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Injured motor neurons of the adult rat can survive,
whereas similar axotomy causes gradual motor neuron
death in the adult mouse. We report that the decreased
expression of the neuronal glutamate transporter excita-
tory amino-acid carrier 1 (EAAC1) following nerve injury
is associated with motor neuron death in the mouse.
Glutamate transporters play a crucial role in prevention
of neuronal death by suppressing glutamate toxicity.
However, the possible functional role of EAAC1 in prevent-
ing neuron death has not been resolved as compared with
glial glutamate transporters such as GLT-1. Here, we have
revealed a unique ‘rescue’ function of EAAC1, which is
independent of removal of extracellular glutamate. During
apoptotic stimuli, a mitochondrial protein, holocyto-
chrome c synthetase (HCCS), translocates to outside the
mitochondria, binds to and suppresses the X-linked inhi-
bitor of apoptosis protein (XIAP), leading to activation of
caspase-3. The N-terminus of EAAC1 can bind to HCCS,
which interferes with the HCCS-XIAP association, and
thereby maintain XIAP activity. This unique anti-apoptotic
mechanism of EAACI functions in rescuing PC12 cells and
motor neurons from NGF deprivation and nerve injury,
respectively.

The EMBO Journal (2006) 25, 3411-3421. doi:10.1038/
sj.embo0j.7601225; Published online 13 July 2006

Subject Categories: neuroscience

Keywords: axotomy; glutamate transporter; mitochondria;
nerve regeneration; neuronal death

Introduction

Peripheral nerve-injured motor neurons in the adult rats can
survive and subsequently regenerate; however, those in adult
mice undergo progressive neuronal death over a period of
several weeks (Kiryu-Seo et al, 2005). The motor neuronal
death seen in the adult mice progresses at a much slower rate
than that seen in the neonatal animals (Snider et al, 1992),
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because most of the major anti-apoptotic mechanisms includ-
ing neurite elongation appear to function in the injured
neurons of adult mice as well as in those of adult rats
(Kiryu-Seo et al, 2005). The slower motor neuron death
seen in adult mice could therefore be an interesting and
appropriate model for investigating neurodegenerative dis-
eases such as amyotrophic lateral sclerosis rather than the
relatively acute motor neuron death seen in neonates. It
seemed likely that an important but slowly acting part of
the neuronal survival machinery is missing in the motor
neurons of adult mice, but is present in those of adult rats,
leading to the gradual death of mouse motor neurons. We
therefore looked for the missing part of the survival machin-
ery by screening for nerve injury-associated genes in rats and
mice, and focused on the neuronal glutamate transporter
excitatory amino-acid carrier 1 (EAAC1) as a candidate
gene. The expression of EAAC1 was upregulated in rat
motor neurons after axotomy (Kiryu et al, 1995), but down-
regulated in mouse, suggesting that EAAC1 might have an
important role in the prevention of motor neuronal death
in the rat.

Of the molecules implicated in glutamate clearance, five
members of high-affinity Na™ -dependent excitatory amino-
acid transporters (EAATs) have so far been discovered:
GLAST/EAAT1, GLT-1/EAAT2, EAAC1/EAAT3, EAAT4 and
EAATS (Danbolt, 2001). Of the glutamate transporters that
have been described, the glial type glutamate transporters
such as GLAST/EAAT1 and GLT-1/EAAT2 are the major
glutamate transporters in the central nervous system (CNS)
and are predominantly localized on astrocyte membranes.
They are assumed to play a major role in preventing gluta-
mate-induced neuronal death, as well as terminating gluta-
matergic synaptic transmission (Choi, 1988; Rothstein et al,
1996). In particular, the functional relevance of EAAT2 was
clearly demonstrated in a study using GLT1/EAAT2 knockout
mice, which developed a phenotype characterized by severe
epilepsy (Tanaka et al, 1997). By contrast, EAAC1/EAAT3,
which is also widely expressed in CNS and predominantly
localized in neuron (Kanai and Hediger, 1992), is unlikely to
be a major player in suppression of glutamate toxicity. One
reason is that EAACI1-deficient mice develop normally and
without apparent neurodegeneration and epilepsy (Peghini
et al, 1997). However, a recent study using EAAC1-deficient
mice showed that EAACI can function as a cysteine trans-
porter and maintain neuronal glutathione homeostasis
(Aoyama et al, 2006). It is possible that EAAC1 may have
alternative activities distinct from glutamate removal.

After axotomy, motor neuron death is triggered by Fas and
proceeds via the established mitochondrial death pathway
(Martin and Liu, 2002; Ugolini et al, 2003; Martin et al, 2005).
The motor neuron death seen in the mice also progresses
gradually via the mitochondrial death pathway in a tumor
suppressor protein p53-dependent manner (Kiryu-Seo et al,
2005). The mitochondria-dependent apoptotic machinery has
been very well documented (Pettmann and Henderson, 1998;
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Ferri and Kroemer, 2001; Saelens et al, 2004). In general, the
release of cytochrome ¢ from mitochondria into the cytosol
is pivotal in the activation of caspases and the ensuing cell
death. Concurrent with cytochrome c release, other mito-
chondrial proteins such as Smac/DIABLO and Omi/HtrA2 are
also released from mitochondria into the cytosol. They inter-
act with inhibitor of apoptosis proteins (IAPs) and eliminate
their inhibitory effects on caspase activity. However, their IAP
suppression activity may be a secondary function occurring
only during apoptotic stimuli, as these proteins are essential
for maintaining mitochondrial function under normal condi-
tion (Jones et al, 2003; Martins et al, 2004). From database
searches and knockout studies, there seem to be still many
mitochondrial proteins with the potential to act as IAP
binding proteins (Vaux and Silke, 2003; Martins et al, 2004).

In this study, we report that EAAC1 has a unique action
in preventing mitochondria-mediated neuronal death. This
‘Tescue’ activity does not depend on glutamate removal, but
requires an interaction with a mitochondrial protein, holo-
cytochrome ¢ synthetase (HCCS), which is released from
the mitochondria. HCCS is normally localized in the mito-
chondrial intermembrane space and is essential for holo-
cytochrome c synthesis (Schaefer et al, 1996). However, it
is now evident that cytosolic HCCS may have a secondary
role as an X-linked IAP (XIAP) binding protein under apop-
totic stimuli. Here, we consider how EAAC1 may contribute
to the survival of injured motor neurons.

Results

EAAC1 shows different expression patterns in rats

and mice following axotomy

Following hypoglossal nerve axotomy, injured motor neurons
in rats survive and regenerate, whereas those in mice die over
a period of several weeks. We found that the signal for EAAC1
mRNA was increased in rat injured motor neurons, but was
decreased rapidly in the first days after axotomy in the mouse
(Figure 1A and B). Our previous studies using in situ hybri-
dization have demonstrated that most nerve injury-asso-
ciated genes were regulated similarly in both the rat and
the mouse at 7 days after axotomy (Kiryu-Seo et al, 2005).
Consistent with this, expression of the other glutamate trans-
porter family members such as GLT-1, GLAST and neutral
amino-acid transporters, system ASC transporters (ASCT1
and ASCT2), also responded similarly in rats and mice
following hypoglossal axotomy (Figure 2A). RT-PCR analysis
using control and injured hypoglossal nuclei confirmed that
the expression of all these transporters except for EAACI
was regulated similarly in both rats and mice (Figure 2B).
The upregulation of EAAC1 expression in rats was also
observed after alternative peripheral nerve injuries, including
facial and sciatic nerve axotomy (Supplementary Figure 1).
As EAACI expression was unchanged after CNS lesion of rats
(Ginsberg et al, 1995, 1996; Lievens et al, 2001), it suggests
that this increased EAAC1 expression is critical for the
survival of motor neurons in the rat.

The expression of EAAC1 is correlated with the survival
of injured motor neurons in mice

To evaluate the relevance of EAACI1 expression to the survival
of injured motor neuron, we used EAAC] transgenic mice
(on a C57BL/6 background) and EAAC1-deficient mice (on an
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Figure 1 The regulation of EAAC1 mRNA expression is strikingly
different in rats and mice following hypoglossal nerve injury. (A)
Top panel: In situ hybridization showed that expression of EAAC1
mRNA was upregulated in the injured hypoglossal nucleus of rats,
but downregulated in those of mice 7 days following axotomy.
Bottom panel: Motor neurons stained with thionine at 7 days after
nerve injury. The number of motor neurons did not change at this
time point in rats and mice. cc, central canal; XII, hypoglossal
nucleus. Scale bars, 100 pm for rat and 50 pm for mouse. (B) Change
in EAAC1 mRNA expression after nerve injury in rats (closed
circles) and mice (open circles). Each point shows the mean+s.d.
of the relative signal intensity. The asterisks indicate statistically
significant differences compared with the results found in rats
(P<0.01; Student’s t-test, n=4).

ICR background). In EAAC1 transgenic mice, the damage-
induced neuronal endopeptidase (DINE) promoter, which
we have previously identified as a neuron-specific and injury-
associated gene (Kiryu-Seo et al, 2000), was employed. This
transgenic mouse was designed to express EAAC1 and GFP
simultaneously by inserting an internal ribosome entry site
under the control of the DINE promoter. Analysis of mRNA
expression in the EAAC1 transgenic mice after axotomy
showed that EAAC1 expression was maintained as might
be expected because expression of exogenous EAAC1 was
increased after nerve injury (Figure 3A and B and Supple-
mentary Figure 2). We then counted the number of surviving
motor neurons in wild-type and EAACI transgenic mice. As
we have described previously, 35 days after nerve injury is
a good time point to evaluate neuronal survival and compare
the response of the different animals (Kiryu-Seo et al, 2005).
At 35 days after axotomy, the wild-type mice had lost
approximately 50% of neurons in the injured hypoglossal
nuclei. In contrast, the EAAC1 transgenic mice exhibited
significantly less neuronal death (Figure 3C and D). This
suggests strongly that EAAC1 overexpression in the mouse
may mimic the phenotypic response of injured rat motor
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Figure 2 The expression of mRNA for glutamate transporter family
members after hypoglossal axotomy. (A) Expression of mRNA for
glutamate transporter family members was examined by in situ
hybridization 7 days after axotomy. EAAC1 mRNA was upregulated
(closed arrow) in injured hypoglossal neurons of rat, but down-
regulated (open arrow) in those of mice. Scale bar, 1.3 mm for rat
and 0.8 mm for mouse. (B) RT-PCR using total RNA from control
(cont) and injured (inj) hypoglossal nuclei of rats and mice 7 days
after axotomy.

neurons. In EAACI1-deficient mice (ICR background), there
was an accelerated loss of injured neurons as compared with
wild-type mice (Figure 3E and F). RT-PCR analysis using
hypoglossal nuclei of both EAACI transgenic and knockout
mice showed that expression of the members of the gluta-
mate transporter family was regulated similarly (Figure 3G).
As shown in Figure 3C-F, the survival rate of injured neuron
was different between the two mouse strains, C57BL/6 and
ICR. Thus, we also examined the effect of genetic background
on the motor neuron death after axotomy (Supplementary
Figure 3A). At 35 days after axotomy, the survival of neurons
in wild-type ICR mice was about 80%, whereas that in wild-
type C57BL/6 mice was around 50%. Both strains showed
downregulation of EAAC1 mRNA after nerve injury; how-
ever, the level of downregulation of EAAC1 mRNA in the
two strains correlated well with the survival of axotomized
neurons (Supplementary Figure 3B and C). All these data
further suggest an important role for EAACI in the survival
of nerve-injured adult mouse motor neurons.

EAACT1 prevents neuronal death in differentiated PC12
cells

To examine how EAACI may prevent neuronal death, we
carried out in vitro studies. We first demonstrated that
differentiated PC12 neuronal cells overexpressing EAAC1
took up '*C-labeled glutamate more effectively than control
cells (Figure 4A). Expression of EAAC1 in these cells did not
alter their level of expression of other glutamate transporters
(Supplementary Figure 4A). Although previous reports have
indicated that EAAC1 may take up cysteine as well as gluta-
mate (Zerangue and Kavanaugh, 1996; Chen and Swanson,
2003), both EAACI1-overexpressing and control PC12 cells
showed similar uptake of cysteine (Supplementary Figure
4B). This may be because PC12 cells express enough endo-
genous ASCTs (Supplementary Figure 4A).
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As the motor neuron death seen in adult mouse is medi-
ated by the mitochondrial death pathway in a p53-dependent
manner, it is likely that EAAC1 may act to suppress the
mitochondrial death pathway either directly or indirectly. To
investigate the possible involvement of EAACI in prevention
of the mitochondria-mediated death pathway, we examined
the effect of EAAC1 overexpression in differentiated PC12
neuronal cells on neuronal survival after NGF withdrawal,
which is known to be accompanied by activation of the
p53 pathway (Supplementary Figure 4C) (Vaghefi et al,
2004). After NGF withdrawal, EAAC1-expressing PC12 cells
exhibited a significant increase in viability as compared to
control cells and significantly less activation of caspase-3
(Figure 4B-D). This EAACI rescue activity was also observed
after p53 adenovirus infection (Supplemental Figure 4D and
E). Conversely, knockdown of endogenous EAACI expression
in PC12 cells by treatment with EAAC1 antisense oligo-
nucleotides significantly induced caspase-3 activity, even
in NGF-containing culture medium (Figure 4E). In general,
glutamate transporters have been considered to promote
neuron survival activity by reducing extracellular/excitotoxic
glutamate levels. However, our findings suggest that EAAC1
has an additional anti-apoptotic activity distinct from its
ability to remove extracellular glutamate.

N-terminus of EAACT1 is required for survival

To examine whether EAAC1 indeed has another physiological
function distinct from glutamate clearance during apoptotic
stimuli, we carried out preliminary experiments using some
deletion mutants and demonstrated an important role for the
N-terminal domain of EAAC1. The function of the N-terminal
domain, whose amino-acid sequence diverges most from
those of other glutamate transporter family members, is
obscure. N-terminal-deleted EAAC1 (AN-EAAC1)-expressing
cells showed comparable glutamate uptake activity, although
the activity was a little lower than that of wild-type EAACI-
and GLT-1-expressing cells, probably because of protein
instability (Figure 4F). This result was consistent with protein
levels expressed on the cell surface (Figure 4G).

In spite of the similar glutamate uptake activity, a striking
difference was that the wild-type EAACI1 effectively inhibited
caspase-3 activation after NGF deprivation in differentiated
PC12 cells, whereas AN-EAACI1-expressing cells did not
suppress caspase-3 activity (Figure 4H). GLT-1-expressing
cells also failed to suppress caspase-3 activity, although
they effectively took up glutamate (Figure 4F and G). When
we introduced a 17-amino-acid sequence from the N-terminal
domain of EAAC1 (peptide MGKPTSSGCDWRRFLRN) into
PC12 cells, this peptide effectively inhibited caspase-3 activ-
ity as shown in Figure 4I. These results strongly suggest that
the N-terminal domain of EAAC1 may play a crucial role in
this ‘rescue’ activity, and this ‘rescue’ activity is distinct from
its activity associated with glutamate clearance. It seemed
highly likely that a molecule that might suppress caspase-3
activity either directly or indirectly may be associated with
the N-terminus of EAAC1.

EAACT1 binds to a proapoptotic mitochondrial protein,
HCCS

To identify possible proteins binding to the N-terminal region
of EAAC1, we carried out yeast two-hybrid screening. Of
the positive clones, a strongly interacting clone was found to
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Figure 3 EAACI expression influences the survival of injured motor neurons. (A) Sections of hypoglossal motor neurons from wild-type mice
(WT) and EAACI1-overexpressing mice (Tg EAAC1) 35 days after axotomy (C57BL/6 background) were subjected to in situ hybridization
to examine the expression of EAAC1 mRNA. (B) RT-PCR using hypoglossal nuclei of WT and Tg EAAC1 7 days after axotomy. (C) Thionine
staining of hypoglossal nuclei 35 days after axotomy. (D) Percentage of surviving neurons 35 days after axotomy. Results represent the percent
ratio of surviving motor neurons on the injured side compared with the contralateral side. Data are mean+s.d. (P<0.01; Student’s t-test,
n=7). (E) Thionine staining of hypoglossal motor neurons 35 days after hypoglossal nerve injury in WT mice and EAAC1-deficient mice
(EAAC1 KO) (ICR background). (F) Percentage of surviving motor neurons in WT and EAAC1 KO 35 days after axotomy. Data are mean+s.d.
(P<0.01; Student’s t-test, n=11). (G) RT-PCR analysis using hypoglossal nuclei from Tg EAAC1 and EAAC1 KO 7 days after nerve injury.
cc, central canal; XII, hypoglossal nucleus; control, contralateral side; injured, injured side; cont, contralateral side; inj, injured side. Scale bar,
S0um (A,C, E). The asterisks indicate statistically significant differences compared with the results of WT mice (D, F).

encode HCCS (also known as CCHL or heme lyase) (Schaefer
et al, 1996). HCCS is a mitochondrial protein, which converts
apo-cytochrome c to holo-cytochrome c by attaching heme in
the intermembrane space of mitochondria. First, we showed
that endogenous HCCS co-immunoprecipitated with endo-
genous EAACI in differentiated PC12 cells, suggesting that
the interaction is physiologically significant (Figure 5A). The
next question was how the interaction between EAAC1 and
HCCS occurred in spite of their different subcellular localiza-
tions. We speculated that HCCS might be released from
mitochondria and promote cell death, because many mito-
chondrial proteins including Smac/DIABLO and Omi/HtrA2
are released into the cytoplasm under apoptotic stimuli and
initiate the apoptotic cascade. Therefore, we examined the
translocation of endogenous HCCS from the mitochondria
into the cytoplasm after NGF deprivation of differentiated
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PC12 cells, which is the typical neuronal apoptotic paradigm
(Figure 5B and C). Immunostaining showed that HCCS was
clearly colocalized with cytochrome c¢ in mitochondria in
normal PC12 cells. However, after NGF withdrawal, HCCS
staining had spread diffusely into the cytoplasm (Figure 5B).
In addition, Western blotting using mitochondrial and cyto-
solic fractions showed that the amount of endogenous HCCS
and cytochrome c immunoreactivity in the fractions contain-
ing mitochondria were decreased by 3 and 6h after NGF
deprivation (Figure 5C). In contrast, an increased level of
HCCS was detected in the cytosolic fraction after NGF depri-
vation, suggesting that endogenous HCCS may be released
from the mitochondria into the cytoplasm as in the classic
model of neuronal apoptosis. Furthermore, overexpression
of HCCS made the cells more susceptible to death signals
such as NGF withdrawal (Figure 5D) and induced caspase-3

©2006 European Molecular Biology Organization



A& 400 B
©
- *
S5 300 140 =3 Control
o E N EAACT
£ 8 200 g 120 *
£% =100
>3 100 g a0
o <4
g 0 3 60 *
~ Control EAAC1 -
Da o 40
EAACH —105 '
il —75 0 24 28 (h)
Actin s se— —50
C D 0 3 6 (h)
> > >
Z 4 Dcono SIS
§ 23 . EAACT = Cleaved Py P Qy o Qy
o9 caver e - - o —165kDa
Y G2 casp3
Q£ R —50 kDa
T D 4 ACtin = e d————
25
e _
S o Cytclis S S == = —16.5kDa
ACHN —— 50 D2
E S R AS F g 10
EAACT gl S« —250 kDa 5= 1400
£ 1200
Cleaved e s s —16.5 kDa £ £ 1000
casp3 50 kD, £2 800
Actin SN a £ 600
G & 400
o 200
I 0
- & vyc’\ ??o\ &
& & &
>
G Total cell
lysate Intracellular Biotinylated
0\ N
el > N ?‘
TN L O Q/V’ S ,<\° Q/?’
& Q}Y N S F S

kDa

[ - .-250
-

-105

HA
- .-
Actln | — — — — e - - - 50
H > I 4
@ o ?éb N dﬁ <Q
& ‘?? é"/o o < \
& > o S
. [Ca
na “ '_250 kDa Cleaved wmmmw s _ oo\
Cleaved — - “on
casp3 - S 16.5 kDa Actin S50 kDa
Actin —30kDa

Figure 4 EAACI rescues differentiated PC12 cells from cell death
after NGF deprivation. (A) Glutamate uptake activity and an
immunoblot in control or EAAC1 adenovirus-infected differentiated
PC12 cells. Uptake activity is expressed as a percentage of that in
control cells (mean+s.d., P<0.01; Student’s t-test). (B) Cell viabi-
lity of differentiated PC12 cells infected with control (dotted bar)
or EAAC1 (closed bar) adenoviruses was measured at 0, 24 and
48 h after NGF withdrawal (mean+s.d., P<0.01; Student’s t-test).
(C) Caspase-3-like activity of differentiated PC12 with control
(dotted bar) or EAAC1 (closed bar) adenoviruses was measured at
0 and 9 h after NGF withdrawal. Data are expressed as fold increase
compared with nontreated cells (mean+s.d., P<0.01; Student’s
t-test). (D) Immunoblots of cytoplasmic cleaved caspase-3 and
cytochrome ¢ following NGF withdrawal. (E) Immunoblots of
suppression of endogenous EAACI expression by antisense oligo-
nucleotide and the associated increase in caspase-3 activity. S, sense
oligonucleotide; R, random oligonucleotide; AS, antisense oligo-
nucleotide. (F) Glutamate uptake activity in COS-7 cells transfected
with indicated plasmids tagged with HA. Data are mean+s.d. (G)
Cell surface biotinylation assay using COS-7 cells transfected with
the plasmids tagged with HA. (H) Immunoblot of cleaved caspase-3
in differentiated PC12 cells transfected with indicated plasmids
tagged with HA. At 48h after transfection, NGF was withdrawn
for 6h. (I) Immunoblot of cleaved caspase-3. Differentiated PC12
cells were deprived of NGF for 6 h after application of 17-amino-acid
peptide (EAACI1 (1-17) peptide).
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activation (Figure SE). The caspase-3 activity was inhibited
by additional expression of EAAC1. EAAC1 expression did not
alter the level of HCCS protein (Supplementary Figure 6A).

Precise interaction between EAAC1 and HCCS

To verify more precisely the interaction between HCCS and
EAAC1, we performed immunoprecipitation analysis using
COS-7 cells. Initially, COS-7 cells were transiently transfected
with cDNA encoding the C-terminal HA-tagged EAAC1 and
GLT-1, together with FLAG-tagged HCCS (Figure 6A). HCCS
immunoprecipitated wild-type EAAC1, but did not precipi-
tate GLT-1. When COS-7 cells were transfected with C- and
N-terminal HA-tagged EAAC1 together with FLAG-tagged
HCCS, HCCS immunoprecipitated both forms of EAACI1
(Supplementary Figure 5). It seems that HCCS can interact
with the full-length EAACI, but not the N-terminus cleaved
form of EAAC1. Next, we performed GST pull-down assays
with in vitro-translated EAAC1 protein (Figure 6B). Bacte-
rially produced GST-HCCS associated with wild-type EAAC1
protein, but failed to bind to AN-EAACI1. Furthermore, the
N-terminal EAAC1 peptide competed with EAAC1 protein
for binding to GST-HCCS in a dose-dependent manner
(Figure 6C). To characterize the association between EAAC1
and HCCS further, we fragmented HCCS, attached FLAG tag
and assayed the interaction using immunoprecipitation
(Figure 6D). Wild-type EAAC1 strongly interacted with full-
length HCCS encoding 272 amino acids and HCCS (148-272)
lacking the heme-binding motif. In contrast, EAAC1 exhibited
no detectable interaction with HCCS (1-152) lacking a mito-
chondria-targeting signal. These data showed that the EAAC1
N-terminus can bind to the C-terminal portion of HCCS.

HCCS is a member of a new family of IAP binding
proteins

We speculated that HCCS may have a role as IAP binding
partner as has been established for Smac/DIABLO and
Omi/HtrA2 and we looked at this possibility in more detail.
Initially, we demonstrated that endogenous HCCS co-immu-
noprecipitated with endogenous XIAP in differentiated PC12
cells, suggesting that the interaction is indeed physiologically
significant (Figure 7A). We then showed that GST-HCCS
successfully interacted with the full-length 3°S-labeled XIAP
(Figure 7B). Next, expression plasmids for various N-terminal
FLAG- or Myc-tagged IAPs, including XIAP, c-IAP1, c-IAP2
and survivin, were transiently transfected in COS-7 cells
with a plasmid encoding the N-terminal HA-tagged HCCS.
The HCCS was co-immunoprecipitated with XIAP, c-IAP1 and
c-IAP2, but did not bind to survivin (Figure 7C). These results
indicate that HCCS preferentially binds to some IAP mem-
bers, such as XIAP, c-IAP1 and c-IAP2, with potent caspase-
inhibitory activity.

The IAP binding proteins exhibit a common N-terminal
sequence, which is required to mediate interaction with IAPs
and accelerate cell death. HCCS has an amino-acid sequence
containing ATAV or ASAS near the N-terminus, which appears
homologous to the consensus sequence of other mammalian
IAP antagonists. Therefore, COS-7 cells were transiently trans-
fected with mutated forms of HCCS, in which alanine-9
or alanine-3 was changed to methionine. However, both
mutant forms bound as effectively to XIAP as the wild type
(Figure 7D). Further immunoprecipitation analysis revealed
that the C-terminal portion of HCCS associated with XIAP
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Figure 5 HCCS is released from mitochondria and binds to EAACI. (A) Endogenous interaction between EAAC1 and HCCS in differentiated
PC12 cells. Whole-cell lysates (WCL) from differentiated PC12 cells were lysed, subjected to immunoprecipitation (IP) with control IgG and
anti-HCCS antibody and blotted (WB) with anti-EAAC1 and anti-HCCS antibodies. (B) Differentiated PC12 cells immunostained with anti-HCCS
(red) and anti-cytochrome c (green) antibodies at 0 (NGF+) and 20h after NGF withdrawal (NGF—). (C) Subcellular localization of
endogenous HCCS in differentiated PC12 cells. After NGF deprivation, reduced levels of HCCS and cytochrome ¢ were observed in the heavy
membrane/mitochondrial fraction. Elevated levels of these proteins were observed in the cytosolic fraction. (D) Cell viability of differentiated
PC12 cells transfected with control (dotted bar) or HCCS (closed bar) plasmids was measured at 0 and 36 h after NGF withdrawal (mean+s.d.,
asterisk denotes P<0.01; Student’s t-test). (E) HCCS-mediated cleaved caspase-3 reaction in differentiated PC12 cells was reversed by
cotransfection with EAAC1. The indicated expression vectors were overexpressed in differentiated PC12 cells for 48 h and thereafter collected

at 0 (NGF+) and 6h (NGF—) after NGF withdrawal.

(Figure 7E). To map the domain of XIAP responsible for
HCCS binding, GST fusion proteins corresponding to XIAP
fragments were generated. These experiments demonstrated
that the BIR2 domain was sufficient for binding to HCCS,
and neither BIR1 nor BIR3 bound to HCCS (Figure 7F).
Collectively, HCCS may belong to another group of IAP
binding proteins distinctly different from Smac/DIABLO
and Omi/HtrA2. Furthermore, HCCS associated with XIAP
through its C-terminal portion, which also bound to EAACLI.
Increasing amounts of transfected EAAC1 or XIAP expression
diminished XIAP-HCCS or EAAC1-HCCS co-immunoprecipi-
tation respectively in a dose-dependent manner, suggesting
that EAAC1 can compete with XIAP for HCCS (Figure 7G).

The EAAC1-HCCS and HCCS-XIAP interactions in the
injured motor neurons

Finally, we carried out immunoprecipitation experiments
using injured motor neurons from rats and mice. As the
protein expression levels of IAP family members and their
neutralizing proteins are not altered after axotomy (Supple-
mentary Figure 6B), interactions between EAAC1/HCCS and
XIAP/HCCS in injured neurons of rats and mice, respectively,
would be possible. As expected, immunoprecipitation analy-
sis showed that endogenous EAACI interacted with endogen-
ous HCCS in injured motor neurons of the rat, but not in
those of mice (Figure 8A). On the contrary, endogenous
HCCS-XIAP interaction was observed in injured neurons
of mice, but not in those of rats (Figure 8B). Collectively,
these results suggest that decreased interaction of EAAC1
with HCCS might be responsible for the gradual progressive
neuronal death in mice. The total amount of HCCS was
unchanged before and after insult. However, immunohisto-
chemistry showed that the intense HCCS staining in the
mitochondria became fainter in the injured motor neurons
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of mice, suggesting that HCCS was being gradually released
from mitochondria after axotomy (Supplementary Figure 6C).
Interestingly, the expression level of HCCS was much lower in
the motor neurons of rats than those of mice, suggesting that
motor neurons in mice may be intrinsically more susceptible
to nerve injury.

Discussion

In this study, we have shown that EAAC1 is a mild but impor-
tant survival factor whose expression is downregulated in
injured motor neurons of mice, and we have identified a
novel role for EAAC1 in preventing mitochondria-mediated
neuronal death after nerve injury. For this anti-apoptotic
function, the N-terminus of EAAC1 is pivotal, and this
domain serves as an inhibitor of interaction between XIAP
and its novel antagonistic protein HCCS.

It seemed that EAAC1 expression contributed to the survi-
val of injured motor neurons. The question then arose how
EAAC1 might play a role in preventing cell death. In general,
the role of the glutamate transporter in the prevention of cell
death is well documented, and the transporter-mediated
removal of glutamate from the extracellular space would
therefore be a very important mechanism for suppressing
glutamate-induced neuronal death. However, the functional
significance of EAAC1 in this role has remained unclear
for the following reasons. The glutamate uptake activity of
EAACI is relatively low, as compared with GLT-1 (Danbolt,
2001). EAAC1 is located mainly at extrasynaptic sites
(He et al, 2000) and EAAC1 knockout mice do not show
any apparent phenotypes (Peghini et al, 1997). In our study,
it seemed that most established defensive mechanisms invol-
ved in resisting excitotoxicity were present in the injured
neurons of both rats and mice. For example, glutamate
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Figure 6 Precise interaction between EAAC1 and HCCS. (A) COS-7
cells were transfected with cDNA encoding HA-tagged EAAC1
(EAAC1-HA) or HA-tagged GLT-1 (GLT-1-HA) together with FLAG-
tagged HCCS (FLAG-HCCS). At 36h after transfection, cells were
solubilized in RIPA buffer. Whole-cell lysates (WCL) from COS-7
cells were immunoprecipitated (IP) using anti-FLAG antibody,
followed by Western blotting (WB) with anti-HA antibody.
(B) GST pull-down assay with in vitro-translated wild-type and
AN-EAACI protein. Top panel: Autoradiographic analysis showing
the interaction between *°S-labeled EAAC1 and bacterially produced
GST-tagged HCCS. Bottom panel: Coomassie blue-stained polyacry-
lamide gel (CBB) of GST fusion protein. (C) EAACI peptide com-
petes with in vitro-translated EAAC1 protein for binding to GST-
HCCS in a dose-dependent manner. Bound proteins were visualized
by immunoblotting with anti-EAAC1 antibody. Bottom panel:
Coomassie blue-stained polyacrylamide gel (CBB) of GST fusion
protein. (D) COS-7 cells were transfected with EAACI-HA and
the indicated plasmids including deletion mutants of HCCS with
attached FLAG tag. The EAAC1-HCCS interaction was examined by
immunoprecipitation.

receptors such as NMDAR1 were downregulated in both rats
and mice in response to axotomy (data not shown). The
expression of other glutamate transporter members (GLT-1
and GLAST) was also regulated in parallel in both rats and
mice. Furthermore, EAAC1 was mainly observed in the peri-
nuclear region, but not on the cell surface, in regenerating rat
motor neurons as well as in neurons in kainate-induced
epilepsy and oxidative stress (Supplementary Figure 6D)
(Furuta et al, 2003; Yang et al, 2004).
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Recently, Aoyama et al (2006) reported an alternative
function for EAACI in that it prevented age-dependent neu-
rodegeneration by working as a cysteine transporter to main-
tain intracellular glutathione homeostasis. In our model, the
expression of the neutral amino-acid transporter ASCT1 was
upregulated in axotomized neurons of rats and mice. In the
in vitro experiments, EAAC1 overexpression in PC12 cells
prevented mitochondria-mediated neuronal death after
NGF withdrawal as well as after p53 adenovirus infection,
without any change relative to controls in cysteine uptake
(Supplementary Figure 4B). Furthermore, GLT-1 and AN-
EAAC1 overexpression in PC12 cells failed to prevent cell
death in the presence of increased glutamate uptake. The
treatment of cells with the EAAC1 N-terminal peptide (17
amino acids) was however able to suppress caspase-3 activity
downstream of the mitochondria. These findings imply that
EAACI has a further additional role under stress conditions,
distinct from its established role in glutamate removal and
cysteine uptake.

In this study, we have identified HCCS, which resides
in the intermembrane space of mitochondria, as an EAAC1
binding protein. Our work shows that HCCS can be released
from mitochondria into the cytoplasm and can antagonize the
action of XIAP during apoptotic stimuli. EAAC1 could readily
interrupt the interaction between HCCS and XIAP and main-
tain XIAP free from HCCS (Figure 9). We thus speculated that
HCCS could behave like other IAP binding proteins such as
Smac/DIABLO and Omi/HtrA2, which can be released from
mitochondria in response to apoptotic stress, interact with
IAPs and accelerate cell death by antagonizing IAP activity
(Du et al, 2000; Verhagen et al, 2000; Suzuki et al, 2001a;
Danial and Korsmeyer, 2004). However, HCCS seemed to be
different from these proteins, because HCCS interacted with
only the second BIR domain (BIR2) of XIAP, which was
sufficient to inhibit caspase-3 (Takahashi et al, 1998; Suzuki
et al, 2001b), and because the interaction was through its
C-terminus where previously identified consensus sequences
for XIAP interaction are absent. Together with the fact that
the mitochondrial targeting signal of HCCS is located at the
C-terminus and does not undergo proteolytic processing
after mitochondrial entry (Diekert et al, 1999), HCCS may
be a new XIAP antagonist like ARTS and XAF (Liston et al,
2001; Gottfried et al, 2004) whose binding also occurs with-
out the consensus sequences. Under normal conditions,
HCCS is utilized for synthesis of functional cytochrome c,
leading to ATP synthesis in mitochondria. Therefore, loss of
this protein leads to severe cell damage, as found for other
mitochondrial proteins (Prakash et al, 2002; Jones et al,
2003). Cytosolic HCCS may be rapidly degraded by a mecha-
nism in which XIAP is involved. XIAP has already been
established to function as an E3 ubiquitin ligase by regulating
the levels of proteins such as MURR1, a protein implicated in
copper homeostasis (Burstein et al, 2004). Further study is
required to understand the exact physiological roles of HCCS.

The anti-apoptotic activity of EAAC1 observed in vitro
presumably also works in vivo as well: EAAC1 sequesters
cytosolic HCCS and contributes to maintenance of XIAP free
from HCCS (Figure 9). Therefore, lack of the functional
interaction between EAAC1 and HCCS gradually decides
the fate of the injured motor neurons in the adult mouse.
This would provide one possible explanation why decreased
expression of EAAC1 influences motor neuron death even
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Figure 7 HCCS is a new member of IAP antagonists. (A) Endogenous interaction between HCCS and XIAP in differentiated PC12 cells. Whole-
cell lysates (WCL) from differentiated PC12 cells were lysed, subjected to immunoprecipitation (IP) with control IgG and anti-HCCS antibody
and blotted (WB) with anti-XIAP and anti-HCCS antibodies. (B) Top panel: Autoradiography showing the interaction between 353.labeled XIAP
and GST-tagged HCCS. Bottom panel: Coomassie blue-stained gel (CBB) showing GST and GST-HCCS protein. (C) The interaction of HCCS with
IAP family proteins was determined by immunoprecipitation. COS-7 cells were transfected with indicated IAP plasmids with HA-tagged HCCS.
(D) Immunoprecipitation using COS-7 cells transfected with mutated forms of HCCS and FLAG-XIAP. MTAV-HCCS or MSAS-HCCS: Alanine-9 or
alanine-3 was changed to methionine. (E) COS-7 cells were transfected with FLAG-tagged XIAP together with HA-tagged HCCS truncated forms
as indicated. The interaction was examined by immunoprecipitation. (F) Binding between HA-HCCS and fragmented XIAP. Cell lysates of COS-
7 cells transfected with HA-HCCS were pulled down with GST-tagged recombinant XIAP proteins. Precipitated samples were subjected to
immunoblot analysis using HA antibody. The input lane represents 1/50 of the COS-7 cell lysate used GST pull-down experiment. (G) The
HCCS-XIAP or EAAC1-HCCS association was determined by immunoprecipitation. Increasing amounts of transfected EAAC1 or XIAP in COS-7
cells reduced the HCCS-XIAP or EAAC1-HCCS interaction in a dose-dependent manner.

though other transporter family members are present and
presumably fully functional. Previous work demonstrated
that XIAP is considered to be crucial for motor neuron
survival (Perrelet et al, 2002, 2004; Inoue et al, 2003). Of
the IAP family members, XIAP was the most highly expressed
in our model (Supplementary Figure 5B). It seems reasonable
then to suggest that EAACI contributes to XIAP maintenance
after nerve injury.

It may therefore be concluded that EAACI has an impor-
tant anti-apoptotic function, which is independent of removal
of extracellular glutamate, and the lack of EAAC1 ‘rescue’
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activity leads to the gradual progressive motor neuron death
seen in the mice. There remain some ambiguities in explain-
ing the precise mechanism of this novel anti-apoptotic func-
tion of EAAC1 and how this correlates with glutamate uptake
and cysteine uptake. EAACI function may change in response
to cellular condition. One possibility is that EAAC1 by dint
of its uptake activity may sense the increase of extracellular
glutamate under stress conditions, which may trigger its
‘rescue’ activity to prevent cell death. In addition, the relation
between its intracellular trafficking and its novel anti-apop-
totic function is also unclear. Most studies have shown that
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Figure 8 The EAAC1-HCCS and HCCS-XIAP interactions observed
in axotomized hypoglossal neurons. (A) Co-immunoprecipitation
was performed to assess the interaction between EAAC1 and HCCS
in control (cont) and injured (inj) hypoglossal nuclei (XII) of rats
and mice 5 days after axotomy. Proteins were precipitated (IP) by
anti-HCCS antibody and analyzed on immunoblots (WB) with anti-
EAACI antibody. Whole-cell lysates (WCL) from hypoglossal nuclei
were immunoblotted with anti-GAPDH antibody as an internal
control. (B) The HCCS-XIAP interaction was examined by immuno-
precipitation using hypoglossal nuclei 5 days after axotomy.
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Figure 9 Proposed mechanism for EAACl-mediated survival.
Under stress stimuli, EAAC1 binds to HCCS, which is released
into the cytosol from mitochondria. This complex is thought to
interfere with the interaction between HCCS and IAP family mem-
bers and facilitate IAP family proteins to suppress caspase-3 activ-
ity, leading to neuronal survival.
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the C-terminal cytoplasmic region of EAAC1 is responsible for
intracellular translocation of EAAC1 between the plasma
membrane and non-plasma membrane pools such as the
endosomes and ER to regulate its glutamate uptake activity
(Lin et al, 2001; Cheng et al, 2002; Sheldon et al, 2006). It may
be that cooperation with C-terminal binding proteins is
necessary to produce enough activity for cell death preven-
tion (Gonzalez and Robinson, 2004). Further studies are
warranted to explain the precise mechanism of the novel
anti-apoptotic function and it will be particularly interesting
to determine whether the defective functioning of EAAC1
may contribute to the gradual progressive neuronal death
seen in neurodegenerative disorders in humans.

Materials and methods

Animals

Adult male C57BL/6 mice (7 weeks old), ICR mice (7 weeks old)
and Wistar rats (7 weeks old) were obtained from SLC (SLC, Japan).
Homozygous EAAC1-deficient mice were purchased from Memorec
stoffel gmbh (Koln, Germany). They had an inbred ICR genetic
background or had been backcrossed at least 10 times. Age-matched
ICR mice were used as controls. EAACI] transgenic mice were
backcrossed with C57BL/6 mice. Age-matched C57BL/6 mice were
used as controls. Details of methods for transgenic mice, surgical
procedures, histology and RT-PCR are provided in Supplementary
data. Studies were performed in compliance with institutional
guidelines for animal experiments.
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Cell culture, plasmids and adenovirus preparation
Detailed methods are available in Supplementary data.

Glutamate uptake assay

Cells were plated on 24-well plates. After transfection for 48 h, cells
were washed once with 0.2ml transport buffer (125mM NaCl,
2mM KCl, 1 mM CaCl,, 1 mM MgCl,, 10 mM HEPES, pH 7.5). The
uptake assay was started by addition of 10 mM glutamate (0.1 mM
["*Clglutamate inclusive; Amersham) to each well. After incubation
for 6 min at 37°C, the solution was removed by suction. Cells were
washed twice with 0.2 ml transport buffer and 0.4 ml of 10% SDS
was added. Radioactivity was determined by scintillation counting.

Cell surface biotinylation

Details can be found in Supplementary data. The immunoblots in
this assay showed that EAAC1 was detected as bands at 66 kDa and
around 250kDa, as glutamate transporters form homomultimers
(Haugeto et al, 1996). However, other experiments in this study
showed EAAC1 predominantly as the higher molecular weight
bands probably because of the different lysis buffer and preparation
technique employed. So in the other data EAAC1 is presented as the
higher molecular weight bands.

Caspase assays
Detailed methods are available in Supplementary data.

Yeast two-hybrid screening

The MATCHMAKER two-hybrid system was used in accordance
with the manufacturer’s protocol (Clontech). The plasmid pAS2-1-
EAACI1 was constructed by inserting three copies of the N-terminal
region of EAAC1 (1-34 amino acids) in-frame with the GAL4 DNA-
binding domain and transformed into AH109 cells. Bait-transformed
AH109 cells were mated with Y187 cells pretransformed with a
mouse brain cDNA library, which was constructed in pACT2 with
GAL4 activation domain (Clontech). A total of 3.5 x 10° transfor-
mants were screened. Selected colonies were subjected to colony-
lifting assays for f-galactosidase expression.

Production of HCCS monoclonal antibody
Detailed methods are available in Supplementary data.

Immunoblotting and immunostaining

Cells were washed with PBS twice. Total protein extracts were
resuspended in lysis buffer (50mM Pipes/NaOH (pH 6.5), 2mM
EDTA, 0.1% CHAPS and 5 mM DTT) containing 20 pg/ml leupeptin,
10 pg/ml pepstatin, 10 pg/ml aprotinin and 1 mM PMSF for cleaved
caspase-3 detection, or in lysis buffer (20mM HEPES, 1.5mM
MgCl,, 10mM KCl, 1mM EDTA, 1mM EGTA, 1mM DTT and
250 mM sucrose) containing 0.1 mM PMSF, 10 pg/ml leupeptin and
10 pg/ml pepstatin for cytochrome c detection, centrifuged to collect
the cytosolic fraction and immunoblotted according to the
manufacturer’s protocol. To examine subcellular localization of
HCCS, proteins were extracted using lysis buffer (20 mM HEPES-
KOH (pH 7.5), 10mM KCl, 1.5mM MgCl,, 1 mM EDTA, 1 mM EGTA
and 1 mM DTT) containing 250 mM sucrose and protease inhibitor
as described previously (Suzuki et al, 2001a). Primary antibodies
included anti-actin (Sigma), anti-caspase-3 antibody recognizing
the cleaved form (Cell Signaling Technology), anti-cytochrome
¢ (Pharmingen), anti-EAAC1 (Chemicon), anti-FLAG (M2, Sigma)
and anti-HA (3F10, Roche Diagnostics), which were diluted to
1:1000-1:5000.

For immunostaining, differentiated PC12 cells were grown on
glass coverslips coated with polyethylenimine and collagen. Cells
were fixed in 4% formaldehyde, permeabilized with 0.2% Triton
X-100 and incubated with anti-HCCS and anti-holocytochrome ¢
(Pharmingen) antibodies and subsequently a secondary antibody
coupled to Alexa Green or Red (Molecular Probes).

Immunoprecipitation and GST pull-down assay
Detailed methods are available in Supplementary data.

Supplementary data
Supplementary data are available at The EMBO Journal Online.
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