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EphrinA5-EphA7 Complex Induces Apoptotic Cell

Death Via TNFR1

Haeryung Lee, Eunjeong Park, Yujin Kim, and Soochul Park*

A previous study showed that the EphA7 receptor regu-
lates apoptotic cell death during early brain development.
In this study, we provide evidence that the EphA7 receptor
interacts with death receptors such as tumor necrosis
factor receptor 1 (TNFR1) to decrease cell viability. We
showed that ephrinA5 stimulates EphA7 to activate the
TNFR1-mediated apoptotic signaling pathway. In addition,
a pull-down assay using biotinylated ephrinA5-Fc revealed
that ephrinA5-EphA7 complexes recruit TNFR1 to form a
multi-protein complex. Immunocytochemical staining ana-
lysis showed that EphA7 was co-localized with TNFR1 on
the cell surface when cells were incubated with ephrinA5
at low temperatures. Finally, both the internalization motif
and death domain of TNFR1 was important for interacting
with an intracytoplasmic region of EphA7; this interaction

was essential for inducing the apoptotic signaling cascade.

This result suggests that a distinct multi-protein complex
comprising ephrinA5, EphA7, and TNFR1 may constitute a
platform for inducing caspase-dependent apoptotic cell
death.

INTRODUCTION

Early elimination of neural stem cells is significantly high during
early brain development and has been implicated in determin-
ing the appropriate size of the neural progenitor population (de
la Rosa and de Pablo, 2000; Kuan et al., 2000; Yeo and Gau-
tier, 2004). Interestingly, evidence suggests that EphA7 or other
Eph receptors may be key regulators of the apoptosis of prolif-
erating neural progenitors (Depaepe et al., 2005). A recent
study also indicated that a small portion of neuroepithelial cells
display apoptotic cell death in the brain region where EphA7
and ephrinA5 are co-expressed (Park et al., 2013). In this re-
gion, a highly possible scenario is that EphAs cluster with
neighboring ephrinAs via cell-cell contact, thereby increasing
region-specific apoptosis. However, it remains to be determined
how EphA-ephrinA signaling is biochemically linked to the cas-
pase signaling cascade in inducing region-specific apoptosis.
Cell death receptors are a subset of the tumor necrosis factor
receptor (TNFR) superfamily that harbors a death domain (DD)
in their intracytoplasmic regions (Locksley et al., 2001; Wajant

et al., 2003). This DD enables recruitment of additional proteins
and the consequent assembly of a multi-protein complex plat-
form, which permits the activation of caspases and leads to cell
disassembly and death (Schutze and Schneider-Brachert,
2009; Schutze et al., 2008). When stimulated by appropriate
ligands, death receptors recruit various adaptor molecules,
depending on their receptor types. For example, TNFR1 initially
recruits the adaptor molecule TRADD, which in turn recruits
other proteins such as RIP1, TRAF2, and clAP1/2 to form TNFR1
complex | (Hsu et al., 1996a; 1996b). This membrane-asso-
ciated complex is shown to activate the nuclear factor-xB sig-
naling pathway, which is critical for cell survival (Lee et al.,
1997). However, when the alternative TNFR1 complex Il is
formed following receptor internalization, TRADD enables the
recruitment of FADD and procaspase-8 to form TNFR1 com-
plex Il, which in turn initiates the caspase-dependent apoptotic
signaling pathway (Schneider-Brachert et al., 2004). Like apop-
tosis, necroptosis, programmed necrosis, involves the forma-
tion of multi-protein complexes that initiate signaling pathways,
ultimately resulting in cellular demise. Since cell death receptor
protein complexes play crucial roles in cell death and survival, it
is essential to examine these protein complexes to understand
how cell death versus cell survival is regulated.

In this report, we found that TNFR1 activation might be trig-
gered by the formation of the EphA7-ephrinA5 complex and
that this distinct multi-protein complex induces caspase apop-
totic cell death. We propose that this result may underlie the
possible mechanism by which Eph-ephrin signaling regulates
apoptotic cell death in neural stem cells.

MATERIALS AND METHODS

Expression constructs

Murine EphA7 (GenBank accession no. BC026153) and TNFR1
(GenBank accession no. BC004599) cDNAs were obtained
from Thermo Scientific (USA). To construct EphA7-T1 contain-
ing 11 unique amino acids (aa) (SLVTME-HLSVL) at their car-
boxyl-termini instead of a region corresponding to aa 611-994
of full-length EphA7 (aa 611-994), a 275-bp polymerase chain
reaction (PCR) product was amplified using a forward primer
matching nucleotides (nt) 1600-1626 (5'-GCCACACTTGAG
GAAGCTTCAGGTAAA-3) of EphA7 cDNA with a reverse pri-
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mer matching nt 1775-1798 (5'-GGCCAAGCTTCTCGAGTTAT
AAAACTGACAGATGCTCATTTGTTACTAAAGAATGAAAGT
AGAGTTCTTCATCCC-3'). The underlined nucleotides repre-
sent the sequence matching the specific nt number. Next, the
275-bp PCR product was digested with Hindlll and subcloned
into the corresponding region of full-length EphA7 cDNA. To
construct TNFR1-ADD (with a deletion of aa 353-454 of mouse
TNFR1), a 311-bp PCR product using primers matching nt 749-
785 (5'-GGGATCCCGTGCCTGTCAAAGAGGAGAAGGCTG
GAA-3') and nt 1039-1060 (5'-CATTGTCAGGACGTTGCG
GGTG-3') of TNFR1 cDNA, as well as a 504-bp PCR product
using primers matching nt 1048-1060, 1363-1383 (5'-CGTCCT
GACAATGTAAAGCCACACCCACAACCTT-3), and 1835-1855
(5-CATTTTTAGA CGTTTAGTGT-3) of TNFR1 cDNA. The
resulting partially complementary PCR fragments were an-
nealed and used as templates in another PCR performed with
primers matching nt 749-785 and 1835-1855 of TNFR1 cDNA.
Next, the 815-bp PCR product was digested with BamHI/Notl
and subcloned into the corresponding region of full-length
TNFR1 cDNA. The same procedures were used to generate
TNFR1-AXXA (with substitution of tyrosine to alanine (Y237A)
and tryptophan to alanine (W240A); we amplified a 642-bp
PCR product using primers matching nt 81-113 (5'-CACTGGA
CTAGTCCCTTCT CTTGGTGACCGGGA-3') and 691-723 (5'-
CCTGGCTCGAGGTGCTCGGCACATTAAACTGAT-3) of TNFR1
cDNA, as well as a 513-bp PCR product using primers match-
ing nt 703-735 (5'-TGCCGAGCACCTCGAGCCAGGCCCGA
AGTCTAC-3') and 1184-1216 (5-CTTCCAGCATGCTGTAC
TGAGCCTCGCGCAGGC-3) of the TNFR1 cDNA. The result-
ing two partially complementary PCR fragments were annealed
and used as templates in another PCR performed with primers
matching nt 81-113 and 1184-1216 of TNFR1 cDNA. Next, the
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1155-bp PCR product was digested with Spel/Sphl and sub-
cloned into the corresponding region of full-length TNFR1
cDNA.

Cell culture, transfection, and cell viability assay

HEK293 cells were cultured as described previously (Gu et al.,
2005). Transient transfection procedures were performed using
Metafectin (Biontax) according to the manufacturer's instruc-
tions. For the cell viability assay, cells (1.0 x 10°) were seeded
in 24-well plates and transfected with total 1 ng plasmid DNA.
After 30 hr, cells were briefly washed with phosphate-buffered
saline (PBS) and treated with a solution of XTT-PMS (0.3
mg/ml, Sigma-Aldrich) for 8 h at 37°C. The absorbance at 450
nm was measured by spectrofluorometry. The absorbance at
600 nm was also measured as background.

Immunoprecipitation and Western blot

Precipitation and Western blotting were performed essentially
as described previously (Shin et al., 2007). Briefly, cells were
grown to 70% confluence on 10-cm dishes and transiently
transfected with 6 pg plasmid DNA. Fourteen hours post-
transfection, cells were incubated with biotinylated ephrinA5-Fc
(R&D Systems) for 1 h at 4°C. Labeled cells were lysed with
PLC lysis buffer as previously described and bound to strepta-
vidin-agarose beads (Thermo Scientific). Bound material was
eluted by boiling the beads and resolved by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).

Immunocytochemical staining

For immunocytochemical staining, cells were plated at a den-
sity of 1.0 x 10° cells per 35-mm dish and transiently trans-
fected. Fourteen hours post-transfection, cells were incubated

Fig. 1. Screening of death receptors interact-

TNFR1

TNFR1 + EphA7

ing with EphA7 using cell viability assay. (A)
The indicated death receptor expression
constructs were co-transfected with EphA7
expression vector into HEK293 cells; at 30 h
post-transfection, dead cells were briefly
* washed away with culture medium before
attached cells were photographed as DIC
images. Staurosporine (2 uM) was used as a
positive control for inducing apoptotic cell
death. (B, C) Transfected cells were sub-
jected to an XTT assay, which measures
absorbance at 450 nm to detect cell viability.
Data represent the means + standard error
(SE). *p < 0.001.
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Fig. 2. The activated EphA7 receptor interacts with TNFR1 to enhance apoptotic signaling. (A) HEK 293 cells were transfected as described in
Fig. 1; at 14 h post-transfection, cells were treated with Fc or ephrinA5-Fc for 1 h at 37°C. For clustered ephrinA5-Fc, ephrinA5-Fc (1 pg) was
incubated with goat anti-human IgG antibody for 30 min on ice. The cells were washed, fixed, and subjected to immunocytochemical staining
using anti-cleaved caspase-3 antibody to detect apoptotic cells (red). Nuclear staining was performed using DAPI (blue). (B) Apoptotic cells in
each microscopic field (x 200) were counted; cell counting was repeated for five different fields per dish for quantification. Z-VAD was used as
a caspase inhibitor. u, unclustered; c, clustered. Data were obtained from three independent experiments and shown as the means + SE. *p <

0.001.

with Fc or eA5-Fc on ice (Noh and Park, 2010; Yoo et al., 2012).

Cells were washed twice with PBS, fixed with 4% paraformal-
dehyde-2% sucrose in PBS on ice for 30 min, rinsed with PBS,
and blocked for 30 min at room temperature with 3% bovine
serum albumin, 5% horse serum, and 0.1% Triton X-100 in
PBS. For apoptotic cell staining, rabbit anti-cleaved caspase-3
antibody (1:750, Cell Signaling) was applied for overnight at
4°C and visualized by fluorescein isothiocyanate (FITC)-con-
jugated goat anti-rabbit IgG. The data were quantified by count-
ing the number of cells labeled with antibody in five random
microscopic fields (x 200); three independent experiments were
performed. For the co-localization study of EphA7 and TNFR1,
cells were incubated with eA5-Fc on ice and shifted to a 37°C
incubator for the indicated time. Cells were processed for im-
munofluorescence staining as described above. EphA7 was
detected by staining of bound ephrinA5-Fc with rhodamine-
conjugated goat anti-human IgG, whereas TNFR1 was de-
tected using FITC-conjugated anti-goat IgG.

Antibodies

Anti-cleaved caspase-3 antibodies were purchased from Cell
Signaling. Anti-EphA7 and anti-TNFR1 antibodies were pur-
chased from Santa Cruz Biotechnology. Rhodamine-conjuga-
ted goat anti-human IgG, FITC-conjugated anti-rabbit IgG, and
FITC-conjugated anti-goat IgG antibodies were purchased from
Invitrogen. Horseradish peroxidase-conjugated anti-rat IgG and
anti-goat IgG antibodies were acquired from Zymed.

RESULTS
Identification of cell death receptors interacting with the

EphA7 receptor
Since the EphA7 receptor was shown to induce apoptotic cell
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death during early brain development (Depaepe et al., 2005;
Park et al., 2013), we postulated that it might interact with cell
death receptors to trigger the extrinsic apoptotic signaling path-
way. For this purpose, various cell death receptors were co-
expressed with EphA7 in HEK293 cells. After a 48-h culture,
cells were examined under microscopy (Fig. 1A) or subjected to
a cell viability assay (Fig. 1B). Interestingly, cell viability was
significantly reduced in cells expressing EphA7 together with
TNFR1 or DR5 (Fig. 1A, third and fourth panels; Fig. 1B, lanes
4-7). However, a similar effect was barely observed in cells co-
expressing EphA7 and Fas (Fig. 1A, second panel; Fig. 1B,
lanes 3 and 4). In addition, when EphA8 was co-expressed with
cell death receptors in HEK293 cells, only DR5 was significantly
effective in decreasing cell viability together with EphA8 (Fig.
1C, lanes 6 and 7). These results suggest that each mem-ber
of the Eph receptor subfamily may interact with different types
of cell death receptors to control the extrinsic cell death pro-
gram.

EphrinA5 stimulates EphA7 to activate the TNFR1-
mediated apoptotic signaling pathway

To determine whether TNFR1 is activated by EphA7 upon eph-
rinA5 binding, co-transfected cells were treated with ephrinA5-
Fc for 30 min and subjected to immunostaining with anti-
cleaved caspase 3 antibody for detection of apoptotic cells (Fig.
2). For this experiment, either clustered ephrinA5-Fc or unclus-
tered ephrinA5-Fc was used to compare their effects on activa-
tion of the EphA7 receptor. In addition, ephrinA5-Fc was added
to the cells under culture conditions where apoptotic cell death
minimally occurred after DNA transfection. As a result, eph-
rinA5-Fc treatment had little effect on the number of apoptotic
cells when Fas and EphA7 were co-expressed (Fig. 2B, lane 2;
data not shown). Similar results were observed in cells express-
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ing TNFR1 or EphA7 alone (Fig. 2A, first and third panels; Fig.
2B, lanes 3-5 and 9-11). Importantly, when cells were co-
transfected with EphA7 and TNFR1, unclustered ephrinA5-Fc
treatment increased the number of apoptotic cells approxi-
mately 5-fold; this effect was slightly increased by the treatment
of clustered ephrinA5-Fc (Fig. 2A, second panel; Fig. 2B, lanes
6-8). Although clustered ephrinA5-Fc was known to be more
potent in activating EphA receptors, it was observed that its
treatment resulted in a slight increase in tyrosine phosphoryla-
tion of the EphA7 receptor in HEK293 cells (data not shown).
As expected, this increased apoptotic effect was significantly
reduced by treatment with a caspase inhibitor (Fig. 2A, fourth
panel; Fig. 2B, lanes 12-14). These results suggest that eph-
rinA5 binds to EphA7 and that the ephrinA5-EphA7 complex
activates TNFR1 to induce the extrinsic apoptotic signaling
cascade.

Physical association between EphA7 and TNFR1

To further assess whether EphA7 is associated with TNFR1 in
co-transfected cells, cell lysates were incubated with bioti-
nylated ephrinA5-Fc on ice and bound EphA7 receptor com-
plexes were precipitated using streptavidin-agarose beads. The
resulting protein complexes were analyzed by Western blotting
using anti-TNFR1 antibody or EphA7 antibody (Fig. 3A). It was
evident that EphA7 was co-precipitated with ephrinA5-Fc from
cell lysates containing EphA7 but not from cell lysates contain-
ing TNFR1 alone (Fig. 3A, second panel, lanes 1 and 3). Impor-
tantly, a significant level of TNFR1 was detected in the EphA7
protein complexes pulled-down from cell lysates containing
both EphA7 and TNFR1 (Fig. 3A, first panel, lane 2). This result
suggests that ephrinA5-EphA7 complexes tightly associate with
TNFR1 in HEK293 cells. To further confirm the physical asso-
ciation between TNFR1 and EphA7, we performed a co-
localization study. For this, cells co-transfected with EphA7 and
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Fig. 3. EphrinA5 induces formation of
multi-protein complex containing EphA7
and TNFR1. (A) HEK 293 cells were
transfected as described in Fig. 1; at 14
h post-transfection, cells were treated
with biotinylated ephrinA5-Fc on ice for
1 h. Cell lysates were further incubated
with streptavidin-agarose beads prior to
precipitation. Protein complexes were
resolved by SDS-PAGE and subjected
to Western blot analysis using anti-
TNFR1 antibody (top panel) or EphA7
antibbody (middle panel). Whole cell
lysates were also analyzed by Western
blot using anti-TNFR1 antibody (bottom
panel). (B) Transfected cells were incu-
bated with ephrinA5-Fc on ice for 1 h.
Cells were transferred into a 37°C incu-
bator. At the indicated time, cells were
briefly washed, fixed, and subjected to
immunocytochemical staining using
goat anti-human IgG antibody (conju-
gated with rhodamine) and anti-TNFR1
antibody (pre-incubated with FITC-con-
jugated secondary antibody). Note that
anti-human IgG antibody specifically
stains ephrinA5-Fc bound to EphA7.

TNFR1 were incubated on ice with ephrinA5-Fc for 1 h and
shifted to 37°C to induce endocytosis of the receptor com-
plexes. When endocytosis was blocked (0), it was evident that
EphA7 was very well co-localized with TNFR1 on the cell
membrane (Fig. 3B, first panel). Thirty minutes after inducing
endocytosis of the receptor complexes, a fraction of TNFR1
was internalized and detected as large receptosomal bodies.
Interestingly, these endocytosed TNFR1 complexes were not
co-localized with EphA7, which appeared to remain at the cell
membrane (Fig. 3B, second panel). Sixty minutes after endocy-
tosis, TNFR1 was detected mostly as internalized receptosomal
complexes, which were completely separated from the internal-
ized EphA7 complexes. These results suggest that EphA7 is
co-localized with TNFR1 on the cell surface and that endocyto-
sis of ephrinA5-EphA7 complexes occurs independent of that of
TNFR1 on the cell surface.

Intracytoplasmic region of EphA?7 is critical for interaction
with TNFR1
To determine which region of EphA7 is important for interacting
with TNFR1, an EphA7-T1 mutant was co-expressed with
TNFR1 in HEK293 cells. EphA7-T1 lacks an intracytoplasmic
region, spanning amino acids 599 to 994 of mouse EphA7, and
this deleted region is replaced by a unique peptide sequence
comprised of 11 amino acids (Fig. 4A) (Ciossek et al., 1995). It
was evident that this truncated EphA7 mutant was defective for
associating with TNFR1 (Fig. 4B, lane 4). In addition, ephrinA5-
Fc treatment had little effect on the number of apoptotic cells
when EphA7-T1 was co-expressed with TNFR1 (Fig. 4C, right
and third panels; Fig. 4D, lanes 21 and 22). This result sug-
gests that an intracytoplasmic region of EphA7 is critical for
interacting with TNFR1.

It was previously shown that a small peptide sequence corre-
sponding to amino acids 237-240 in human TNFR1 is critical for
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Fig. 4. Internalization motif or death domain of TNFR1 is critical for interacting with the cytoplasmic region of EphA7. (A) Schematic diagrams
showing EphA7 or TNFR1 mutants used for expression in HEK293 cells. EphA7-T1 comprises a unique peptide sequence (SLVTMEHLSVL)
at its carboxyl-terminus, which replaces the intracytoplasmic region spanning amino acids 599 to 994 of mouse EphA7. The TNFR1 internali-
zation motif (amino acids 237 to 240) is critical for receptor endocytosis. DD represents death domain as marked by the black bar. The
hatched bar indicates the transmembrane domain for each protein. (B, C) Experiments were performed essentially as described in the legends

for Figs. 2 and 3. (D) Data represent the means + SE. *p < 0.001.

TNFR1 internalization (Fig. 4A) (Schneider-Brachert et al.,
2004). In addition, the cytoplasmic DD of TNFR1 recruits the
adaptor protein TRADD and serves as a platform for the death-
inducing signaling complex. Therefore, we wanted to analyze
whether an internalization-defective or DD-deleted TNFR1 mu-
tant was able to form a complex with EphA7. However, neither
the TNFR1-AXXA nor the TNFR1-ADD mutant was co-preci-
pitated with EphA7 (Fig. 4B, lanes 2 and 3). Consistently, none
of these TNFR1 mutants was able to increase the number of
apoptotic cells when EphA7 was stimulated with ephrinA5-Fc
(Fig. 4C, left third and right first panels; Fig. 4D, lanes 11-18).
These results suggest that either an internalization motif or the
DD of TNFR1 is important for interacting with EphA7 and that
this interaction is essential for inducing the apoptotic signaling
cascade.
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DISCUSSION

Although Eph receptors have been implicated in regulating
apoptotic cell death in neuroepithelial cells, the molecular me-
chanism by which Eph signaling is linked with the caspase-
dependent apoptotic signaling cascade is poorly understood.
The results presented in this study provide biochemical evi-
dence for the possibility that EphA7 recruits TNFR1 to trigger
the apoptotic signaling pathway in response to ephrinA5. In our
model, after ephrinA5 specifically binds to EphA7, TNFR1 is re-
cruited to the activated EphA7 receptor, and this receptor com-
plex in turn recruits other adapter proteins such as TRADD.
This multi-protein complex initiates TNFR1 internalization, which
is essential for recruiting FADD and caspase-8 (Schutze et al.,
2008). During the endocytosis of TNFR1, it seems that the

http://molcells.org



ephrinA5-EphA7 complex remains at the plasma membrane
and that its internalization begins far later after the endocytosis
of TNFR1. Thus, our model suggests that the ephrinA5-EphA7
signaling complex may act as a novel ligand for TNFR1, just
like TNF, and its role at the plasma membrane is to induce
internalization followed by the apoptotic signaling cascade.

Evidence suggests that Eph/ephrin-triggered apoptotic cell
death is a phenomenon unique to certain neuroepithelial cells
and that it provides a key mechanism of regulating their popula-
tion size during development of a specific brain region (Depae-
pe et al., 2005). A key issue is whether TNFR1 or other related
death receptors are co-expressed with Eph receptors to trigger
apoptotic signaling in neuroepithelial cells. Our results pre-
sented here show that TNFR1 tightly associates with EphA7 in
HEK293 cells and that this interaction is critical for activating
caspase-3 in response to ephrinA5-Fc treatment. Therefore, we
have intensively studied whether TNFR1 expression is tempo-
rally and spatially regulated in neuroepithelial cells during early
brain development. However, our results revealed that TNFR1
is not expressed in neuroepithelial cells during embryonic brain
development (HL’'s unpublished observation). However, it is
possible that certain cell death receptors such as DR5 or DR6
may be expressed in the developing brain and that these death
receptors may interact with Eph receptors to trigger apoptotic
cell death. It is well known that Eph receptors cross-talk with
other cell surface receptors such as ErbB2 (Brantley-Sieders et
al., 2008) and TrkB (Marler et al., 2008). More importantly, a
recent study indicated that ephrinA5 interacts with p75NTR in
the brain (Lim et al., 2008). These reports strongly suggest that
these cross-interactions with various other receptor tyrosine
kinases or death receptors may provide a great advantage for
more sophisticated modulation of apoptotic cell death versus
cell proliferation during early brain development.
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