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EAAT?2 (excitatory amino acid transporter 2) is a high affinity,
Na™-dependent glutamate transporter of glial origin that is essen-
tial for the clearance of synaptically released glutamate and preven-
tion of excitotoxicity. During the course of human amyotrophic
lateral sclerosis (ALS) and in a transgenic mutant SOD1 mouse
model of the disease, expression and activity of EAAT?2 is remark-
ably reduced. We previously showed that some of the mutant
SOD1 proteins exposed to oxidative stress inhibit EAAT?2 by trig-
gering caspase-3 cleavage of EAAT?2 at a single defined locus. This
gives rise to two fragments that we termed truncated EAAT2 and
COOH terminus of EAAT2 (CTE). In this study, we report that
analysis of spinal cord homogenates prepared from mutant G93A-
SOD1 mice reveals CTE to be of a higher molecular weight than
expected because it is conjugated with SUMO-1. The sumoylated
CTE fragment (CTE-SUMO-1) accumulates in the spinal cord of
these mice as early as presymptomatic stage (70 days of age) and not
in other central nervous system areas unaffected by the disease.
The presence and accumulation of CTE-SUMO-1 is specific to ALS
mice, since it does not occur in the R6/2 mouse model for Hunting-
ton disease. Furthermore, using an astroglial cell line, primary cul-
ture of astrocytes, and tissue samples from G93A-SOD1 mice, we
show that CTE-SUMO-1 is targeted to promyelocytic leukemia
nuclear bodies. Since one of the proposed functions of promyelo-
cytic leukemia nuclear bodies is regulation of gene transcription,
we suggest a possible novel mechanism by which the glial gluta-
mate transporter EAAT?2 could contribute to the pathology of ALS.
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Amyotrophic lateral sclerosis (ALS)* is a fatal neurodegen-
erative disease, resulting from a progressive death of cortical
and spinal motor neurons. About 90% of ALS cases are spo-
radic, whereas the remaining 10% are inherited in a dominant
manner (familial ALS). Transgenic expression of high levels of
human mutant SOD1 (mutSOD1) proteins in mice and rats
leads to a progressive motor neuron disease that shares most of
the clinical features of ALS (1, 2). Astrocytes are essential part-
ners of motorneurons, providing them with trophic support (3)
and mediating rapid clearance of synaptic glutamate mainly
through the action of glial glutamate transporters. The EAAT2
(excitatory amino acid transporter 2) glial isoform of glutamate
transporters accounts for ~95% of total glutamate uptake activ-
ity in the brain (4). Studies in mutSOD1 mice and in in vitro
models of ALS affirmed a role for astroglial involvement in
motorneuron death and suggested that motorneuron loss is
also the result of toxic contributions of nonneuronal cells of the
spinal cord (5-8). Reactive astrocytes surrounding motorneu-
rons contain protein inclusions; express inflammatory markers,
such as the inducible forms of nitric oxide synthase and
cycloxygenase-2; and display increased neural growth factor
synthesis (9), nitrotyrosine immunoreactivity, and down-regu-
lation of EAAT?2. Excitotoxicity caused by consistent reduction
in expression levels and activity of EAAT?2 is among various
proposed mechanisms implicated in the propagation of motor-
neuron death in ALS (10, 11). Studies of mutSOD1 models of
ALS and human post-mortem specimens consistently reported
impairment in EAAT?2 expression levels (2,12, 13). Two studies
in mutSOD1 mice in which the expression levels of EAAT2
were genetically modified concluded that EAAT?2 plays arolein
modifying the motor neuron loss and the progression of the
disease (14, 15).

“The abbreviations used are: ALS, amyotrophic lateral sclerosis; SOD1, Cu®*/
Zn?" superoxide dismutase; mutSOD1, mutated SOD1; WT-SOD1, wild type
SOD1; SUMO, small ubiquitin modifier protein; PML, promyelocytic leukemia;
PML-NB, PML nuclear body; E1, ubiquitin-activating enzyme; E2, ubiquitin car-
rier protein; E3, ubiquitin-protein isopeptide ligase; PBS, phosphate-buffered
saline; CTE, COOH terminus of EAAT2; CHAPS, 3-[(3-cholamidopropyl)dimeth-
ylammonio]-1-propanesulfonic acid; mAb, monoclonal antibody; HD,
Huntington disease; EGFP, enhanced green fluorescent protein; Tricine,
N-[2-hydroxy-1,1-bis(hydroxymethyl)ethyllglycine; DAPI, 4',6-diamidino-2-
phenylindole.
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We have recently demonstrated that caspase-3 cleaves
EAAT?2 at a unique site located in the cytosolic COOH termi-
nus of the transporter, a finding that could link excitotoxicity
and activation of caspase-3 as converging mechanisms in the
pathogenesis of ALS. In addition, we have found that mutSOD1
proteins inhibit EAAT?2 via a mechanism that largely involves
activation of caspase-3 and cleavage of the transporter (16). In
this report, we demonstrate that the caspase-cleaved fragment
of EAAT2 (CTE) is modified by small ubiquitin-related modi-
fier (SUMO)-1. Covalent attachment of SUMO (sumoylation)
to proteins or peptides is a reversible post-translational modi-
fication. Sumoylation is analogous to ubiquitination, particu-
larly since both mechanisms target lysine residues. The process
of sumoylation requires an E1 activating enzyme (SAE1/SAE2),
an E2 conjugating enzyme (Ubc9) and possibly a member from
the family of E3 ligases (17). Attachment of SUMO requires a
lysine residue that is located within a SUMO consensus motif,
YKXE. The motif is somewhat flexible, since s represents a
large hydrophobic residue and X can be any residue (18, 19).
Deconjugation is carried out by SUMO-specific proteases (20).
As with ubiquitin, there are many substrates for SUMO; many
functions for sumoylation have been assigned, including
antagonism to ubiquitin (21), alteration of subcellular local-
ization of target substrates (22), regulation of transcriptional
factor activity (23), functional alterations of plasma mem-
brane channels (24, 25), and modulation of nuclear pore
complex shuttling (26).

We present evidence that the sumoylated CTE species is tar-
geted to a subnuclear structure known as promyelocytic leuke-
mia (PML) nuclear bodies. PML nuclear bodies (PML-NBs) are
subnuclear structures made of PML protein held together by
SUMO-1 (27). Many sumoylated proteins are targeted to these
structures (17). The exact array of functions assigned to PML-
NBs, however, remains to be fully elucidated. Taken together,
our observations that a proteolytic fragment of EAAT2 is
sumoylated, accumulates during the course of ALS, and local-
izes to PML-NBs argue that it may play an active role in the
pathogenesis of the disease. In support of this, there is a growing
body of evidence reporting protein sumoylation as a post-trans-
lational mechanism implicated in a number of neurodegenera-
tive disorders, including ALS (28).

EXPERIMENTAL PROCEDURES

Animals—Wild type human SOD1 and G93A-SOD1 trans-
genic mice, nontransgenic (non-TgN) control mice, H46R-SOD1
transgenic rats, and the R6/2 mouse model of Huntington disease
were used for this study. The mouse colonies B6SJL-TgN(G93A-
SOD1)1Gur and B6SJL-TgN(SOD1)2Gur (stock numbers
002726 and 002297; Jackson Laboratories) were expanded and
maintained in house. The rat line was H46R-4 carrying 25 cop-
ies of the transgene (29). R6/2 mice were obtained from Dr.
Jonathan Fox (MGH).

Astrocyte Preparation—Cortices or spinal cords were
removed from postnatal day 1-2 non-TgN mice and placed in
ice-cold Hanks’ solution (Invitrogen). After washing in PBS/
glucose solution, the tissue was digested for 3 min in Dulbecco’s
modified Eagle’s medium/trypsin/DNase solution, washed in
PBS/glucose, and then triturated by passing the tissue several
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times through a 20-gauge needle in Dulbecco’s modified Eagle’s
medium/DNase solution (Dulbecco’s modified Eagle’s medium
was from Invitrogen; trypsin and DNase were from Worthing-
ton). The homogenate was then filtered through a 100-um cell
strainer, centrifuged, and resuspended in Dulbecco’s modified
Eagle’s medium, 10% fetal bovine serum, 2% glucose. Astrocytes
were grown on poly-D-lysine cultureware (Millipore) and were
typically maintained in culture for 1-2 weeks prior to use for
transfections. Cultures were passed once before transfection.

Constructs, Transfections, and Protein Extraction—Full-
length EAAT2, CTE (amino acids 506 -574 of EAAT2), His-
CTE-SUMO-1 fusion fragment, Ubc-9, and His-SUMO-1
cloned into pcDNA3.1 were transiently transfected in HEK 293
cells, U251 cells, or primary astrocytes as indicated using Lipo-
fectamine 2000 (Invitrogen). CTE and CTE-SUMO-1 coding
regions were generated by PCR, and the cDNAs were subcloned
in pcDNA3.1. A Kozak initiation sequence and an artificial start
codon were placed at the 5'-end of the CTE and CTE-
SUMO-1 sequence. Transfected cells were harvested after
48 h in CHAPS extraction buffer, briefly sonicated, and ana-
lyzed on Western blot or stored at —80 °C. Separation of
cytoplasmic and nuclear fractions from cultured cells and
tissues was achieved with the NE-PER kit (Pierce) according
to the manufacturer’s instructions.

Antibodies—The following antibodies were used for Western
blot applications. A polyclonal antibody raised against the last
17 amino acids of rat EAAT2 COOH terminus was purchased
from Affinity BioReagent (catalog number PA3-040), which we
termed ABR556 —573 (1:1,000-10,000). The polyclonal B 493—
508 (rabbit 84946) and B 12-26 (rabbit 26970) antibodies
against rat EAAT?2 were generous gifts from Dr. N. C. Danbolt
and characterized in his laboratory (30-32). The antibody
ABR518-536 was produced by Affinity BioReagent (15 mg/ml).
This is a polyclonal, affinity-purified anti-peptide antibody
raised in rabbits against the mouse EAAT2 amino acid
sequence TQSIYDDKNHRESNSNQC located downstream
from the caspase-3 consensus site at positions 518 =536 of the
mouse EAAT?2 transporter (see Fig. 1A4). The optimal working
concentration was determined to be 0.1 ug/ml. All of the anti-
EAAT? antibodies that are available for this study react with
human, mouse, and rat EAAT2 isoforms. Other antibodies
used in this study include anti-GM130 mAb (monoclonal; BD
Biosciences; 1:250), anti-histidine tag mAb (monoclonal;
Sigma; 1:50,000), anti-PML mAb (monoclonal; Millipore;
1:200-500), anti-SUMO-1 mAb (monoclonal; Invitrogen;
clone 21C7, 1:200), anti-poly(ADP-ribose) polymerase mAb
(monoclonal; BD Biosciences; 1:500), and anti-monoubiquitin
and anti-polyubiquitin mAbs (monoclonal; Affinity Research
Products; clone FK2; 1:500).

Immunofluorescence—Astrocytes grown on poly-D-lysine-
coated coverslips were fixed 48 h after transfection. Cells were
washed twice with PBS and then fixed with freshly prepared 4%
paraformaldehyde for 10 min at room temperature. Cells were
permeabilized and blocked overnight with 0.5% Triton X-100
and 10% goat serum in PBS. Cells were incubated with anti-
PML antibody in PBS with 0.1% Triton X-100 and 1% goat
serum for 1 h at room temperature before washes in PBS. Sec-
ondary antibody (anti-mouse AlexaFluor568; Invitrogen) was
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also incubated for 1 h in PBS with 0.1% Triton X-100 and 1%
goat serum before PBS washes. Cells were then mounted in
Vectorshield containing 4’,6-diamidino-2-phenylindole (DAPI)
(Vector Laboratories) on Superfrost Plus coverslips (Fisher).
EGFP-CTE-SUMO-1 expression was detected by fluorescence.

Immunoprecipitations—Aliquots of spinal cord homoge-
nates (CHAPS extracts) were diluted in radioimmune precipi-
tation buffer and cleared overnight at 4 °C with protein A or G
magnetic beads (New England Biolabs, Ipswich, MA). Homo-
genates were then incubated for 4 h at 4 °C with the appropriate
antibody or control immunoglobulins, and the immunocom-
plexes were precipitated by the addition of 25 ul of protein A or
G magnetic beads for 1 h at 4 °C. The beads were then washed
three times with 0.5 ml of ice-cold radioimmune precipitation
buffer and boiled for 5 min in SDS-sample buffer. Supernatants
were analyzed on Western blot and developed with ECL
(Amersham Biosciences).

Selective Yeast Two-hybrid Screen—EAAT2 sequence was
amplified from pcDNA3.1-EAAT2 using Platinum Pfx DNA
polymerase (Invitrogen) and the following primers: EAAT2-
Forward (AAGAATTCTCAGTCAATGTTGTGGGTGAC)
and EAAT2-Reverse (AAGCGGCCGCTTATTTCTCACG-
TTTCCAAG). The two primers contain a restriction site for
EcoRI and Notl, respectively, and allow the amplification of the
cytoplasmic COOH-terminal region of EAAT2 from amino
acid 480 to 574. 25 cycles were performed (94 °C for 15, 55 °C
for 30 s, 68 °C for 1 min). The amplification product was sub-
cloned into pGEM-T Easy Vector (Promega) and then inserted
into the yeast vector pEG202 by EcoRI/NotI digestion in frame
with the sequence coding for LexA. The cell lysate was used to
perform Western blot analysis using an anti-LexA antibody to
test bait expression. A protein of the expected size was detected
only in the bait strain. Autoactivation tests were performed to
ensure that the bait in pEG202 did not activate the lacZ
reporter by itself or that EGY48, which contains LEU2, is an
appropriate strain for the bait. We used the bait strain EGY48
MATa containing the lacZ reporter plasmid (pSH18-34) and
the bait-expressing plasmid (pLexA-EAAT2 480-574). The
EGY48/pSH18-34/pLexA-EAAT2 480-574 yeast strain was
transformed with several constructs isolated from a human
fetal brain cDNA library cloned into pJG4-5. The interactions
were assayed as previously described (33). B42-fused proteins
were expressed from the yeast GAL1 promoter: on in galactose
but off in glucose. All transformations were screened for
lacZ and Leu2 expression, which indicated the association of
B42-fused proteins with LexA-EAAT2. lacZ and Leu2
expression was evaluated by blue-staining on 5-bromo-4-
chloro-3-indolyl- B-p-galactopyranoside (X-gal)-containing
plates and growth on medium lacking leucine.

In Vitro Cleavage Reactions—Mice were euthanized by intra-
peritoneal injection of xylazine/ketamine. Spinal cords were
collected and immediately homogenized on ice (glass-Teflon
homogenizer; 1,000 rpm) in 30 volumes of extraction buffer
containing SDS or CHAPS (1%), 150 mm NaCl, 10 mm NaP; (pH
7.4), and Complete™ protease inhibitor mix with EDTA
(Roche Applied Science). “Crude” extracts were incubated for
10 min at room temperature, briefly sonicated, centrifuged
(1,000 X g, 4 min) to remove unsolubilized material, and imme-
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diately analyzed or stored at —80 °C. The homogenates pre-
pared with the above protocol were termed SDS or CHAPS
extracts. For the caspase cleavage experiments, 5 ul of CHAPS
extract, containing 10 -25 ug of total proteins, were incubated
for 2 h at 37 °C in 50 pl of caspase cleavage buffer containing
10% sucrose, 20 mm HEPES/Na (pH 7.4), 100 mm NaCl, 1 mm
EDTA, 10 mm DTT, the protease inhibitor mixture (Com-
plete™ with EDTA) in the presence or absence of purified
human recombinant active caspases (BD Biosciences). The
Complete™ inhibitor mixture did not inhibit caspase-3 (16).
Calpain I and II cleavage reactions were run at room tempera-
ture for 1 h in 50 ul of buffer containing 100 mm imidazole (pH
7.4), 5 mMm cysteine, and 5 mm CaCl,. Reactions were termi-
nated by adding SDS-containing sample buffer and boiling for 5
min and then analyzed by Western blot.

In Vitro Sumoylation of EAAT2 and CTE Fragment—HEK
293 cells were grown to ~80% confluence and transfected with
pcDNA 3.1-EAAT2 or pcDNA 3.1-CTE in the presence or
absence of pcDNA3-His-SUMO-1 and pcDNA3-Ubc9, 1 ug of
DNA for each construct. In the EAAT?2 group, 2 ug of DNA of
empty vector were added to balance out the total amount of DNA
added to the different groups. Cells were lysed in PBS buffer con-
taining 1% Triton X-100, protease inhibitors (Complete™
EDTA-free), 20 mm NEM (to inhibit SUMO proteases) and
homogenized, followed by sonication. An aliquot of homoge-
nate was directly loaded on a 10% gel to determine the level of
expression of EAAT2 or CTE fragment. One mg of protein
from the homogenate was then loaded on a nickel spin column
(catalog number H7787; Sigma), and the His-tagged proteins
retained by the column were eluted with 500 ul of 250 mm
imidazole buffer following the manufacturer’s instructions.
30-40 pl of the eluate was then analyzed by Western blot with
different antibodies as indicated.

RESULTS

A Fragment Derived from Caspase-3 Cleavage of the Cyto-
plasmic COOH-terminal Domain of EAAT2 Accumulates in the
Spinal Cord of ALS Mice at a Molecular Weight Larger than
Expected—Using site-directed mutagenesis, we have previously
shown that caspase-3 cleaves the glutamate transporter EAAT2
at a unique consensus site located in its cytoplasmic COOH-
terminal domain (16). Caspase-3 cleavage of in vitro translated
EAAT?2 generated two fragments, (Tr)EAAT2 and CTE, with
molecular masses of ~55 and 8 kDa, respectively (16) (Fig. 1A).

We looked for the presence of the (Tr)EAAT2 form in spinal
cord homogenates of G93A-SOD1 mice at different stages of
disease and previously reported a progressive loss of EAAT2
immunoreactivity with the antibody B 12-26, which also
detected a slight accumulation at progression of disease of a 55
kDa band corresponding to the (Tr)EAAT2 fragment (16).
Interestingly, when the same sample homogenates were probed
with the ABR 556-573 antibody (the epitope of which is
directed against the last 16 amino acids of the EAAT2 COOH
terminus; see Fig. 1A) looking for the CTE fragment, we
observed a broad band centered at ~25 kDa, accumulating
presymptomatically and increasing in intensity as the disease
progressed (Fig. 1, B and C). This band was also detected by
another antibody, the ABR 518-536, whose epitope is within
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FIGURE 1. Caspase-3 cleaves EAAT2 at the caspase-3 consensus motif located in the cytoplasmic COOH-
terminal domain of the transporter. A, topological organization of EAAT2 at the plasma membrane as
deduced from crystallographic data; the figure illustrates the theoretical size of fragments generated by
caspase-3 cleavage and the epitopes of the anti-EAAT2 polyclonal antibodies used in this study (34). B, Western
blot (WB) analysis (16.5% Tris-Tricine gel) of spinal cord homogenates from G93A-SOD1 at different stages of
disease progression (p.s., presymptomatic stage, 70 days old; e.o., early symptomatic, 100 days old; e.s., end
stage, ~130 days old) and human WT-SOD1 mouse spinal cord homogenate age-matched with end stage
G93A-SOD1 mice. Homogenates were probed with the carboxyl-terminal antibody ABR 556-573 (1:1,000);
human WT-SOD1 homogenates were used as a control. C, Western blot analysis (SDS-PAGE, 12% gel) of spinal
cord homogenates prepared from G93A-SOD1 end stage and age-matched WT-SOD1 mice probed with the
carboxyl-terminal antibody ABR 518-536 (0.1 ng/ml). D, Western blot analysis (12% Tris-glycine gel) of WT-
SOD1 spinal cord homogenates treated with active recombinant caspase-3 (200 ng, 37 °C, 2 h) and probed with
the antibodies B 493-508 (0.1 wg/ml) and B 12-26 (0.2 wg/ml). B 493-508 also identifies a band just above 30
kDa. This band is unlikely to be related to the EAAT2 transporter (32), and it does not accumulate in the

(data not shown). Accumulation of
the 25 kDa band was paralleled by a
concomitant decrease in full-length
EAAT2 monomer (Fig. 1B), sug-
gesting that the appearance of the
lower band and the disappearance
of EAAT2 monomer were related
events occurring during disease
progression.

We initially investigated the
nature of the 25-kDa fragment using
mass spectrometry. However, this
approach was not successful be-
cause of the insufficient yield of
fragment immunopurification. As
an alternative, we tried an approach
based on correlative evidence. We
treated spinal cord homogenates of
WT-SOD1 mice with active recom-
binant caspase-3. The treatment
generated a broad band centered at
25 kDa, which was immunostained
by ABR 556 —573 and not by B 493—
508 (the epitope of which spans the
caspase-3 cleavage consensus site)
or the NH,, terminus B 12-16 anti-
body (Fig. 1D). In addition to the
uncleaved EAAT2, the antibody
B 12-26 also immunostained
(Tr)EAAT?2 (Fig. 1D, right, arrow),
suggesting that caspase-3 was cleav-

G93A-SOD1 mice at disease progression (see Fig. 7, D and E, in Ref. 16).
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FIGURE 2. 25-kDa CTE is not due to aggregation and is generated by
caspase-3-mediated cleavage. A, HEK 293 cells were transiently transfected
with EAAT2 and CTE cDNAs in pcDNA3.1 plasmid (1 wg/well). Despite condi-
tions that favor aggregation of EAAT2, CTE runs as a monomer at the
expected apparent molecular mass. B, Western blot (WB) analysis of spinal
cord homogenates from WT-SOD1 overexpressor mice treated with active
recombinant caspases (200 ng, 37 °C, 2 h). Only caspase-3 generates the
25-kDa fragment. C, Western blot analysis of spinal cord homogenates from
WT-SOD1 overexpressor mice treated with active recombinant calpain | and
calpain Il (Calbiochem) (200 ng, room temperature, 1 h). No fragments of
EAAT2 were generated with either calpains. Ctl, control.

the CTE fragment but downstream of the caspase-3 cleavage
site (Fig. 1C). ABR 518 —536 also detected a similar 25 kDa band
in spinal cord homogenates of symptomatic H46R-SOD1 rats

NOVEMBER 2, 2007 - VOLUME 282 +NUMBER 44

ing at its canonical motif in the
EAAT2 COOH terminus, whereas
the B 493-508 antibody, despite
detecting a decrease in EAAT2 monomer, did not recognize the
fragment at 25 kDa as one would expect if caspase-3 were to
cleave at the consensus site within the B 493-508 epitope (Fig.
1D, middle). The size of the fragment generated in vitro in spi-
nal cord (25 kDa) matched the size seen in vivo, strongly sug-
gesting that the EAAT?2 fragment in the spinal cord of ALS mice
was derived from caspase-3 cleavage. Caspase-3 cleaved in vitro
translated [*>SJEAAT? at the predicted consensus site and gen-
erated a fragment of ~10 kDa (16). To account for the size
discrepancy, one must consider the possibility that in a biolog-
ical system, this fragment forms an irresolvable, SDS-resistant
aggregate, or EAAT?2 is cleaved at a different locus by other
proteases or caspases that are activated by the active caspase-3
added to the cleavage reaction, or the EAAT2 fragment is post-
translationally modified.

EAAT?2 has a tendency to aggregate on gel-forming dimers
and trimers, reflecting its native oligomeric assembly (34). To
determine whether the band at 25 kDa represented oligomeric
aggregation of the CTE fragment, we transfected HEK 293 cells
with the construct encoding for the CTE fragment and analyzed
the CHAPS extract on Western blot with the ABR 556-573
antibody. The analysis showed that CTE runs as a single band at
~10 kDa, although the conditions of the experiment allowed
aggregation of the full-length EAAT?2 (Fig. 2A4), negating the
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FIGURE 3. The 25-kDa EAAT2 fragment is post-translationally modified by SUMO-1 conjugation. A, spinal
cord homogenates of end stage G93A-SOD1 (ES) and age-matched WT-SOD1 (WT) mice (500 ug of total
proteins) were immunoprecipitated (IP) with 5 ug of monoclonal antibody anti-SUMO-1. The immunoprecipi-
tate was then separated on a 12% gel and probed (WB) with ABR 556-573. As control, we performed the
immunoprecipitation from a spinal cord homogenate of G93A-SOD1 end stage with 5 ug of purified mouse
IgG1-k (catalog number 01-6100; Zymed Laboratories Inc.), the same isotype as of the anti-SUMO-1 antibody.
In addition to the 25-kDa fragment (bottom), a portion of EAAT2, visible as a high molecular weight aggregate,
was sumoylated at end stage (top). B, 10 ul of ABR 556-573 were used to immunoprecipitate spinal cord
homogenates from the same samples as in A. The immunoprecipitates were separated on 12% gel and probed
with anti-SUMO-1 antibody. C and D, forward and reverse immunoprecipitation of spinal cord homogenates
with a monoclonal antibody raised against poly- and monoubiquitinated proteins (5 ug, isotype IgG1-k) and
the ABR 556-573 antibody (10 ul). In the G93A-SOD1 end stage, a fraction of EAAT2 was polyubiquitinated if
compared with WT-SOD1 age-matched control. This is shown by the immunopositivity of high molecular
weight aggregates. In addition, several EAAT2 fragments were also ubiquitinated at end stage, suggesting an
active degradation of the transporter via the ubiquitin pathway. Despite this, the 25-kDa fragment was not
immunoprecipitated by the polyubiquitin antibody. £, HEK 293 cells were transiently transfected with His-CTE-
SUMO-1 fusion construct in pcDNA 3.1 (1 ug/well). The CHAPS extract homogenate was analyzed on Western
blot with the anti-SUMO-1 antibody.

we set out to determine whether the
CTE fragment was covalently
attached to ubiquitin and/or ubig-
uitin-like SUMO proteins. These
two post-translational modifica-
tions occur at lysine residues. The
CTE fragment has 6 lysine residues,
including a canonical consensus site
for sumoylation (YKXE) (20), repre-
sented by the sequence WKREK
located at the very end of the
EAAT2 COOH terminus domain.
To test whether the CTE fragment
was ubiquitin- or SUMO-conju-
gated, spinal cord homogenates
from end stage G93A-SOD1 and
age-matched WT-SOD1 mice were
immunoprecipitated with mono-
clonal antibodies against SUMO-1
and ubiquitin (anti-ubiquitin and
poly- and monoubiquitinated pro-
teins). The anti-SUMO-1 antibody
predominantly immunoprecipitated a
band centered at 25 kDa in the G93A-
SOD1 end stage sample that was
detected by the ABR 556 —573 poly-
clonal antibody (Fig. 34), suggesting
that this fragment was indeed
SUMO-1-conjugated. Reverse im-
munoprecipitation with the anti-
body ABR 556-573 pulled down a
band immunostained by SUMO-1
antibody with an apparent molecu-
lar mass of 25 kDa (Fig. 3B). Fur-
thermore, bands were also observed
at high molecular masses (>200
kDa), perhaps indicating sumoyla-
tion of the EAAT2 homotrimer. In
contrast, immunoprecipitation re-
actions in either direction failed to
produce detectable bands in

possibility that the 25 kDa band seen in vivo represented an
oligomeric aggregate of CTE. It also seems unlikely that the
25-kDa fragment derived from other protease activity, since
the caspase-3 cleavage was performed in the presence of a wide
range of protease inhibitors, including inhibitors of metal-
dependent proteases. Caspase-3 could promote indirect cleav-
age of EAAT?2 at an upstream cleavage site by activating other
caspases or calpains (35). Again, this should not be the case,
since EAAT?2 is not sensitive to cleavage by other caspases, such
as caspase-1, -6, -8 (Fig. 2B) or -7 (16) as well as calpain [ and II
(Fig. 2C). It therefore seems unlikely that the 25-kDa fragment
derived either from the proteolytic activity of these caspases or
calpains.

Sumoylation of the Caspase-3-derived EAAT2 Proteolytic
Fragment—Considering the data presented in Figs. 1 and 2, the
most compelling explanation for the size difference is that CTE
is modified by post-translational conjugation. On this premise,
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WT-SOD1 mice, suggesting a distinct difference between WT-
SOD1 and G93A-SOD1 end stage samples. The antibody raised
against ubiquitinated proteins also failed to immunoprecipitate
a detectable band at 25 kDa (Fig. 3C). A reverse immunopre-
cipitation experiment confirmed that the CTE fragment at 25
kDa was not ubiquitinated (Fig. 3D). Instead, several other
bands at low (<17 kDa) and high (=43 kDa) molecular mass
were immunoprecipitated, suggesting active proteolytic degra-
dation and ubiquitination of EAAT?2 at disease end stage (Fig.
3D). These ubiquitinated EAAT2 fragments were not present at
presymptomatic and early stages (data not shown). We also
tested whether CTE could be modified by SUMO-2 and
SUMO-3 but found no evidence of such interaction (data not
shown). Attachment of SUMO-1 to the CTE fragment would
theoretically increase the molecular mass by ~11 kDa. How-
ever, because SUMO-1 runs aberrantly on gel at ~17 kDa (data
not shown) (36), the resulting apparent molecular mass would
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be ~25 kDa. To test this possibility, we generated an in-frame
fusion of our species of interest with SUMO-1 (37). The
approach of constructing a CTE-SUMO-1 in-frame fusion pro-
tein was deemed appropriate, since the sumoylation consensus
sitein EAAT2 is at the very end of the COOH-terminal domain.
The chimeric construct of CTE and SUMO-1 was subsequently
cloned in pcDNA3.1 His tag vector. Western blot analysis of
CHAPS extract of HEK 293 cells transfected with CTE-
SUMO-1 revealed an apparent molecular mass of 30 kDa,
which corresponded to the 25-kDa fragment plus ~5 kDa due
to the extra 40 amino acids introduced into the construct by the
cloning procedure (Fig. 3E). Taken together, these observations
suggest that CTE is sumoylated, giving rise to specie that run at
~25 kDa on Western blots.

EAAT2 COOH Terminus Interacts with Proteins of the
SUMOpylation Machinery—For sumoylation to occur, enzymes
that promote the attachment of SUMO must be able to bind
EAAT?2. To assess whether this was the case, we screened a
selective library of cDNA clones encoding proteins involved in
the sumoylation pathway, along with several other proteins
involved in neurodegenerative diseases, for their potential
interaction with the COOH terminus of EAAT2. The COOH-
terminal region of EAAT?2 (amino acids 480 -574) was fused to
LexA and used as bait in a yeast two-hybrid screening experi-
ment. The EGY48/pSH18 -34/pLexA-EAAT?2 480574 yeast
strain was transformed with pB42-SUMO-1 (accession number
BC053528), ubiquitin-related protein, pB42-hUbc9 (accession
number BT007010; SUMO-conjugating enzyme E2), and other
preys. pLexA-EAAT2 480 -574 strongly interacts with pB42-
SUMO-1 and pB42-Ubc9, whereas no interaction was
observed with preys like pB42-ferritin and pB42-ddx41
(Table 1). pB42-SUMO-1 and pB42-Ubc9 showed no inter-
actions with pLexA-rrs1 (regulator of ribosome synthesis 1),
pLexA-asynA53T, and pLexA. The interaction between
LexAp53 and pB42-LTSV40 was tested as a positive control
for a strong interaction (38, 39). All interactions occurred
only in the presence of galactose.

In Vitro SUMOylation of EAAT2 and the EAAT2-derived
CTE Fragment—To further validate our data, we sought direct
evidence for EAAT2 and CTE sumoylation in vitro. HEK 293
cells were co-transfected with cDNA encoding the CTE frag-
ment or the EAAT?2 transporter along with His-SUMO-1 and
the E2-sumoylating enzyme, Ubc-9. His-sumoylated proteins
were isolated from the cell homogenate by affinity purification
with nickel columns. Western blot analysis of the eluate from
CTE-expressing cells revealed a band migrating at 25 kDa
immunostained by both the B 518 -536 and the anti-SUMO-1
antibodies (Fig. 44). We found that EAAT2 was also capable of
being sumoylated in vitro, apparently even with higher effi-
ciency than the CTE fragment. Similarly, transfection of HEK
293 cells with full-length EAAT2, Ubc-9, and His-SUMO-1
constructs led to sumoylation of EAAT?2 (Fig. 4B). Overall, the
lines of evidence collected thus far point at the conclusion that
the glutamate transporter EAAT2 and its proteolytic derived
fragment are sumoylated during the course of ALS and that this
modification can be reconstituted in a model system.
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TABLE 1

Yeast two-hybrid analysis of a selected library of cDNAs shows
strong interaction of the EAAT2 COOH terminus with the
SUMO-conjugating enzyme Ubc-9

A strong interaction with the COOH-terminal domain of EAAT2 was observed
with Ubc-9, the SUMO-conjugating enzyme. The interaction was at least as strong
as for LTSV40 for the oncogene p53, which was used as a positive control for our
assay. SUMO-1 was also interacting, although less strongly, with the EAAT2
COOH-terminal domain. In the same assay, Ubc-9 did not interact with other baits
like ferritin, Rrs1, or a-synuclein A53T. aa, amino acids.

Protein Assay Interaction
Bait: EAAT2 carboxyl-terminal domain
(aa 480-574)
Ubc9 B-Galactosidase +++
Leu +++
SUMO1 B-Galactosidase +++
Leu ++
Ferritin B-Galactosidase -
Leu -
Ddx41 B-Galactosidase -
Leu -
Rrsl B-Galactosidase —
Leu -
a-SynucleinA53T B-Galactosidase -
Leu -
LexA (—ve control) B-Galactosidase -
Leu -
Baits: Ferritin, Rrs1, a-synucleinA53T,
Ddx41 (—ve controls)
Ubc9 B-Galactosidase -
Leu -
SUMO1 B-Galactosidase
Leu -
Bait: p53 (+ve control)
LTSV40 B-Galactosidase +4++
Leu +++
A B
HIS-SUMO-1 = + - + HIS-SUMO-1
Ubc8 = 4 -+ Ubco
CTE + + + + EAAT?2

10 = < Pre - Ni
column

aABR 556-573

: Post - Ni
A column

aABR 518-536

20 =— | column
aSUMO-1

FIGURE 4. The CTE carboxyl-terminal fragment of EAAT2 is sumoylated
in vitro. A, HEK 293 cells were co-transfected with CTE with or without His-
SUMO-1 and Ubc-9 (top). Cell homogenates were affinity-purified through
nickel (Ni) column chromatography to retain His-SUMO-1-tagged proteins.
Postcolumn eluate was probed both with the anti-EAAT2 antibody B 518 -
536 (middle) and anti-SUMO-1 (bottom). B, the same experiment as in A except
that HEK 293 cells were transfected with EAAT2. The postcolumn affinity-
purified eluate was probed with the carboxyl-terminal antibody ABR
556-573.

aABR 556-573

@]

aABR 556-573

30 =—
20 w—

Accumulation of the 25-kDa EAAT?2 Fragment Occurs Selec-
tively in Areas of the Central Nervous System Affected in ALS—
The 25-kDa sumoylated fragment of EAAT2 accumulated in
the spinal cord of G93A-SOD1 mice at higher levels compared
with WT-SOD1 mice (Fig. 54). No accumulation was noted in
the hippocampus, cerebral cortex, or striatum (Fig. 5B). Inter-
estingly, fragment accumulation was unique to ALS, since we
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A B

pared with the cell model. This was
probably due to the fact that SUMO
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types, CTE-SUMO-1 formed into
10— 10— dotlike structures within the

WB: aABR 556-573

failed to detect the EAAT?2 fragment in homogenates of CNS
areas of the R6/2 mouse model of Huntington disease (HD)
(Fig. 5, A and B). Moreover, we detected an upward shift of the
band corresponding to EAAT2 monomer (Fig. 54; see also Fig.
1B). This increase in apparent molecular weight of EAAT2
monomer was ALS- and spinal cord-specific. Despite the obser-
vation that HD and ALS mice shared a similar decrease in
EAAT?2 expression levels (40) (Fig. 5, A and B), our findings
indicate that EAAT2 proteolytic processing differs between
these two distinct neurodegenerative diseases.

CTE-SUMO-1 but Not CTE Accumulates in the Nucleus at
PML Nuclear Bodies—W'e next sought to understand the effect
of sumoylation by examining the cellular localization of CTE-
SUMO-1in contrast to the loci of CTE alone, since sumoylation
has been previously reported to alter cellular localization of
proteins (22). To this end, we transfected U251 astroglioma
cells with His-tagged CTE and CTE-SUMO-1 in-frame fusion.
We choose U251 as opposed to primary astrocytes, since the
transfection efficiency of primary cultures is suboptimal for
Western blot analysis. Fractionation of the transfected cells
into cytoplasmic and nuclear components revealed a contrast-
ing pattern between the two species with CTE remaining solely
in the cytoplasm, whereas CTE-SUMO-1 was present in both
fractions. To ensure that fractionation had taken place, sepa-
rate aliquots were probed for cytoplasmic and nuclear markers
(Fig. 6A). Given this observation, we sought to determine if this
was repeated in the G93A mice. Analysis of end stage spinal
cord homogenates revealed the band corresponding to CTE-
SUMO-1 in both the cytoplasmic and the nuclear fraction (Fig.
6B); thus, one effect of sumoylation of CTE is a change in its
cellular localization. The relative amounts of cytoplasm to
nuclear staining were lower in the animal model when com-
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WB: adABR 556-573

FIGURE 5. Selective accumulation of the CTE fragment derived from caspase-3 cleavage in the spinal cord
of ALS mice. A, Western blot (WB) analysis of spinal cord homogenates (SDS extract) obtained from ALS mice
(end stage G93A-SOD1 mice and age-matched control WT-SOD1) and Huntington disease mice (HD R6/2 line
and nontransgenic control). The blot was co-stained with ABR 556-573 and B-actin antibodies. The B-actin
signal was used as a marker of equal protein loading on the lanes. B, Western blots from cortex, striatum, and
hippocampal homogenates (SDS extracts) were similarly probed as in A. The proteolytic EAAT2-derived frag-
ment at 25 kDa is notably absent. Also absent is the increase in apparent molecular mass of the monomeric
form of EAAT2 in the HD samples as compared with the spinal cord of ALS samples.

nucleus. If indeed the formation of
the subnuclear dots is related to
colocalization to a subnuclear
structure, there were several can-
didates to consider. However,
there are examples of sumoylated
protein that are targeted to PML
nuclear bodies (22, 41, 42). Fur-
thermore, there are ~5-30 PML
bodies distributed throughout the nucleus, depending on the
stage of the cell cycle (43), which would give rise to a dotted
appearance. Examination of primary astrocytes transfected
with EGFP-CTE-SUMO-1 and counterstained with PML also
revealed colocalization (Fig. 7). When transfections were carried
out with an empty EGFP vector alone, the fluorescence was dif-
fused and exclusively cytoplasmic (data not shown). To ensure
that the EGFP tag was not driving the construct to the nucleus,
experiments were also performed with His-CTE-SUMO-1, and
similarly to the EGFP vector, the expressed construct colocalized
with PML (data not shown).

PML Immunoprecipitates with CTE-SUMO in G93A Mice—
Next we sought evidence of the interaction between CTE-
SUMO-1 and PML through immunoprecipitation. For consis-
tency with our previous results, we immunoprecipitated from
both cytoplasmic and nuclear fractions. Since PML is almost
exclusively assembled in nuclear bodies, immunocomplexes
should only be detected in samples containing nuclear extracts.
The ABR 518 -536 antibody immunoprecipitated a band in the
nuclear extract sample that was detected by the anti-PML anti-
body. Confirmation that this band was PML was aided by the
absence of immunostaining in the cytoplasmic IP lanes (Fig. 84,
top). Fig. 8A (bottom) confirms that the His-CTE-SUMO-1 was
expressed. Although the data show that PML can immunopre-
cipitate CTE-SUMO-1 from U251 cells, the system employs
overexpression of an artificial species. Therefore, we sought to
repeat the result using G93A-SOD1 end stage spinal cord
lysate. Due to the limited steady amount of CTE-SUMO-1 in
spinal cord nuclear extracts, we performed the immunoprecipi-
tation from whole cell lysate. As before, the ABR 518 —536 anti-
body immunoprecipitated a band that was detected by the anti-
PML antibody. Taken together, our results suggest that the
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FIGURE 6. Sumoylated CTE but not CTE can be detected in the nuclear frac-
tions. A, U251 astroglioma cells were transfected with either pcDNA3.1 His-CTE
or His-CTE-SUMO-1 for 48 h before collection. Samples were separated into cyto-
plasmic and nuclear fractions using a Pierce NE-PER kit. 30 g of sample was then
separated on 10% gels and probed (WB) with antibodies against His for detection
of the expressed constructs as well as for GM130 as a cytoplasmic marker and
poly(ADP-ribose) polymerase (PARP) as a nuclear marker. B, G93A-SOD1 end
stage mouse spinal cord homogenate was separated into cytoplasmic and
nuclear fraction using a Pierce NE-PER kit. 30 g of sample was then separated on
a 10% gel and probed with ABR 518-536 antibody for detection of the EAAT2
fragment as well as for GM130 and poly(ADP-ribose) polymerase as in A.

FIGURE 7. Sumoylated CTE is localized to PML-NBs. Spinal cord astrocytes
were transfected with EGFP-CTE-SUMO-1. Immunofluorescent analysis was
carried out 48 h after transfection. A, green, EGFP-CTE-SUMO-1. B, blue, DAPI.
C, red, PML. PML was visualized using an anti-PML mAb from Millipore (1:200)
and AlexaFluor 568 secondary anti-mouse antibody (0.5 ug/ml). D, merge.
SUMO/DAPI/PML images were merged using Adobe Photoshop software.
Calibration bar, 10 wm. Images indicated that CTE-SUMO-1 and PML colocal-
ize (yellow dots).

sumoylated CTE species associates with PML nuclear bodies
both in vitro and in vivo in the G93A-SOD1 mouse model
of ALS.
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FIGURE 8. PML is immunoprecipitated with an antibody against the
COOH terminus of EAAT2. A, astroglioma cells U251 were transfected with
His-CTE-SUMO-1, harvested after 48 h, and separated into cytoplasmic and
nuclear fractions using the NE-PER kit (Pierce). Homogenate (500 ug of pro-
tein) was immunoprecipitated (/P) with 10 ug of polyclonal antibody ABR
518-536. The immunoprecipitate was then separated on a 10% gel and
probed (WB) with PML antibody (top). The arrow points at the PML band at
approximately 75 kDa. The gel was also probed with anti-His antibody to
ensure that transfection had taken place (bottom). B, spinal cord homoge-
nates of diseased end stage G93A-SOD1 (500 g of total proteins) was immu-
noprecipitated with 10 ug of polyclonal antibody ABR 518-536. The immu-
noprecipitate was then separated on a 10% gel and probed with PML
antibody (top). As control, the immunoprecipitation was performed from a
spinal cord homogenate of G93A-SOD1 end stage with 10 g of rabbit total
IgGs. The lower panel shows that the ABR 518-536 antibody successfully
immunoprecipitated the CTE-SUMO-1 band (arrow) from the G93A-SOD1 spi-
nal cord homogenates.
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DISCUSSION

Decreased expression levels and impairment of the normal
function of the astroglial glutamate transporter EAAT2 is a
consistent feature of human ALS cases (12, 13) and animal
models of the disease (44, 45). In this study, we have advanced
upon our previous findings of caspase-3-mediated cleavage and
inhibition of EAAT?2 (16) and report that a proteolytic EAAT2
COOH terminus fragment derived from this cleavage is sumoy-
lated. This leads to nuclear accumulation of the sumoylated
EAAT?2 fragment (CTE-SUMO-1) and interaction with PML in
PML-NBs. During disease progression in humans and in mouse
models of the disease, death of motor neurons is not accompa-
nied by astrocyte loss. On the contrary, astrocytosis (46) and
proliferation of reactive astrocytes (47) have been reported in
the spinal cord of both humans and ALS mice (46, 47).
Caspase-3 proteolytic cleavage of EAAT2 presumably occurs
through a controlled activation of caspase-3 in astrocytes, since
we observed that the cleaved EAAT2 fragment accumulates
during the disease, thus negating astrocyte death. Restricted
activation of caspase-3 within specific cellular compartments
that is not accompanied by cell death has already been
described in the literature (e.g. in cortical cultures exposed to
ischemic preconditioning) (48). Furthermore, caspases can be
activated within specific cellular compartments, as seen in neu-
trophils (49).

Observations obtained in both ALS mice and cell cultures
also indicate that a cascade of events linked to EAAT2 process-
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ing could follow the caspase-3-mediated cleavage of the trans-
porter. In addition, Western blot analysis of homogenates of
different central nervous system areas of ALS and HD mice
(Fig. 5) shows that these EAAT2-linked processing mecha-
nisms are ALS- and spinal cord-specific and fundamentally dif-
ferent from the EAAT2 processing occurring in HD mice, sug-
gesting an additional level of dysregulation for this astroglial
transporter. Sumoylation of a variety of different substrates
under normal circumstances has important regulatory func-
tions within the cell. We showed that the CTE fragment is
conjugated to SUMO-1, an action that guards the fragment
against degradation and directs it to the nucleus. One of
several roles for sumoylation is to target substrate polypep-
tides or proteins, such as apoptin (22), BLM (41), and Sp3
(42) to PML-NBs. Once EAAT? is cleaved, it is an inherent
function of a sumoylated protein or peptide to be trans-
ported to PML-NBs. The targeting of the CTE-SUMO-1
fragment to a subnuclear structure implicated, among other
processes, in transcriptional regulation might have particu-
lar significance, given a recent study in which the authors
reported that astrocytes expressing G93A-SOD1 release sol-
uble neurotoxic factors specifically detrimental to motor-
neurons (8). It is therefore of interest to uncover whether
CTE-SUMO-1 alters astrocyte physiology, promoting
release of motorneuron toxic factors.

Sumoylation of EAAT?2 could be a disease-specific event. The
immunoprecipitation data in Fig. 3 indicate that the homotri-
mer (at ~200 kDa) is sumoylated, as shown both in the forward
and reverse immunoprecipitation experiments at the end
stage of disease. Furthermore, Fig. 4 shows that sumoylation
of the full-length transporter is possible, at least in vitro, in a
transfected cell culture model. Functionally, the effect of
sumoylation of the full-length transporter may also be rele-
vant for the pathology. To date, there are two reports of
plasma membrane ion channels that are sumoylated (24, 25).
In both cases, the functional result is silencing or profound
alteration of these channels. There are two other reports of
sumoylation of membrane-bound proteins. Tang et al. (50)
reported that metabotropic glutamate receptor 8a
(mGluR8a) can be sumoylated, although no functional con-
sequence of sumoylation was assigned, whereas Giorgino et
al. (51) reported that the glucose transporters GLUT1 and
GLUT4 are sumoylated in insulin-sensitive cells, resulting in
differential regulation of protein levels. However, these
observations were not reported in a disease context. EAAT?2
does not appear to be sumoylated in wild type, nondiseased
controls. Therefore, an ALS-related change in the cellular
sumoylation pattern must occur, allowing EAAT2 or the
proteolytic fragment derived from it to become sumoylated.
Evidence in the literature suggests that the pattern of sumoy-
lation can change with oxidative stress (52, 53), which has
been described in ALS. We reported that EAAT?2 is directly
affected by oxidative stress in the presence of mutSODI.
Therefore, there is the possibility that in the ALS disease
setting, EAAT2 could become sumoylated as a consequence
of oxidative stress. If oxidative stress were to increase
sumoylation, then we would expect additional proteins to
become sumoylated and not just EAAT2. Thus, it is of inter-
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est to note a study by Fei et al. (54) reporting sumoylation of
SOD1 that results in its stabilization and aggregation in
familial ALS.

Given that there is clear nuclear localization and association
of CTE-SUMO-1 with PML-NBs in ALS, it is likely that this
fragment perturbs the dynamics of normal nuclear function in
astrocytes. Current understanding indicates a role in transcrip-
tion for PML-NBs, since an array of transcription factors as well
as co-activators and co-repressors associate with these bodies
(55). Moreover, PML-NBs are sites of action and also transcrip-
tion for certain viruses (56), DNA repair (57), p53-dependent
and independent apoptosis (55, 58), antiviral response (59), and
cell cycle regulation (60). How PML-NBs associate with specific
nuclear loci is unknown. One suggested mechanism for tran-
scription of genes is that genomic loci are recruited to PML-
NBs, and it is then that transcription is regulated. An alternate
mechanism is that PML-NBs are recruited to genomic loci of
high transcriptional activity, as seen with viral infections (61).
An increasing number of reports are providing details of non-
random association of PML-NBs with specific gene loci (62).
What might be the result of CTE-SUMO-1 localization to
PML-NBs in the context of mutSOD1-linked ALS remains to
be elucidated. PML ™/~ mice are viable although more vulner-
able to infection and more sensitive to carcinogens (60). Clues
for the potential functional effects of CTE-SUMO-1 interaction
with PML-NBs could be inferred from the analysis of these
mice. However, one must consider that the result of any disrup-
tion to PML-NBs in ALS could be more complex due to the
short life span of the ALS mice compared with the PML ™/~
mice and to the fact that the disruption would only occur in
astrocytes.

The contribution of astrocytes to the pathology of ALS is
increasingly being appreciated, particularly with the recent
publication of two studies reporting non-cell autonomous
effects of astrocytes carrying SOD1 mutations (7, 8). In partic-
ular, the study by Nagai et al. (8) suggested the existence of
soluble mediators released by mutSOD1 astrocytes that are
selectively toxic to motor neurons. Although the study did not
indicate what these astrocyte specific mediators may be, it is of
interest to note that key toxic chemokines, such as interleukin-
1B, interleukin-6, interferon--y, and tumor necrosis factor-q,
were not involved. Notably, the lack of increase in tumor necro-
sis factor-a is in agreement with a previous study that showed
that knock-out of tumor necrosis factor-a did not affect ALS
caused by SOD1 mutations (63).

An attractive scenario therefore is that EAAT2 sumoylated
as a result of increased cellular stress due to the presence of
mutant SOD1 is progressively cleaved by caspase-3, and the
sumoylated CTE species is then transported to the nucleus,
where it is directed to PML-NBs. Since SUMO proteases are
present within the nucleus, the novel species should not accu-
mulate at first, but as the disease progresses and levels of the
CTE-SUMO-1 increase, the balance is altered such that it
allows nuclear accumulation. The role of SUMO proteases in
the nucleus is probably the reason why we observe much more
CTE-SUMO-1 in the cytoplasm. Obviously, the observation is
more apparent when we express the fusion construct in U251
cells due to the fact that the CTE-SUMO-1 species is an in-
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frame fusion and is a synthetic species with no cleavable SUMO
site. The result is accumulation of sumoylated CTE at PML-
NBs, where it presumably alters a facet of their normal func-
tion. In light of the observations of a non-cell autonomous
effect of astrocytes on the demise of motor neurons in ALS
and that the effect is seemingly due to soluble factor(s), it is
tempting to speculate that our observations could reflect an
underlying cause. It is our intention that the next step is to
search for functional implications of CTE-SUMO-1 targeted
to PML-NBs.
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