-
dine (His x 6) tag or FLAG tag to allow purification by affinity chro-
matography on a Ni-Sepharose column. This plasmid vector was
transfected into BL21 (DE3) Star E. coli cells. Pooled supernatants
were purified by IMAC using two elution buffers, and fractions con-
taining the diabody further purified by gel-filtration chromatogra-
phy (Fig. 2A and B). SDS-PAGE under reducing conditions followed
by Western blot analysis showed only a single band indicating a
~25 kDa protein (Fig. 2C and D), consistent with the calculated

(A) .
50

Cytotoxicity [%]
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0 107 1 10 10
-) Db-1 EphA10
scFv

—
40
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20

10 ]

molecular mass of approximately 25 kDa for each scFv. Because
these two scFv chains are structured as homodimers, they would
be expected to show only low binding activity compared with
the heterodimeric form that can fully recognize the target mole-
cules. Therefore, the diabody formulation was checked by western
blot against both an anti-His and an anti-FLAG antibody (Fig. 2C
and D). These results showed that the diabody existed as heterodi-
mer in the condition of 150 mM imidazole elution, because the
amounts of His- and FLAG-tagged scFvs were similar (Fig. 20).
However, the fraction eluted by 300 mM imidazole was primarily
composed of homodimers, because the anti-His-tag staining was
much stronger than the anti-FLAG tag staining (Fig. 2D). Because
His-tagged homodimer antibodies would get trapped strongly by
a Ni-Sepharose column, two concentrations of imidazole were used
to elute the scFvs (Db-1: 150 mM imidazole/PBS, Db-2: 300 mM
imidazole/PBS). The heterodimers indeed were eluted at a lower
imidazole concentration than the homodimers.

3.2. Binding activity of diabody for human EphA10

Binding activities of these diabodies (Db-1 and Db-2) were
examined by flow cytometric analysis using the MDA-MB-435
parental cells, MDA-MB-435%""10 cells. Specific binding of EphA10
antigens to both Db-1 and Db-2 was observed (Fig. 3). Interest-
ingly, the binding activity of diabody Db-1 was stronger than that
of Db-2. These results indicated that the binding activity of the
homodimer was reduced because this formulation would have
mismatches between each VL and VH. Furthermore, the structural
difference between homodimers and heterodimers had a signifi-
cant effect on the binding activity.

3.3. Redirected target cell lysis of diabody with PBMC

The efficacy of T-cell mediated redirected lysis of MDA-
MB-4355P"10 calls and the parental cells following addition of
each diabody was examined using an LDH cytotoxicity assay.
Non-stimulated PBMC were used as effector cells at E/T ratios of
10, respectively. As shown in Fig. 4, the Db-1 and Db-2 diabodies
showed dose-dependent cytotoxic activity against MDA-MB-
435EPhA10 cells compared with the scFv constructs (anti-EphA10
scFV). Furthermore, the cytotoxic efficacy of Db-1 was higher than
that of Db-2 at low antibody concentrations, indicating that the
heterodimer would increase the cytotoxicity related to binding of
the antigen.

(B)
PZZAMDA-MB-435
I 1D A-MB-435EpnA10

-]

0 101 1 10 10 [ug/mi]
) Db-2 EphA10
scFv

Fig. 4. In vitro cytotoxicity of diabody formulations (Db-1 and Db-2) against MDA-MB-4355P"10 and parental cells. The left panels are heterodimeric diabody, Db-1 (A) and
the right panels are homodimeric diabody, Db-2 (B). MDA-MB-435 parental cells (slashed column) and MDA-MB-4355P"1° (black column) celis were co-cultured respectively
with human PBMC at E/T ratios of 10. Each point represents the mean of triplicate determinations; error bars represent the standard deviations of triplicate determinations.
Asterisks label readings that were statistically significant (unpaired Student’s t-test) from MDA-MB-435 and MDA-MB-435EPPA10 (*p < 0,05),
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The results of this study demonstrate that heterodimeric
diabodies can show potent binding activity and specificity against
cells that express the target antigen. Purified heterodimeric dia-
body formulations would lead to higher activity because of their
increased affinity against two antigens, compared to homodimers
or mixtures of homodimers plus heterodimers. Therefore, it is
necessary to optimize purification protocols using HPLC etc. How-
ever, diabody formulations consisting of two chains of VL and VH
could in principle form several types of mixed species. Thus, the
protocols for bispecific antibodies should be optimized to produce
a formulation containing a single species, e.g. by using linkers to
produce a single chain diabody or tandem scFV. This should
improve and standardize the desired binding functions of the
BsAbs. The construction of such modified antibodies, e.g. scDb
and faFV, shows great potential for the development of novel ther-
apeutic drugs. '
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We recently identified Eph receptor A10 (EphA10) as a novel breast cancer-specific protein. Moreover, we
also showed that an in-house developed anti-EphA10 monoclonal antibody (mAb) significantly inhibited
proliferation of breast cancer cells, suggesting EphA10 as a promising target for breast cancer therapy.
However, the only other known report for EphA10 was its expression in the testis at the mRNA level.
Therefore, the potency of EphA10 as a drug target against cancers other than the breast is not known.
The expression of EphA10 in a wide variety of cancer cells was studied and the potential of EphA10 as
a drug target was evaluated. Screening of EphA10 mRNA expression showed that EphA10 was overex-
pressed in breast cancer cell lines as well as in prostate and colon cancer cell lines. Thus, we focused
on prostate cancers in which EphA10 expression was equivalent to that in breast cancers. As a result,
EphA10 expression was clearly shown in clinical prostate tumor tissues as well as in cell lines at the
mRNA and protein levels. In order to evaluate the potential of EphA10 as a drug target, we analyzed com-
plement-dependent cytotoxicity effects of anti-EphA10 mAb and found that significant cytotoxicity was
mediated by the expression of EphA10. Therefore, the idea was conceived that the overexpression of
EphA10 in prostate cancers might have a potential as a target for prostate cancer therapy, and formed
the basis for the studies reported here.
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Antibody drug
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1. Introduction

The development of antibody engineering has enabled a mono-
clonal antibody (mADb) to become a safe and effective drug for
refractory diseases, such as cancer. Today, more than 30 kinds of
antibody drugs are approved all over the world. Continued growth
in the market is expected in the future [1}. However, the cases to
which antibody drugs are applied are limited. Therefore, the devel-
opment of new antibody drugs is especially needed in the cases
without effective treatments, such as a triple negative breast can-
cer, a castration-resistant prostate cancer, as well as pancreatic
cancers or malignant mesotheliomas.

Abbreviations: EphA10, Eph receptor A10; mAb, monoclonal antibody; TMA,
tissue microarray; HMEC, human mammary epithelial cell; PrEC, prostate epithelial
cell; cDNA, complimentary DNA; FCS, fetal calf serum; PBS, phosphate buffered
saline; ITHC, immunohistochemistry; CDC, complement-dependent cytotoxicity.

* Corresponding author. Fax: +81 72 641 9817.

E-mail address: tsunoda@nibio.go.jp (S.-i. Tsunoda).
hittprf/dx.doiorg/10.1016/i.bbrc.2014.06.007
0006-291X/© 2014 Elsevier Inc. All rights reserved.

Several Eph receptor family members such as EphA2 or EphB4
are highly expressed in various tumor cell types found in refractory
cancers [2], and with expressions associated with tumorigenesis
[3.4], proliferation [5,G], vasculogenesis {7,8] and metastasis
19.10]. Therefore, there is a current focus on the development of
therapies targeted on Eph members [11}]. In this context, MedIm-
mune LLC is developing an antibody-drug conjugate against EphA2
which inhibits tumor growth in vitro and in vivo {12,13]. It has been
tested in phase I to investigate the safety profile and maximum tol-
erated dose. However, the most recent report announced the trial
was stopped halfway due to adverse events such as bleeding and
liver disorders | 14]. Some databases such as MOPED or PaxDb have
reported that EphA2 is highly expressed in platelets and liver tis-
sues. Therefore, the target protein needs to display specific expres-
sion in cancer tissues. However, EphA10 which we identified as a
novel breast cancer-related protein is hardly expressed in normal
human tissues [15] [16]. Furthermore, we also showed that an
in-house developed anti-EphA10 mAD inhibited breast cancer cell
proliferation at both in vitro and in vivo levels [ 16]. These findings
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suggest that EphA10 is a promising target for breast cancer ther-
apy. However, the only other known report was that EphA10 is
expressed in the testis at the mRNA level [17]. Therefore, the
potency of EphA10 as a drug target against cancers other than
the breast has not been tested. Here, we report EphA10 expression
in various kinds of cancer cells and the potential of EphA10 as a
target in other cancer therapies.

2. Material and methods
2.1. Cell lines

The following cancer cell lines were purchased from the
American Type Culture Collection (Manassas, VA): HCC70,
MDA-MB-157, HCC1599, MDA-MB468, DU4475, 22Rv1, VCaP,
colo201, SW620, HCT116, BxPC3, Panc1, AsPC1, H2452, H2052,
H28 and Jurkat. The following cancer cell lines were purchased
from the Japanese Collection of Research Bioresources Cell Bank
(Osaka, Japan): RERF-LC-KJ, RERF-LC-MS, MKN1, MKN45, NECS,
NEC14, A2058, G318, Mewo and K562. PC3 and LNCaP were pur-
chased from the Riken Bioresource Center Cell Bank (Ibaraki,
Japan). Normal Human Prostate Epithelial Cells (PrEC) and
Normal Human Mammary Epithelial Cells were purchased from
Lonza (Basel, Switzerland). All cells were cultured at 37°C in a
humidified atmosphere of 5% CO, according to the provider’s
protocol.

2.2. Real-time PCR

Complementary DNAs (cDNAs) derived from human prostate
tumors were purchased from OriGene Technologies (Rockville,
MD). The PCR mixture included cDNA template, TagMan Gene
Expression Master Mix and TagMan probe (EphA10:
Hs01017018_m1 or actin-beta: Hs99999903_m1) (Life Technolo-
gies, Carlsbad, CA) and the reaction was performed according to
the manufacturer’s instructions. The threshold cycles were deter-
mined using the default settings. EphA10 mRNA expression levels
were normalized against actin-beta.

K. Nagano et al./Biochemical and Biophysical Research Communications 450 (2014) 545-549

2.3. Cell immunofluorescent staining

PrEC, PC3 and VCaP cells were seeded at 1 x 10* cells/well in
Lab-Tek™ 8-well chamber slides (Thermo Fisher Scientific Inc.,
Waltham, MA). After 24 h, cells were washed twice with PBS, and
then fixed with PBS containing 4% paraformaldehyde, pH 8.0 for
10 min. After washing with PBS, fixation was quenched with PBS
containing 0.1 M glycine, pH 7.4 for 15 min. Fixed cells were
blocked with PBS containing 5% FCS (blocking solution), pH 7.4
for 30 min, and then treated with the anti-EphA10 monoclonal pri-
mary antibody and isotype control antibody at 10 pg/ml in block-
ing solution for 1 h. Donkey anti-mouse IgG conjugated with Alexa
Flour 488 (Life Technologies, Carlsbad, CA) was used as the second
antibody at 2 pg/ml in the blocking solution for 1h in the dark.
Slides were mounted using a vectashield mounting medium for
fluorescence with DAPI (Vector Laboratories Inc., Burlingame, CA)
and analyzed with a Leica TCS SP2 confocal laser scanning micro-
scope (Leica Microsystems GmbH, Wetzlar, Germany). Images
were further processed using the Adobe Photoshop software.

2.4. Immunohistochemical (IHC) staining

TMAs with prostate tumor and normal prostate tissues (US
Biomax, Rockville, MD) were deparaffinized in xylene and rehy-
drated in a graded series of ethanol. Heat-induced epitope retrieval
was performed by maintaining the Target Retrieval Solution (Dako,
Glostup, Denmark) by following the manufacturer’s instructions.
After treatment, endogenous peroxidase was blocked with 0.3%.
The TMA slides were incubated with rabbit anti-human EphA10
polyclonal antibody (Abgent Inc., San Diego, CA) for 30 min and
then with ENVISION+ Dual Link (Dako, Glostup, Denmark) for
30 min. The reaction products were rinsed three times with
0.05% Tween20/Tris buffer saline and then developed in liquid
3,3’-diaminobenzidine for 3 min. After development, sections were
lightly counterstained with Mayer's hematoxylin. All procedures
were performed using an AutoStainer (Dako, Glostup, Denmark).
Study samples were divided into high and low expression groups
based on the two criteria of distribution and quantity. In terms of
distribution, the percentage of positive cells across all tumor cells
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Fig. 1. Screening of EphA10 expression profile in various kinds of cancer cell lines. EphA10 expression in various kinds of cancer cells were screened by quantitative real time
PCR. EphA10 expression level in each cell was normalized by actin-beta expression level and described as a ratio against EphA10 expression level in HMEC, normal human

mammary epithelial primary cells. n =3 in each group. Error bars represent the SD.
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Fig. 2. EphA10 expression analysis in prostate cancer cell lines and clinical prostate cancer tissues at mRNA and protein level. (A) EphA10 mRNA expression level in prostate
cancer cell lines (PC3, DU145, 22Rv1, LNCaP and VCaP) was quantified by real time PCR. It was normalized by actin-beta expression level and described as a ratio against
EphA10 expression level in PrEC, normal human prostate epithelial primary cells. n = 3 in each group. Error bars represent the SD. (B) EphA10 protein expression in prostate
cancer cell lines was analyzed by cell immunofluorescent staining. PrEC, PC3 (EphA10-mRNA low expressing cells) and VCaP (EphA10 mRNA high-expressing cells) were
treated with anti-EphA10 mAD or the isotype control mADb (20 pg/ml), and then with Alexa Flour 488 conjugated anti-mouse IgG antibody. EphA10 protein expression was
detected by confocal microscopy. Blue and green signals relate to DAPI and EphA10, respectively. {C) EphA10 mRNA expression levels in clinical prostate cancer tissues (39
cases) and the normal prostate tissues (9 cases) were quantified in the same method with (A). N.D. means not detectable. (D) TMAs with clinical prostate cancer tissues (39
cases) and the normal tissues (10 cases) were stained using anti-EphA10 mAb. Representative images of normal breast tissue (positive ratio: 0%), EphA10 negative cancer

tissue, and EphA10 positive cancer tissues {positive ratio: 36%) are shown. Scale bar: 200 pm.

was scored as 0 (0%), 1 (1-50%), and 2 (51-100%). In terms of quan- serum as complement were added and incubated for 24h.
tity, the signal intensity was scored as 0 (no signal), 1 (weak), 2 Cytotoxicity was evaluated using the WST-8 assay.

(moderate) or 3 (marked). Cases with a total score of more than

3 were classified into the high expression group. 3. Results and discussion

2.5. Complement-dependent cytotoxicity (CDC) assay 3.1. EphA10 mRNA was overexpressed not only in breast cancer cell
lines but also in prostate and colon cancer cell lines
VCaP cells were seeded at 2 x 10% cellsjwell in a 96 well cell
culture plate (Thermo Fisher Scientific Inc.,, Waltham, MA) and In order to screen the types of cancer in which EphA10 is
cultured overnight. After removing the medium, antibodies (anti- expressed, EphA10 mRNA expression was analyzed not only in
EphA10 antibody or the isotype control antibody) and mouse breast cancer cells in which we had already shown EphA10
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expression, but also in cell lines of colon cancer, gastric cancer, leu-
kemia, lung cancer, melanoma, mesothelioma, pancreas cancer,
prostate cancer and testicular germ cell tumors by real time PCR.
EphA10 mRNA was expressed by normalizing the actin-beta
expression level and represented as the ratio against normal
human mammary epithelial primary cells (HMEC). Quantitative
analysis demonstrated that EphA10 was expressed not only in
breast cancer cells (HCC1599: 103x, MDA-MB468: 141x,
DU4475: 181x), but also in prostate cancer cells (22Rv1: 142x,
LNCaP: 194x) and colon cancer cells (HCT116: 107x) by more than
100 fold over human mammary epithelial primary cells (HMECs).
EphA10 mRNA expression level in breast cancer cell lines was
equivalent to that in prostate cancer cell lines (Fig. 1). These data
suggested that EphA10 could also be associated with prostate can-
cers. Therefore, we next focused on prostate cancers and analyzed
in more detail the expression of EphA10 at the mRNA and protein
levels in cancer cell lines and clinical tissues.

3.2. EphA10 was overexpressed in prostate cancer cell lines and clinical
prostate tumor tissues at mRNA and protein level

In order to examine EphA10 expression in prostate cancers,
EphA10 expression at the mRNA and protein levels was evaluated
in five prostate cancer cell lines (22Rv1, DU145, LNCaP, PC3 and
VCaP) and normal human prostate epithelial primary cells (PrECs).
Fig. 2(A) shows EphA10 was highly expressed in all cancer cell lines
compared to the normal cells. Furthermore, we also analyzed
EphA10 expression at the protein level in these cells. Immunofluo-
rescent staining showed that EphA10 expression could not be
detected in both PrEC and PC3 (EphA10 mRNA low-expressing
cells). On the other hand, EphA10 protein expression was only
observed in anti-EphA10 antibody-treated VCaP cells (EphA10
mRNA high-expressing cells), but not in the isotype control anti-
body-treated VCaP cells (Fig. 2(B)). These data are consistent with
the pattern of EphA10 mRNA expression, further demonstrating
that EphA10 was overexpressed in prostate cancer cell lines com-
pared to the normal cells.

In order to pursue the overexpression of EphA10 in prostate
cancers, we next analyzed EphA10 expression in clinical prostate
cancer tissues and in normal prostate tissues. EphA10 expression
at the mRNA level was first evaluated using ¢cDNA derived from
clinical prostate tumor tissues and the normal prostate tissues. A
real time PCR analysis showed that EphA10 mRNA could not be
amplified in all 9 normal prostate cases and 27 prostate tumor
cases. In contrast, EphA10 expression was observed in 12 prostate
tumor cases (approximately 31% in total cases) (Fig. 2(C)). Further-
more, we analyzed the EphA10 protein expression by IHC-staining
TMA with clinical prostate cancer tissues and the normal tissues.
TMA data showed that EphA10 expression was observed in 14
prostate cancer cases (approximately 36% in total cases), but not
in 10 normal prostate tissues and in 25 prostate cancer cases.
These data suggested that EphA10 was definitely overexpressed
in prostate cancer cell lines as well as in clinical prostate tumor
tissues.

We previously showed that EphA10 expression was positively
associated with stage progression and lymph node metastasis in
clinical breast cancers [18]. Thus, in order to evaluate the role of
EphA10 overexpression in prostate cancers, we tried to analyze
the relationship between EphA10 expression in clinical prostate
cancer tissues and the clinical information such as the size and
spread of primary tumor (pT), regional lymph node metastasis
(pN), the distant metastasis (pM), and the cancer progression
(pStage). Statistical analysis showed that EphA10 expression was
not significantly associated with all of the above factors
(Supplementary Table S1). It was reported that some Eph receptor
members were overexpressed in various kinds of cancers such as

breast and prostate [2], and activated by hetero-dimerizing
between Eph receptors [19,20]. Therefore, in addition to focusing
only on EphA10, analysis of other Eph receptors are needed in
order to reveal the role of EphA10 in prostate cancers.

3.3. Anti-EphA10 mAb significantly caused complement-dependent
cytotoxicity (CDC) activity dependent on EphA10 expression

In order to evaluate the potential of EphA10 as a target for pros-
tate cancer therapy, we analyzed CDC effects of anti-EphA10 mAb
on VCaP cells in which EphA10 was highly expressed. We added
anti-EphA10 mAb and mouse serum as complements into VCaP
cells and evaluated cytotoxicity on the next day. Fig. 3 shows that
cytotoxicity in VCaP was observed only in the co-culture group of
anti-EphA10 mAb and mouse serum, but not in the co-culture
group of isotype control mAb and mouse serum as well as in
mAb alone group. The data indicated that the cytotoxicity of
anti-EphA10 mAb was dependent on EphA10 expression, and sug-
gested that EphA10 targeted therapy might be effective in EphA10
positive prostate cancer cases.

Since molecular targeted drugs such as antibody drugs show
therapeutic effects related to affinity and specificity for each anti-
gen, it is important that the target protein display enriched expres-
sion in cancer tissues. In this respect, we previously reported that
EphA10 expression was not observed in almost all normal human
organs, except for testis [16]. In order to develop anti-EphA10 mAb
therapy and apply it to male patients, EphA10 function in the testis
should be analyzed and consider the effects of anti-EphA10 mAb
on dysfunction of the testis. On the other hand, many prostate can-
cer patients are surgically or medically castrated with the purpose
of reducing the amount of androgens which promote the growth of
prostate cancer cells. However, almost all of the patients have a
recurrence which is known as castration-resistant prostate cancer
(CRPC). CRPCs are a bottleneck for prostate cancer therapy, because
CRPCs have no effective treatment and poor prognosis. Clinical tri-
als of antibody drugs (such as anti-CTLA4 mAb or anti-PD1 mAb)
against CRPCs are currently in progress. However the therapeutic
effects have been insufficient [21], emphasizing that a novel drug
target is urgently needed. In this respect, EphA10 might be a
promising target at least for CRPC patients, although further basic
experiments are needed such as EphA10 expression analysis in
CRPC cases.
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Fig. 3. Complement-dependent cytotoxicity (CDC) effects of anti-EphA10 mAb on
VCaP cells. Anti-EphA10 mAb or the isotype control mAb (80 and 400 ng/ml) with/
without mouse serum as complements were added to VCaP cells. After 24 h
incubation, CDC effects were assessed by WST-8 assay. **p <0.01 vs the isotype
control mAb with mouse serum. n =3 in each group. Error bars represent the SD.
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In conclusion, we showed that EphA10 was overexpressed in
prostate cancers and suggest that EphA10 is a potential target for
prostate cancer therapy.
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