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Summary .

Over 100 mutants in superoXide dismutase 1 (SOD1) are
repotted in familial amyotrophic lateral sclerosis (ALS). How-
ever, the precise mechanism by which they are degraded
through a ubiquitin-proteasomal pathway (UPP) remains un-
clear. Here, we report that heat-shock protein {(Hsp) or heat-
shock cognate (Hsc)70, and the carboxyl terminus of the
Hsc70-interacting protein (CHIP), are involved in proteasomal
degradation of mutant SOD1. Only mutant SOD1 interacted
with Hsp/Hsc7Q in vivo, and in vitro experiments revealed that
Hsp/Hsc70 preferentially interacted with apo-SOD1 or dithio-
threitol (DTT)-treated holo-SOD1, compared with metallated
or oxidized forms. CHIP, a binding partner of Hsp/Hsc70,
interacted only with mutant SOD1 and promoted its degra-
dation. Both Hsp70 and CHIP promoted polyubiquitination of

mutant SOD1-associated molecules, but not of mutant SOD1,
indicating that mutant SOD1 is not a substrate of CHIP.
Moreover, mutant SOD1-associated Hsp/Hsc70, a known
substrate of CHIP, was polyubiquitinated /n vive, and poly-
ubiquitinated Hsc70 by CHIP interacted with the $5a subunit
of the 265 proteasome in vitro. Furthermore, CHIP was pre-
dominantly expressed in spinal neurons, and ubigquitinated
inclusions in the spinal motor neurons of hSOD1%%* trans-
genic mice were CHIP-immunoreactive. Taken together, we
propose a novel pathway in which ubiquitinated Hsp/Hsc70
might deliver mutant SOD1 to, and facilitate its degradation, at
the proteasome.
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Amyotrophic lateral sclerosis (ALS) is a fatal neurodegen-
erative disease characterized by progressive palsy in limbs
and bulbar muscles. A genetic mutation in superoxide
dismoutase 1 (SOD1) was identified in 1993 as a causal
defect shared in 20% of familial ALS patients (Rosen ef al.
1993). Although SOD1 is an antioxidant enzyme, accumu-
lating lines of evidence strongly support a ‘gain of toxic
function hypothesis” rather than a ‘loss of function hypothe-
sis’ (Cleveland and Rothstein 2001; Julien 2001).

Recent lines of evidence indicate that the misfolded nature
of mutant SOD1 is a distinct feature common in over 100
mutants (Valentine and Hart 2003). Several misfolded forms
taken by mutant SOD1 reportedly inciude a non-native
oligomer, a soluble aggregate, and a detergent-insoluble
aggregate (Johnston et al. 2000; Shinder et al, 2001,
Urushitani e al. 2002). In addition, most types of mutant
SODI are more readily monomerized by a reducing agent
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than the wild-type, thus allowing their intramolecular
hydrophobic amino acid residues to be exposed to cytoplasm
(Tiwari and Hayward 2003). Other groups have
demonstrated that the apo-state enhances the instability of
mutant SOD! (Lindberg ef al. 2002). These features might
be the molecular basis for degradation of mutant SODI
through the ubiquitin-proteasomal pathway (UPP} (Nakano
et al. 1996, Johnston et al, 2000). We previously demon-
strated that mutant, not wild-type, SOD1 is conjugated to a
multiubiquitin chain and degraded at the proteasome (Uru-
shitani et al. 2002). Although the precise mechanism under-
lying UPP for handling mutant SOD1 is still an enigma, a
mutant SOD1-specific ubiquitin ligase has been proposed
(Niwa et al. 2002).

However, since over 100 mutants of FALS-related SODI1
have been identified, its recognition mechanism may rely
upon a common mediator. In this context, a molecular
chaperone, especially heat shock protein 70 (Hsp70), is a
very attractive candidate. Overexpression of Hsp70 in
cultured motor neurons rescues them from mutant SODI1-
induced apoptosis (Bruening et 4l 1999). This group also
reported that detergent-insoluble, but not detergent-soluble,
mutant SOD1 associates with Hsp70 in spinal cord lysates
from G93A transgenic mice (Shinder e ai. 2001), Moreover,
mutant SOD1 interacts with Hsp70 under heat-shock condi-
tions (Okado-Matsumoto and Fridovich 2002). Pathologic-
ally, hSOD1-immunoreactive inclusions in spinal cord of the
patients or transgenic mice expressing mutant SOD1 are
frequently stained with antibody against heat-shock cognate
(Hsc)70, a constitutively expressed form of Hsp70 (Watan-
abe ef al. 2001). However, the role of Hsp/Hsc70 in mutant
SOD1 metabolism remains unclear. Interestingly, Hsc70
facilitates the degradation of several proteins at the protea-
some in a ubiquitination-dependent manner (Bercovich et al,
1997), suggesting a role for Hsp/Hsc70 in handling various
types of misfolding proteins for proteasomal degradation. For
instance, the rate of degradation of androgen receptors
containing expanded polyglutamine in bulbospinal muscular
atrophy was accelerated by Hsp70 both in cells (Bailey ef al.
2002) and transgenic mice (Adachi et al. 2003).

The carboxyl terminus of Hsc70-interacting protein
(CHIP) contains a tetratricopeptide repeat (TPR) domain
with which Hsp/Hsc¢ 70 interacts, and inhibits chaperoning
by Hsp/Hsc70 through a decrease in ATPase activity
{Ballinger et al. 1999; Aravind and Koonin 2000). To date,
various molecules have been identified as CHIP substrates,
including glucocorticoid receptors (Connell er al. 2001},
misfolded cystic fibrosis transmembrane-conductance regu-
lator (CFTR) (Meacham ef al. 2001), heat-denatured lucif-
erase (Murata ef al. 2001) and transmembrane receptor
tyrosine kinase ErbB2 (Xu eral 2002). The wild-type
androgen receptor containing a normal polyglutamine repeat
is also ubiquitinated by CHIP (Cardozo et al. 2003}.

This study investigated the role of Hsp/Hsc70 and CHIP in
the degradation of mutant SOD1 in UPP. Evidence is
provided that CHIP promotes the formation of a ubiquitin-
mutant SOD1 complex and proteasomal degradation,
Surprisingly, however, this effect was not caused by
ubiquitination of mutant SOD1, but of Hsp/Hsc70. This
result indicates that ubiguitinated Hsp/Hsc70 recruits mutant
SOD] toward the proteasome. This is a novel pathway that
explains the degradation mechanism of more than 100
mutant SOD1, as well as the pathology of ALS.

Experimental procedures

Materials

Antisera specific for His-CHIP were prepared in rabbits (Imai ef al.
2002). Bovine Hsc70 was purchased from Medical and Biological
Laboratories (Nagoya, Japan). Purified human E!, ubiquitin
converting enzyme (E2; ubcHS3a) and ubiquitn aldehyde were
purchased from Boston Biochem (Cambridge, MA, USA). Rabbit
polyclonal anti-hSOD1 and monoclonal antibody recognizing both
Hsc70 and Hsp70 (C92F3 A-5) were purchased from StressGen
(Victoria, BC, Canada). Rat monoclonal anti-HA (3F10)} antibodies
was purchased from Roche {Basel, Switzerland). Mouse monoclonal
anti-V5 tag antibody was purchased from Invitrogen (Carlsbad, CA,
USA).

Plasmid construction

Human SOD1 ¢DNA (hSOD1), with or without the FLAG-tag
(wild-type, G83R or G93A mutant), was produced as previously
described (Urushitani er o/, 2002). pcDNA3.]-human Hsp70-V5
was a generous gift from N. Nukina (RIKEN Brain Science
Institute). The preparation of hemagglutinin (HA)-tagged ubigquitin
(HA-Ub) and CHIP ¢DNAs is described elsewhere (Hatakeyama
et al. 2001). c¢DNA construction of mutant CHIP, devoid of
tetratricopeptide repeat or U-box (ATPR or AU-box), was conducted
by inverted PCR, using the primer pairs: 5-ACTCGGGCTC
TTATCAGGGCTGCC-3 and 5-CAGCGACTCAACTTTGGGGA.
TGATA-3" for ATPR, and 5-GTCAGGGATATCTCGCTTCTT
TCTT-3' and 5-ATTGACGCTTTCATCTCTGAGAACG-3" for
AU-box. PCR products were ligated into pcDNA3 containing either
the HA or Myc tag sequence at the 5" end. 6 X His-tagged CHIP
recombinant protein was produced by subcloning CHIP ¢DNA into
pET28a(+} vector at the EcoRI/Xhol sites (Novagen, Madison, W1,
USA). 6 x His-tagged Hsp70 (His-Hsp7() of full length and
deletion mutant of carboxyl terminus (AC) or of ATPase domain
(AATP), was produced as previously reported (Imai et al. 2002).

Purification of recombinant proteins

Recombinant glutathione S-transferase-fused hSOD1 (GST-hSOD1)
with or without FLAG-tag at the 3’ terminus was generated as
previously reported (Kang and Eum 2000; Urushitani ef af. 2002)
with minor modifications. After digestion of GST-hSODI1 + FLAG
to be released from GST, the hSOD1 proteins were demetallated by
overnight incubation in 100 mm EDTA, followed by additional
ovemight incubation in acetate pH 3.8. Finally, they were dialyzed
against a buffer containing 50 mm Tris-HC] pH 7.5 and 100 mm
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NaCl (Buffer A). Metallation was performed by incubation in two
equivalent parts of zinc chloride for 24 h, followed by further
incubation with two-equimolar copper chloride for 24 h. The
activity of demetallated or remetallated recombinant SOD1 was
confirmed using a SOD1 activity assay kit (Dojindo, Kumamoto,
Japam), in which dismutase activity against the superoxide anion,
generated from the reaction of xanthine with xanthine oxidase, was
quantified (data not shown). For several experiments, metallated
SODI proteins were incubated with hydrogen peroxide for 1 h at
Toom temperature, followed by overnight dialysis against buffer A.
Demetallated, metallated or oxidized SOD1 was stored at —80°C
until use. Recombinant 6 x His-tagged CHIP (His-CHIP) and HA-
tagged ubiquitin were produced as previously reported (Hatakeyama
et al. 2001; Tmai et af. 2002).

Cultures and transfection

Murine neurcblastoma cell-line, Neuro2a cells were maintained in
Dulbecco’s minimum essential medium (DMEM) containing 10%
fetal bovine serum (FBS). Tramsfection was performed using
Lipofectamin PLUS (Invitrogen) according to the manufacturer’s
protocol. The medium was replaced with one containing 5 mm
dibutylyl cyclic-AMP (db-cAMP) 3 h after transfection to differen-
tiate cells. Twenty-four hours after transfection, cells were harvested
and processed for immunoprecipitation or immunoblotting,

Immunoblotting

Cultured cells were harvested and lysed by the following buffers
depending on the experiment: TNG-T buffer consisting of 50 mm
Tris-HCl pH 7.4, 150 mm NaCl, 10% glycerol, 1% Triton X-100
and a protease inhibitor cocktail (Roche); RIPA buffer consisting of
20 myM HEPES pH 7.4, 150 mwm NaCl, 2 mm EDTA, 1% Nonidet-
P40, 1% sodium deoxycholate, 0.1% sodium dodecyl sutfate (SDS)
and protease inhibitor cocktail; and denaturing buffer consisting of
20 mM Tris-HC1 pH 7.5, 1% SDS, 2mmM EDTA and | mm
dithiothreitel (DTT). Cells were briefly sonicated on ice in TNG-T
buffer or RIPA buffer, or were sonicated and boiled for 5 min at
95°C in the denaturing buffer before centrifugation (10 400 g for
30 min). The supematant fluids were analyzed for immunoprecip-
itation or western blotting after protein concentration was deter-
mined by the Coomassie protein assay kit or bicinchoninic acid
(BCA) protein assay kit (Pierce, Rockford, IL, USA). In most
experiments, the lysates were denatured using equal amounts of 4%
SDS sample buffer containing 2-mercaptoethanol (2ME) for 5 min
at 95°C, separated by SDS- polyacrylamide gel electrophoresis
(denaturing-PAGE) and transferred to polyvinylidene difluoride
(PVDF) membrane (Miilipore, Billerica, MA, USA). In several
experiments investigating the proportion of dimer and monomer in
SOD1 protein, lysates were incubated with equal amounts of 1%
SDS sample buffer without 2ME for 15 min at 37°C before SDS-
PAGE (partially denaturing PAGE). A western blot image was
obtained using an enhanced chemiluminescence detection kit (ECL;
Amersham Bioscience, Piscataway, NJ, USA) and quantified using
Scion Image software (Scion Corp., Frederick, MD, USA) in several
experiments.

Immunoprecipitation and ir vivo ubiquitination assay
For immunoprecipitation, different cell lysis buffers were used
depending on in vivo experiments. The TNG-T buffer was used to
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study the interaction between SOD1 and Hsp/Hsc70. Fot in vivo
ubiquitination assay, RIPA buffer was used. Twenty-four hours after
transfection of the cells in 6-well culture plates, cell lysates prepared
as described previously were incubated with anti-V5 antibody and
protein G sepharose to immunoprecipitate Hsp70-V3 (<500
dilution), or anti-FLAG affinity gel (Sigma, St Louis, MO, USA)
to immunoprecipitate SOD1-FLAG, for overnight or 1 h at 4°C,
respectively. Immunoprecipitates were washed five times in RIPA
buffer and eluted in 2% SDS sample buffer by boiling for 5 min at
95°C. In partially denatwring PAGE, immumoprecipitates were
eluted in 0.5% SDS sample buffer without 2ME for 15 min at 37°C.
The eluate was analyzed by western blotting,

In in vive ubiquitination assay, HA-ubiquitin was expressed in
NeuroZ2a cells in addition to other constructs. After immunoprecip-
itation as described above, western analysis was cartied out using
anti-HA antibody as previously reported (Urushitani et af. 2002).
However, since non-covalent interaction was not completely
disrupted by RIPA buffer, it is unclear whether polyubiquitinated
species are SODI. Therefore, when covalently ubiquitinated
molecules were examined, cells were solubilized in denaturing
buffer containing 1% SDS (see above) with 5 min boiling.
Subseguently, the lysate was diluted in a 10-fold volume of dilution
buffer (20 mm Tris-HCI pH 7.5, 2 mm EDTA) before immunopre-
cipitation. Covalent ubiquitination of the target proteins was
evaluated using antibodies against HA or the substrate proteins
(Tiang et al. 2001).

Monomer-dimer transition study of SOD1

SOD1 possesses an unusual intrasubunit disulfide bond to stabilize
its dimer formation (Abemethy et al. 1974). The holo-state SODi
dimer contact is tight enough to be resistant to mild SDS$
denaturation. On the other hand, a reducing agent such as DTT or
2ME is required for complete monomerization in addition to boiling
with SDS (Abemethy ef al. 1974). Remetallated recombinant
SODI1-FLAG proteins were treated by H;O, (0.1 or 1 mm) for 1 h
at room temperature or by DTT (0.1, 1.0 or 10 mm) for 1 h at 37°C.
Proteins were incubated with an equal amount of 1% SDS sample
buffer without 2ME for 15 min at 55°C, before SDS-PAGE
(partially denaturing PAGE) and westem blotting using anti-SOD1
antibody as described above.

In vitro binding assay

We investigated the molecular features of SOD1 protein that interact
with Hsc70 by in vitro binding study. First, mouse monoclonal anti-
Hsp/Hsc7) antibody was incubated ovemight with Protein G
sepharose (1 ug per 10 pL sepharose) at 4°C. Recombinant
SOD1-FLAG proteins (0.4 pm), which were demetallated, remetal-
lated or treated with hydrogen peroxide (0.1 or 1.0 mm) or 1 mm
DTT as described above, and bovine Hsc70 (0.2 um), were mixed in
a binding buffer consisting of 50 mm Tris-HC] pH 7.5, 100 mm
WNaCl, 5 mm MgCl, and 0.5 mg/mL bovine serum albumin (BSA)
for 1 h at 4°C. The mixture was incubated ovemight with the
antibody-bound protein G sepharose at 4°C. The immunoprecipi-
tates were washed with wash buffer (20 mv HEPES, pH 7.4,
120 mm NaCl, 5 mv EDTA, 1% Triton X-100, protease inhibitor
cocktail) and eluted by 2% SDS sample suffer with boiling for
5 min, The elvate was probed by rabbit polyclonal anti-hSOD1
antibody.
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In vitre ubiquitination assay

In vitro ubiquitination assay was performed as previously deseribed
with minor modifications (Hatakeyama ef @/, 2001). A 1 pL aliquet
of 10 pm bovine Hsc70 was reacted with E1 (100 nm), E2 (ubcH5a;
1 um), 0.4 pg/pl HA-ubiquitin and 1 uL 10 pm His-CHIP in the
ubiquitination assay buffer (20 mm Tris-HC1 pH 7.5, 10 mm KCl,
2 mM ATP, 2 mm phosphocreating, 0.05 U/uL phosphocreatine
kinase, 2 mm DTT and 5 ma MgCl,) at a volume of 20 pL for
30 min at 37°C. The reaction was terminated by adding 4% SDS
sample buffer for 5 min at 95°C. Polyubiquitination was evaluated
by western blotting using antibodics against the substrates and HA
(3F10; Roche).

Degradation assay
Neuro2a cells were transiently transfected with SODI-FLAG and

HA-ubiquitin with or without CHIP. At 12 h after transfection, cells

were freated with 10 pg/mL cycloheximide (CHX) to prevent
protein synthesis, and were harvested 0, 6 and 24 h after CHX
treatment by denaturing buffer with boiling for 5 min. The same
volume of lysates was analyzed by western blotting using anti-
FLAG antibody. The remaining SOD1-FLAG was quantified by
densitometry using Scion Image software, Using this method, we
confimmed that wild-type SOD1-FLAG was stable until 24 h after
CHX treatment, whereas mutant SOD1-FLAG proteins were more
rapidly degraded. This degradation was reversed by proteasome
inhibitor (data not shown). These data were the same as those from a
pulse-chase experiment reported previously {Johnston e al. 2000).

Assay for interaction of ubiquitinated Hsp/Hsc70 with

mutant SOD1

We investigated the interaction of mutant SOD1 with ubiguitinated
Hsp/Hsc70 by the following two methods. In on¢ experiment,
Neuro2a cells were transiently transfected with SOD1-FLAG and
HA-ubiquitin, and cell lysates were immunoprecipitated by anti-
FLAG affinity gel. The immunoprecipitates were washed in ATP-
containing buffer {10 mv ATP, 20 mm Tris-HC1 pH 7.5, 100 mm
NaCl, 5 mm MgCl, and protease inhibitor cocktail) for 15 min at
37°C with gentle shaking (ATP wash). The affinity gel was then
washed three times in RIPA buffer and the eluate was assayed by
western blotting using antibodies against Hsp/Hsc70 and HA.

In a separate experiment, we employed sequential immunopre-
cipitation of mutant SOD1-interacting protein. Cell lysates of
Neuro2a transfected with SOD1-FLAG, Hsp70-VS and HA-ubiqu-
itin were immunoprecipitated by anti-FLAG affinity gel; the beads
were subsequently incubated in the denaturing buffer described
above for 5 min at 95°C. The eluate was diluted 10-fold with
dilution buffer and sequentially immunoprecipitated by anti-V5
antibody with protein G sepharose at 4°C overnight. The beads were
eluted by 2% SDS sample buffer, and the eluate was analyzed by
western blotting using anti-HA antibody.

Maultinbiquitin-proteasome binding assay

The $5a component of the 19S complex in the 263 proteasome is a
non-specific multiubiquitin binding site (Walters et al. 2002).
Human S5a cDNA was cloned from a polyA-linked ¢cDNA pool
from a human cell line (SH-8Y-5Y) by conventional PCR protocols.
The primer pair used GCCGAATTCAAGATGGTGTTGGAAAGC-
ACTA as the forward primer and GCCCTCGAGTCACTTC-

TTGTCTTCCTCCTT as the reverse. The PCR produet was digested
by EcoRI/Xhol and subcloned into pcDNA3 which was then
modified to contain the FLAG tag sequence at the 5’ side of the
multiple cloning sites. After verification by sequencing, the FLAG-
$5a construct was subcloned into pET28a(+) at a Hindlll site.
Recombinant FLAG-S5a protein was induced by Isopropy!-b-D-
thiogalactopyranoside (IPTG) by the protocol described above, and
immunopurified using anti-M2 FLAG affinity gel (Sigma). After
termination of in vitro ubiquitination of Hse70 and CHIP in a 20 pL
reaction mixture as described above, 80 uL 40 mm Tris-HCl
(pH 7.4} were added to the reaction mixture and then inserted into
a column containing FLAG-S54. The reaction mixture was
incubated for | h at 4°C; the column was then washed four times
in RIPA buffer and eluted with 2% SDS sample buffer. Samples
were immunoblotted using anti-HA antibody.

Primary spinal cord culture

Primary dissociated cultures from embryonic mouse spinal cord
were prepared as described elsewhere (Urushitani et al. 2002).
Cultures were assayed 7-8 days after plating. For immunocyto-
chemical analysis, cultures were fixed with 4% paraformaldehyde
(PFA) and were reacted with antibodies against CHIP ( x 1600),
NeuN {Chemicon, Temecula, CA, USA; x500), glial fibrillary
acidic protein (GFAP; Dako Glostrup, Denmark) and SMI32
(Steinberger monoclonals, Baltimore, MA, USA). Alexa 448 or
546 (Molecular Probes, Engene, OR, USA) were used as secondary
antibodies. Cultures were observed under a confocal laser micro-
scope (Olympus; Tekyo, Japan).

Immunohistochemistry of mice

The transgenic mouse line expressing the mutant BGSJL-
TeN[SOD1-G93A]1Gur" was purchased from Jackson Laboratories
(Bar Harbor, ME, USA). Mouse genotypes were determined by PCR
as previously reported (Gumney et gl 1994). Post-symptomatic
transgenic mice at the age of 8 months were killed and perfusion
fixed by 4% PFA. Fixed-frozen sections of the spinal cord were
prepared for immunohistochemistry using affinity-purified rabbit
antibody against CHIP (1 pg/ml) and polyclonal antibodies to
ubiquitin (x 500; Dako, Glostrup, Denmark) and to hSOD1 ( 1000;
StressGen). Primary antibodies were visualized by the avidin-biotin-
immunoperoxidase complex (ABC) method using the appropriate
Vectastain ABC kit (Vector Laboratories, Burlingame, CA, USA)
and 3.3-diaminobenziding tetrahydrochloride (DAB; WNacalai
Tesque, Kyoto, Japan). The experiments were performed in
accordance with the RIKEN Guide for Animal Care for Research
Use.

Results

Hsp/Hsc70 interacts with apo- or monomerized SOD1

Mutant SOD1 interacts with Hsp70 under heat-shocked
conditions in Neuro2a cells stably expressing hSODI
(Okado-Matsumoto and Fridovich 2002), and detergent-
insoluble mutant SOD1 is co-immunoprecipitated with
Hsp7(} (Shinder ef al. 2001). As shown in Fig. la (1), the
antibody against both Hsp and Hsc70 recognized a molecule
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co-immunoprecipitated with mutant, but not with wild-type,
SOD1 in Neurc2a cells (Fig. 1a). Since the expression of
inducible Hsp70 was very low (data not shown) under
normal conditions, the main binding partner of mutant SOD1
appeared o be Hsc70. Since the binding manner of Hsp70
with mutant or wild-type SOD1 was not affected by the
addition of FLAG-tag (Fig. la, 2), most of the experiments
in this study were performed using carboxy-terminaily
FLAG-tagged SOD1 (SOD1-FLAG) proteins.

We next investigated the molecular features of mutant
SOD1 that are recognized by Hsp/Hsc70. Mutant SOD! is
reported to take several abnormal conformations including
non-native oligomers (Johnston et af. 2000), detergent- insol-
uble species (Shinder et al. 2001) and oxidative stress-induced
aggregation (Urushitani ef al. 2002). To evaluate the molecu-
lar size of mutant SODI recognized by Hsp/Hsc70 in vivo,
detergent-soluble fractions of neuro2a cells transfected with
S0D1-FLAG and Hsp70-V5 were immunoprecipitated using
anti-V5 antibody. The immunoprecipitates were incubated in a
0.5% SDS sample buffer without 2ME at 37°C, and were
separated in partially denaturing PAGE. Figure I(b) shows
that a considerable amount of SOD! dimer is preserved under
these conditions (lanes 2-5 in the 5% input samples).
However, most of the immunoprecipitated SOD1 with
Hsp70 was monomeric mutant SOD1 [lanes 3 and 4 in the
immunoprecipitation (IP} samples]. For further analysis,
recombinant SOD1-FLAG proteins were demetallated, remet-
allated, or treated with DTT or HyO,, and were separated in
partially denaturing SDS-PAGE. Figure 1¢ (1) indicates that
increasing concentrations of DTT shifted recombinant SOD1
protein from dimer to monomer (Fig. lc, 1: lanes 2-5, 9-12),
which is consistent with a previous report (Tiwari and
Hayward 2003). On the other hand, metallation and mild
oxidative conditions stabilized direrization of SOD1 (Fig. 1c,
1: lanes 2, 6, 9 and 13). A considerable amount of monomer is
found in apo-state SODI, as is shown in lanes 1 and 8
(arrowheads). Under extreme oxidative conditions, aggregate
formation was facilitated (Fig. lc, 1: lanes 7 and 14). Next,
in vifro binding experiments between these recombinant
SODI-FLAG proteins and bovine Hsc70 revealed that
Hsc70 interacted with DTT-treated or apo-SODI1-FLAG
proteins in both wild-type and mutant (Fig. lc, 2: lanes 1, 5,
6 and 10). We could not detect an obvious interaction between
Hsc70 and holo-SODI-FLAG or HyO;-treated SOD1-FLAG
(Fig. lc, 2: lanes 24 and 7-9). These results indicate that
Hsp/Hsc70 faverably interacts with mutant SOD1 by targeting
either a nascent monomer before metallation or a mono-
merized SOD1 in a reducing environment.

CHIP interacted with and promoted the degradation of
mutant SOD1

The carboxyl terminus of Hsc70-interacting protein (CHIP)
is a chaperone-dependent ubiquitin ligase (Connell e al,
2001; Murata et al. 2001; Alberti ef al. 2002}, We next tested
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our hypothesis that Hsp/Hsc70-CHIP is involved in the
proteasomal degradation of mutant SOD1. When human
SOD1 was overexpressed in NeuroZa cells, endogenous
CHIP was co-immunoprecipitated with mutant SOD1, but
not with wild-type (Fig. 2a). Overexpressed CHIP also
interacted only with mutant SOD1 proteins (data not shown).
Moreover, CHIP reduced the accumulation of detergent-
insoluble mutant SODI in a dose-dependent manner
(Fig. 2b). Degradation assay of total cell lysates revealed
that CHIP reduced the remaining mutant SOD1 after protein
synthesis was prevented by CHX (Fig. 2¢). Both effects were
reversed by the proteasomal inhibitor, lactacystin (data not
shown). These results indicate that CHIP interacts with and
promotes the proteasomal degradation of mutant SODI.

CHIP does not target mutant SOD1 but its interacting
proteins

To investigate whether mutant SOD1 is a substrate of CHIP,
we performed an ir vive ubiquitination assay in which cells
were solubilized in RIPA buffer, with immunoprecipitation
carried out before lysate denaturing (Urushitani ef al. 2002).
In this condition, overexpression of Hsp70 or CHIP with
mutant SODI strongly augmented the association of the
polyubiquitinated species to mutant SOD1, mest prominently
in the presence of both Hsp70 and CHIP (Fig. 3a, upper
panel}, CHIP contains two functional domains: the tetratrico-
peptide repeat (TPR) and U box domains, which are
necessary for Hsp/Hsc70 interaction and ubiquitin ligase
activity, respectively. Mutant CHIP with these two domains
deleted did not promote mutant SOD1-polyubiquitin com-
plex formation (Fig. 3b). However, when the membrane was
re-probed by anti-SOD1 antibody, we found mono or
diubiquitinated SOD] both in wild-type and mutants, but
no polyubiquitinated SOD1 corresponding to Hsp70 or CHIP
overexpression {Fig. 3a, lower panel). This was unexpected,
since we had assumed mutant SOD1 was a substrate of CHIP
and that immunoprecipitates consisted of polyubiquitinated
mutant SOD1. These results indicate, however, that ather
proteins that are ubiquitinated by Hsp/Hsc70 and CHIP form
complexes with mutant SODI1.

RIPA buffer still preserves appreciable non-covalent
interaction as seen in mutant SOD1 and Hsp/Hsc70 (our
consistent cbservation). Therefore, we empioyed an immu-
noprecipitation assay in which lysates were denatured by 1%
SDS and boiled before immunoprecipitation to preserve only
covalent binding. Under these conditions, we can detect the
ubiquitination of Hsp70 by CHIP as shown in Fig. 3c (1). In
contrast, no substantial effect of either Hsp70 or CHIP on
mutant SOD! ubiquitination was observed (Fig. 3c, 2;
compare lane 4 with lane 6 in Hsp70 or lane 8 in CHIP),
although Hsp70 and CIHIP augmented the association of
polyubiquitinated species with mutant SODI in RIPA buffer
(Fig. 3¢, 2; compare lanes 5, 7 and 9). On the other hand, we
noted oligoubiquitination of wild-type SOD1-FLLAG both in
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Fig. 1 Hsp/Hsc70 preferentially interacts with hSOD T monomer orapo-
state SOD1. {a) Mutant—specific interaction of SOD1 and Hsp/Hsc70 in
vivo. (1) Neuro2a cells in 6-well cuiture plates were transiently trans-
fected with hSOD1-FLAG (2 pg/well). Lysates were immunoprecipitat-
ed with anti-FLAG affinity gel, and blots were probed with anti-hS0D1 or
anti-Hgp/Hsc70 antibodios. (2} Overexpressed Hsp70 interacted with
mutant SOD1 with or without FLAG-tag. Neuro2a cells were transfected
with Hsp70-V5, and hSOD1 with or without FLAG tag, atthe C’ terminus.
The cell lysates wers immunoprecipitated by anti-V5 antibody, and the
precipitates were probed by anti-hSOD1 or anti-V5 antibody. Asterisk
indicates endogenous mice SQOD1. Double asterisks indicate IgG light
chain. In both (1) and {2), the immunoprecipitates were incubated in 2%
SDS sample buffer containing 2ME for 5 min at 95°C before SDS-PAGE
{denaturing PAGE}. (b} The predominant species of mutant SOD1 that
Interacts with Hsp70 was a detergent-soluble monomer ift vivo, Neuro2a
cells were transiently transfected with SOD1-FLAG (1 ugiwell) and
Hsp70-V5 (1 pg/well) in a 6-well culture plate. The 1% TritonX 100-
soluble lysates were immunoprecipitated by anti-V5 antibody. The
lysates of 5% input lysates were incubated with the same volume of 1%
SDS sample buffer without 2ME for 15 min at 37°C, and immunopre-
cipitates were eluted by 0.5% SDS sample buffer without 2ME for 16 min
at 37°C. Samples were resolved in 10-20% gradient SDS-polyacryla-
mide gel (partially denaturing PAGE), and blots were analyzed by
western blotting using anti-SQDT antibody. Asterisk indicates endog-
enous mouse SOD1, and double asterisks show 1gG light chain. For

control in native PAGE, SOD1-V5 and SOD1-FLAG were transfected
and immunoprecipitated by anti-v5 antibody. Arrow indicates dimeric
S0D1 (G23A) formed by SOD1-V5 and SOD1-FLAG. (c) Apo-state or
S0D1 monomer was recognized by Hsc70 in vitro. (1) Effect of redox
conditions on dimer stabilization and moromerization. E. cofiF-purified
S0D1-FLAG proteins were demetaliated {lanes 1 and 8) and remetal-
lated (lanes 27, 9—14). The recombinant proteins were treated with the
indicated concentrations of DTT for 1 h at 37°C (fanes 3-5, 10—12) or
treated with HoO, for 1 hat room temperature (lanes 6 and 7, 13 and 14).
The reaction mixtures were reacted with sample buffer without 2ME for
10 min at 55°C, and were resolved in 10-20% gradient SDS-poly-
acrylamide gel {partially denaturing PAGE). The blot was probed by anti-
S0D1 artibody. Arrows indicate dimeric SOD1, whereas arrowheads
indicate the reduced form of monomeric SOB1. These are present in
lanes 3-5inthe wild-type, and 10—-12in G85R. Inlanes 1,7,8and 14, the
amounts of monomeric SOD1-FLAG proteins increased (arrowheads).
The asterisk indicates a possibly non-reduced monomeric SOD1.
{2) In vitrobinding experiment showing the interaction of demetallated or
monomerized mutant SOD1-FLAG with Hsc70. Recombinant SOD1-
FLAG proteins that were demetallated, remetaliated, or treated with
H202 (0.1 or 1.0 ma) or DTT (1 mm), were incubated with bovine Hsc70,
followed by immunoprecipitation using anti-Hsp/Hsc70 antibody and
western blotting using anti-S0OD1 antibody. The asterisk indicates
possible degradation product of SOD1 protein under apo-state or
reducing environment.
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RIPA buffer and denaturing buffer (arrowhead). To confirm
this, Neuro2a cells were transfected with HA-ubiquitin and
hSOD1, with or without FLAG tag, followed by immuno-
precipitation using anti-HA antibody and western analysis
using anti-SOD1 antibody. As shown in Fig. 3¢ (3), wild-
type SOD! appeared to be oligoubiquitinated to the same
extent as mutant SODI, itrespective of FLAG tag. These
results strongly indicate that CHIP promotes proteasomal
degradation of mutant SOD1 by ubiquitination of its binding
partners.

Mutant SOD1-associated Hsp/Hsc70 was ubiquitinated
and interacted with 26S proteasome subunit

Since CHIP did not ubiquitinate mutant SODI1 despite
promoting mutant SOD1 degradation, it is possible that the
ubiquitination of Hsp/Hsc70 was involved in proteasomal
degradation of mutant SOD1. To test this, we first employed an
ATP wash of co-immunoprecipitates containing mutant SOD1
from cell Iysates to remove attached Hsp/Hsc70. The wash of
the precipitates in ATP containing buffer at 37°C released Hsp/
Hsc70 together with substantial ubiquitinated species (Fig. 4a,
1). Next, we proved directly that mutant SOD]-associated
Hsp70 was ubiquitinated by sequential immunoprecipitation,
The lysates from Neuro2a cells transfected with SOD1-FLAG,
Hsp70-V35 and HA-ubiquitin were immunoprecipitated with
anti-FLAG antibody, and then by anti-V5 antibody, sequen-
tially. As shown in Fig. 4a (2), mutant SOD1-associated
Hsp70¢ bound covalently with HA-tagged ubiquitin, Sitce a
polyubiquitin chain is the recognition signal for ubiquitinated
molecules to be delivered to 268 proteasome, we investigated
whether polyubiquitinated Hsp/Hsc70 might translocate
mutant SOD1 by S5a co-immunoprecipitation assay using
recombinant proteins. S5a is a subunit of 268 proteasome that
interacts with the polyubiquitin chain (van Nockeret al. 1996).
First, we performed an in vitro ubiquitination experiment to
make CHIP ubiquitinate Hsc70. CHIP also autoubiquitinates
{Fig. 4b, 1). Next, the reaction mixture was incubated with
recombinant FLAG-S5a subunit and was immunoprecipitated
with anti-FLAG. As shown in Fig. 4b (2), a polyubiquitinated
species, assumed to be Hsc70, interacted with the S5a subunit.
This interaction was polyubiquitin-specific because no mone-
ubiquitin (arrowhead), monoubiquitinated Hsc70 (arrow) or
CHIP (double arrow heads) were observed as clearly as
polyubiquitin. However, mutant SOD1 was not detected in this
assay because the reaction buffer of the in vitro ubiguitination
experiments contained ATP and MgCl,, which may have had
similar effects as the ATP wash (data not shown),

Neuron-specific distribution of CHIP and its
co-localization with mutant SOD1-containing aggregates
in the spinal motor neurons from end-stage hSOD1%%%4
mice

CHIP mRNA was originally reported to be most abundant in
skeletal muscle and heart, with somewhat lower expression
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levels in pancreas and brain tissue (Ballinger ez al. 1999).
In the present study, CHIP was exclusively expressed in
neurons in primary mouse embryonic spinal cord culture in
which approximately 90% of CHIP-positive cells were
merged with the newronal marker anti-NeuN (Fig, Sa, 1-3),
but not with anti-GFAP antibody (Fig. 5a, 7-9). Motor
neurons, identified by SMI32-positivity and their character-
istic shape, also expressed CHIP (Fig. 5a, 4-6). The
surviving motor neurons in the mutant SOD1-related ALS
patients or mouse models display ubiquitinated SODI-
immunopositive inclusions, designated Lewy body-like
hyaline inclusions (LBHI} (Kato er al. 1997). Therefore,
we examined whether LBHIs in the spinal cord sections from
symptomatic hSOD1%%** transgenic mice immunostained
with CHIP antibody (Fig. 5b, 1-3). Immunohistochemistry
revealed that LBHIs are frequently immunostained by anti-
CHIP antibody (Fig. 5b, 4 and 5), as well as by anti-ubiquitin
(Fig. 5b, 2) and anti-SOD! (Fig. 5b, 3) antibodies. These
results suggest that CHIP is involved in the formation of
LBHIs in the motor neurons of mutant SOD1 transgenic
tmice.

Discussion

In the present report, we demonstrated the roles of Hsp/Hsc70
and CHIP in degradation of mutant SOD] at the proteasome.
Hsp/Hsc70 preferentially interacted with the apo-state, or
menomeric form, of mutant SOD1. CHIP promoted the
degradation of mutant SOD] at the proteasome in a chaperone-
dependent manner. Surprisingly, this effect was mediated by
polyubiquitination of Hsp/Hsc70, not mutant SODI1. Hence,
we proposed a novel cascade for mutant SOD1 metabolism as
shown in Fig. 6. Although Hsp/Hsc70 attempts to fold nascent
monomeric SODI, this function may be less effective in
mutant SOD than in wild-type. Accordingly, the Hsp/Hsc70
may be ubiquitinated by its ubiquitin ligase including CHIP,
resulting in recruitment of mutant SOD1 to the proteasome,
Aleng with proteasomal impairment (Urushitani et af. 2002),
the polyubiquitin complex may result in the formation of
pathological aggregate, a haltmark of ALS.

Hsp/Hsc70 and mutant SOD1 monomers

Hsc70 was shown to recognize the apo-state or DT T-treated
form of SOD! protein (Fig. 1c, 2). The fact that mutant SOD1
is monomerized and destabilized by reducing agents, whereas
wild-type is not, indicates that the SOD1 monomer is a key
molecule underlying the diverse pathelogical conditions seen
in mutant SOD!-linked pathology (Tiwari and Hayward
2003). Apo-state SOD1 is also implicated in mutant SOD1-
linked pathogenesis. For instance, apo-80D1, in both wild-
type and mutant forms, appears to enter into mitochondria
(Okado-Matsumoto and Fridovich 2002). Physiologically, a
proportion of wild-type SODI1 exists as a homodimeric
apoenzyme in vivo, although apo-state SOD1 is more readily
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Fig. 2 CHIP interacts with and promotes ubiquitin complex fermation (a)
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of protein was analyzed in each lane. The asterisk indicates endog-

enous mouse SOD1. {¢} CHIP promotes degradation of mutant SOD1. (b) hSOD1 E . .
Neuro2a cells in 12-well culture plates were transiently transtected -FLAG 5 Wild - G85R  G93A
with SOD1-FLAG (GB5R and G83A, 1 pg/well) with or without HA- g
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monomerized than holoenzyme by non-denaturing SDS- 1 2 3 4 567 8 9 10
PAGE (Bartnikas and Gitlin 2003). Moreover, recent data insoluble
show that apo-state wild-type SOD1 and metal-deficient 120 .
mutant SOD1 form a B-sheet structure that mimics amyloid @ wild GB5R G93A
B fibrils (Elam ef al. 2003; Strange et al. 2003). Our data B8 1o T‘KT\—K:‘
showing that Hsc70 interacts with this reportedly pathogenic : E Eso
SOD1 strongly suggests that this reaction plays a fundamental 8 § 60 E“—D \¢\ \ §
role in mutant SOD1 metabolism and pathology in vivo. In : E 5 \ \
particular, the evidence that overexpressed sc70 interacts e 340 o v
with soluble SOD1 allows us to hypothesize about another :é: 220 —
potentially beneficial tole for Hsp/Hsc70 in mutant SOD1 A -+ soluble - Insoluble
metabolism in addition to the refolding of aggregated SODI. /0 50 500 0 50500 0 50 500
Unexpectedly, Hsc70 did not interact with oxidized 8OD1 as - - pcDNA3-HA-CHIP (ng/well)
tightly as with apoenzyme or monomerized SOD1 (Fig. 1¢,2). S
One explanation for this phenomenon may be that oxidative {e)y 120
conditions stabilized the intramolecular disulfide bend of 100 -

SODI and supported its dimerization. Altematively, aggre-
gates or fragments formed by H,O, may interact with one
another and trap hydrophobic residues inside the aggregates.

The role of Hsp/Hsc70 and CHIP in mutant SOD1

% remaining
Z

degradation 40 -
Hsp70 is known to accelerate the proteasomal degradation of '
. . 20
androgen receptors with abnormally expanded polyglutamine o
(Bailey et al. 2002; Adachi ef af. 2003). CHIP may be 0-
involved in this metabolism since CHIP reportedly promotes
the ubiguitination of wild-type androgen receptors (Cardozo _ hr after CHX
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Fig. 3 CHIF does not target mutant SOD1, but ubiguitinates its
interacting proteins. (a) Hsp70 and CHIP promoted formation of a
complex consisting of hSOD1 and polyubiquitinated species, but did
not covalently ubiguitinate SOD1 in vivo. Neurc2a cells in 8-well cul-
ture plates were transiently transfected with hRSOD1-FLAG (1 pg/well),
together with Hsp70-V5 (0.5 ng), Myc-CHIP (0.5 pug) or HA-Ub (total
DNA, 2.5 ug/well). Cells were solubilized by RIPA buffer with sonica-
tion on ice, and lysates were immunoprecipitated in anti-FLLAG affinity
gel. Immunoprecipitates were incubated in 2% SDS sample buffer for
5 min at 95°C before resclving in 13% SDS-polyacrylamide gel
{denaturing after immunoprecipitation). Blots were probed by anti-HA
antibody and were reprobed by anti-SOD1 antibody. SCD1-Ub indi-
cates monoubiquitinated SOD1. SOD-Ubn indicates complex of mu-
tant SOD1 and polyubiquitinated species (does not necessarily mean
covalently polyubiquitinated SOD1). (b) The effect of CHIP on the
formation of the mutant SOD1-polyubiquitin complex required both
TPR and U-box domains. Neuro2a cells in 8-well culture plates were
transiently transfected with hSODT-FLAG (1.5 pg), Myc-CHIP full-
length (FL), deletion mutant of tetratricopeptide repeat domain (ATPR})
or of U-pox domain {aU; 0.5 ug), and HA-ubiquitin (HA-Ub; 0.5 pg)
({total DNA, 2.5 pg/well). Immunoprecipitation and western analysis
were performed in the same way as in (&). hSOD1-Ub, and -Ub
indicate di and monoubiquitination of hSOD1, respectively. hSO-
D1 + Ubn indicates polyubiquitinated species associated with mutant
hSODA1. {c) In vivo ubiguitination experiment showing polyubiquitin is
not covalently bound to mutant SOD1. {1) In vivo ubiquitination using

et al. 2003). However, our data indicate thét CHIP promotes
the degradation of mutant SOD! through a mechanism
different from that for other CHIP .substrates, such as

denaturing buffer showing Hsp70 is a substrate of CHIP. Neuro2a
cells were transiently transfected with Hsp70-VS and HA-ubiguitin
{HA-Ub} with or without CHIP. Cells were solubilized by denaturing
buffer containing 1% SDS buffer with boiling for 5 min. After diluting
with a 10-fold volume of the dilution buffer, lysates were immunopre-
cipitated by anti-V5 antibody (denaturing before immunoprecipitation).
Eluate was resalved in 5-20% gradient SDS polyacrylamide gel, and
blots were probed by antibody against V5 or HA. Both panels indicate
that Hsp7Q is covalently bound to polyubiguitin in the presence of
CHIP. (2} Mutant SOD1 is not a substrate of CHIP in vivo. Neuro2a
cells were transiently transfected with hSOD1-FLAG, HA-Ub, Hsp70-
V5 and Myc-CHIP as indicated. D indicates that cells were solubilized
in denaturing buffer condition [samples were denatured before
immunoprecipitation as in (1}], whereas R indicates that cells were
solubilized in RIPA buifer condition [samples were denatured after
immunoprecipitation as in {a} and (b}, Immuroprecipitates and 5%
input were resolved in 5-20% gradient SDS-polyacrylamide gel, and
blots were probed by anti-HA or anti-SCD1 antibody. No significant
elevation of ubiquitination was observed in lane 8 compared with 4, as
in Fig. 3¢ (1). In denaturing buffer conditicn, only mono-ubiguitinated
S0D1 in both wild-type and mutant was observed (arrowhead). (3)
Both wild-type and mutant SOD1 are oligoubiquitinated. Neuro2a cells
in 6-well plates were transfected with hSOD1 with or without FLAG 1ag
{~F) and HA-Ub. Cell lysates in RIPA buffer were immunoprecipitated
with anti-HA cross-linked beads and analyzed using antih8OD1 anti-
body.

glucecorticoid receptor (Connell et 4. 2001), heat-denatured
luciferase (Murata et al. 2001) and phosphorylated tau
(Shimura ef al. 2003).

®© 2004 International Society for Neurochemistry, .J. Neurochem. (2004) 90, 231-244



240 M. Urushitani et af.

(a) (Neurc2A)
M @)
$0D1rsa WT GIIA
Hsp70ws =~ = = = = + +
W Uy - k- 4
ATPwash = » + = » = 4
J 3
250 35
- d
100+ a i ‘Hs?{'j’gz
754 - Hap70
e g ks
50+ w
v -4 hSOD1-Ubz
37 o
i Mmool o hSOD1UL
1B, HA
(Ub) 25+ . P e W e i
Hse/MspTD
1234567
IP, FLAG (SOQD1)
(b) (In vitro)
®
C__Hsg?0 -
CHIP - FL U TFL
E1 R I A
E2(ubcH5a) + + o + + + 4+ + &
ATP 4+t +r - Frt
IR
254
153 lilac?u-uhn
100 W Hac70-Ubz
W H5e70-Ub
75 - Hsc70
1B, HscT0
12345678 2%
CHIP-Ubn
250 o +
150 = -1 | Hs¢70-Uhn
1004 Iié"’ <= Hsc70-Ub
75 L WL
1B, HA i ’
{Ub} 50 w wesl 4 CHP-Ub

1234567483
in vitro ubiquitination

Fig. 4 Hsp/Hsc70 associated with mutant SOD1 Is ubiquitinated. {a)
Mutant SOD1-associated Hsp/Hse70 polyubiquitinated in vivo. (1)
Polyubiquitinated species were released from mutant SODH together
with Hsp/Hsc70 by ATP wash in vivo. Neuro2a cells in 6-well plates
were transfected with hSOD1-FLAG (1 hg/well) and HA-ubiguitin {HA-
Ub, 1 pg/well) and solubilized in RIPA buffer with sonication. Lysates
were immunoprecipitated by anti-FLAG affinity gel. Immunoprecipi-
tates were washed in the buffer containing 10 mm ATP and 5 mm
MgCi. for 15 min at 37°C. Eluates were resolved in 5-20% gradient
SDS-polyacrylamide gel, and blots were probed by anti-HA and anti-
Hsp/Hse70 antibodies. (2) Mutant SOD1-associated Hsp70 was
ubiquitinated. Neurc2a cells were transiected with hSOD1-FLAG,
Hsp70-V5 and HA-ubiquitin. Cells were solubilized in RIPA buffer with
sonication and the supernatant fluid was immunoprecipitated by anti-
FLAG affinity gel. Half of the immunoprecipitates were eluted by 2%
8DS-sample buffer with beiling, and the rest were sequentially immu-
noprecipitated by anii-V5 antibody (see Experimental procedures).
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The eluates frem the first and second immunoprecipitates were re-
solved in 5-20% gradient SDS polyacrylamide gel, and the blgt was
probed by anti-HA antibody. (b) Polyubiquitinated Hsc70 associated
with the S5a subunit of the 26S proteasome. (1) /n vitro ubiquitination
experiments demonstrating that CHIP ubiquitinated Hsc70 in the
presence of E1, E2 and ATP. CHIP also ubiquitinated itself {auto-
ubiquitination) as shown by the blot probed by anti-HA antibody (lower
panel). The reaction mixture was resolved in 5-20% gradient SDS-
polyacrylamide gel, and the blot was probed with anti-HA or anti-Hsp/
Hsc70 antibody. (2) After in vifro ubigquitination reaction with or without
S0D1 protein as in (1), reaction mixtures were incubated with FLAG-
tagged recombinant $5a protein and immunclinked to anti-FLAG
affinity gel. The reaction mixture was rescived in 5-20% gradient SDS-
polyacrylamide gel, and the blot was probed with anti-HA or anti-Hsp/
Hsc70 antibody. The sample from lane 4 was loaded as a control
withcut immunoprecipitation. The asterisk indicates 1gG light chain,
whereas double asterisks indicate |gG heavy chain.
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We initially expected CHIP to ubiquitinate mutant SODI,
and CHIP did promote the formation of mutant SODI-
polyubiquitin complex (Fig. 3a). However, mutant SODI is
not covalently polyubiquitinated, while its binding partner,
including Hsp/Hsc70, was linked to polyubiquitin by cova-
lent bond [Figs 3¢ (2) and 4a]. Taken with the finding that
polyubiquitinated species containing ¥lsc70 associate with
the S5a subunit of the 268 proteasome, it is plausible that
ubiquitinated Hsp/Hsc70 accompanies mutant SOD1 to the
268 proteasome. However, it is still unclear how mutant
8S0OD1, without a polyubiquitin chain, degrades at the 268
proteasome. Several oxidized proteins are reportedly degra-
ded at the 20S proteasome in an ATP- or ubiquitin-
independent manner (Ferrington er al. 2001; Shringarpure
et al. 2003), which is a possible explanation for proteasomal
degradation of mutant SOD1 since SOD1 itself is modified
by oxidation (Andrus ef al. 1998; Urushitani ef al. 2002). An
alternative explanation may be that a co-chaperone, BAG-1,
might play a role in recruiting mutant SOD1 at the
proteasome, since BAG-1 accepts substrate proteins from
Hsp/Hsc70 and promotes CHIP-induced degradation
(Demand et al. 2001; Alberti ef al. 2002). Qur data indicate
that interaction with Hsp/Hsc70 determines the degradation
fate of mutant SOD1. Recent findings that cultured motor
neurons have limited Hsp70 expression (Bruening ef al.
1999) and promoter activity (Batulan ez al. 2003) suggest
that insufficient proteasomal degradation of mutant SODI
may lead to aggregate formation in motor neurons.

Molecular features of mutant SOD1-ubiquitin complex

From the in vivo ubiquitination study under the denaturing
condition, it is shown that both wild-type and mutant SOD1
are oligoubiquitinated (Fig. 3b, 2 and 3). Moreover, we
observed no overt polyubiquitination product of mutant
SODI in a series of in vifro and in vivo ubiquitination
experiments using S100 lysates from HeLa cells, HEK293T
cells and Neuro2a cells (data not shown). Because mutant
SOD1 readily aggregates or fragments (Urushitani ef af.
2002), it is sometimes difficult to clearly differentiate the
oligoubiquitination of aggregated SOD! from the polyubig-
uitinated form. Although the physiological function of
oligoubiquitination of SODI1 is unknown, it is unlikely that
this is the signal for proteasomal degradation. However, it is
still possible that there might be other ubiquitin chain
elongation factors, namely E4, that recognize oligoubiquiti-
nated species (Koegl ef al. 1999), and a chaperone-associ-
ated E4 may explain the difference between wild-type and
mutants. Furthermore, other ubiquitin ligases, such as dorfin
(Niwa et al. 2002), may co-operate with chaperone-CHIP
machineries. Nevertheless, our data indicate that the mutant
S0DI-polyubiquitin complex is composed of various poly-
ubiquitinated species including Hsp70 and/or CHIP, Immu-
nohistochemical analysis revealed that Lewy body-like
hyaline inclusions (LBHIs) in the remaining motor neurons
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Fig. 5 CHIP is expressed abundantly in neurons, and Lewy body-like
hyaline inclusions {LBHIs) are CHIP-immunoreactive. (a) CHIP is
expressed predominantly in npeurons including motor neurons of
embryonic spinal cord cultures (E12). Dissociated cultures at 8 days
after plating were fixed and doubly-stained by CHIP (1, 4, 7) and
various cell markers (2, anti-NeulN; 5, anti-non-phosphorylated neu-
rofilament H (SMI32); 8, anti-GFAP antibodies, respectively). 3, 8, and
9 are merged images from 1-2, 4-5 and 7-8, respectively. (b) CHIP-
immunoreactive Lewy body-like hyaline inclusions {(LBHI) in the spinai
cord of a 180-day-old hSOD1%% transgenic mouse. Panel 1 shows a
typical LBHI with eosinophilic structure in hematoxylin-gosin (H&E}
preparation. Panels 2, 3 and 4 exhibit immunostaining of ubiquitin,
mutant SOB1 and CHIP, respeclively. In panel 5, various CHIP
staining patterns are seen in LBHIs: core-staining (arrow) and diffuse-
staining (arrowheads) patterns. Panels 1-5 are x 400 and 2-5 are
weakly counterstained with hematoxylin. Scale bar, 20 um.

of hSOD1%%** transgenic mice were CHIP immunoreactive
(Fig. 3b). These aggregates are highly Hsc70-immunoreac-
tive (Watanabe et ol 2001), which, together with our
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Fig. 8 Hypothetical mechanism for mutant SOD1 degradation. The
nascent monomeric SOD1 before metallation in both wild-type and
mutant may be bound to Hsp/Hsc70 for folding into the proper con-
formation. In the mutants, a considerable amount of SOD1 may not
fold properly and may remain as a monomer. In the course of this
process, Hsp/Hsc70 might be polyubiquitinated by CHIP and recruited

findings, suggests the involvement of Hsp/Hsc70-CHIP
machinery in the metabolism of mutant SOD1 in the ALS
mouse model containing mutant SODI1. Although we
showed that CHIP was expressed predominantly in the
neurons, including motor neurons of the spinal cord, western
analysis of the primary astrocyte culture revealed that CHIP
was also expressed in astrocytes (data not shown). In this
regard, it would be interesting to examine whether CHIP is
localized to the glial LBHIs in hSOD1%®® transgenic mice
and some human ALS cases (Bruijn et al. 1997; Kato et al.
1997). We have also observed that CHIP and Hsp/Hsc70
accumulate in insoluble fractions of the spinal cord lysates
from mutant SOD] transgenic mice as ALS progresses
(unpublished observation). However, this is not transcrip-
tionally regulated because the mRNA profile analyzed by
TagMan chemistry provided no significant alteration in CHIP
expression patterns in motor neurons with respect to the
disease course (data not shown).

In conclusion, we have provided evidence that protea-
somal translocation of mutant SOD1 is regulated by the
ubiquitination of Hsp/Hsc 70. Currently, it is widely accepted
that neurodegenerative diseases, including Alzheimer’s dis-
ease, Parkinson’s disease and polyglutamine disease, are

to the 268 proteasome. Even in the dimeric forms, mutant SOD1 is
susceptible to reducing conditions, resulting in a monomer, which may
be recognized by Hsp/Hsc70. The oxidative stress augmented the
abnormal conformation of mutant SOD1, and the proteasomal
impairment under these conditions may result in the observed patho-
logical ubiquitin-positive aggregation.

caused by the accurnulation of misfolded proteins in neurons.
Such aberrant proteins may be degraded in a similar manner,
considering the interaction of Hsp/Hsc70 with disease-
causing proteins.
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ABSTRACT

t(11;18)(q213921) is a characteristic chromosomal translocation in
mucosa-associated lymphoid tissue (MALT) type lymphoma, and this
translocation results in fusion transeript of apoptesis inhibitor 2 (API2),
also known as ¢-IAP2, and MALT translocation gene 1 (MALTI). Although
the API2-MALT1 fusion protein has been shown to enforce activation of
nuclear factor kB signaling, its precise role in the apoptotic signaling
pathway remains to be established. To identify proteins that bind the
API2-MALT1 protein, we used coimmunoprecipitation and SDS-PAGE,
followed by liquid chromatography-electrospray ionization tandem mass
spectrometry. As a result, three important regulators of apoptosis, Smac,
HirA2, and TRAF2, and three other proteins were identified as potential
API2-MALT]I-binding proteins. Immunoprecipitation analyses verified
that API2-MALT1 indeed binds to both exogeneous and endogeneous
Smac proteins. It is especially noteworthy that stably transfected API2-
MALT1 significantly suppressed both UV- and etoposide-induced apopto-
sis in HeLa cells, thus demonstrating for the first time that API2-MALT1
indeed possesses antiapoptotic function. Furthermore, API2-MALT1 sig-
nificantly suppressed Smac-promoted apoptosis in UV-irradiated HeLa
cells. Thus, our results provide direct experimental evidence that API2-
MALT1 can confer resistance to apoptosis, at least in part, by neutralizing
apoptosis promoted by Smac.

INTRODUCTION

Extranodal lymphomas arising from the mucosa-associated lymph-
oid tissue (MALT) represent a subtype of B-cell non-Hodgkin's
lymphoma with a distinct clinicopathological entity (1). Because of
their supposed cell of origin, they are now recognized and defined as
extranodal marginal zone Iymphomas of MALT type in the revised
European-American classification of lymphoid neoplasms (REAL})
and the recently published WHO classification of malignant lympho-
mas (2, 3). According to the International Non-Hodgkin’s Lymphoma
Classification Project, MALT lymphoma comprises 7.6% of all non-
Hodgkin’s lymphomas and represents one of the most common non-
Hodgkin’s lymphomas (4). The majority of MALT lymphomas occur
in the stomach, but this lymphoma may affect most organs, including
the ocular adnexa, lung, salivary glands, thyroid, skin, and intestine.

Data on the molecular genetic mechanisms underlying the patho-
genesis of MALT lymphomas are only now beginning to emerge.
Their recurrent abnormalities include trisomies of chromosomes 3, 7,
12, and 18, t(1;14)(p22;932), and t(11;18)(q21;q21) (5-9). The
BCLI0 gene was isolated from the breakpoint region of the t{1;14) in
MALT lymphomas and subsequently shown to be proapoptotic (10,
11). On the other hand, the t(11;18) translocation is reported to be one
of the most frequent and specific chromosomal translocations in
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MALT lymphomas (12), and a novel gene, named MALT! or MLT,
was recently cloned by ourselves and others from the breakpoint of
t(11;18). This aberration has been found to result in the fusion of two
genes, apoptosis inhibitor 2 [API2 (also known as c-JAP2)] at 11g21
and the novel gene MALT! at 1821 (13-15), generating the API2-
MALT]I fusion protein. More recently, a novel t(14;18) translocation
involving the immunoglobulin gene at 14932 and the MALT] gene at
18g21 has been reported (16, 17), and the actual frequency of this
translocation in MALT lymphoma is roughly [10% (18, 19).

API2 is a member of the inhibitor of apoptosis (JAP) protein gene
family, which includes X-IAP, APII (c-IAPI), API2 (¢c-JAP2), and
ML-IAP, and has three baculovirus IAP repeat domains, one caspase
recruitment domain, and one RING finger domain (20, 21). MALTI
is a novel protein that contatns a death domain, two immunoglobulin-
like domains, and a caspase-like domain (13-15, 22). It was demon-
strated that MALTI1 and BCL10 form a strong complex and that these
proteins synergize in nuclear factor (NF)-«B activity (22, 23). To-
gether with the findings for BCLIO and MALTI knockout mice, these
results suggest that both MALT1 and BCL10 link antigen receptor
signaling to NF-«B activation (24-26). The caspase-like domain of
MALT1 was demonstrated to be essential for NF-xB activity (22, 23),
but functions of the death domain and immunoglobulin-like domains
remain to be identified. It was also demonstrated that API2-MALT1
can induce NF-«xB activation through its homodimerization mediated
via the API2 portion of the fusion protein, whereas full-length API2,
MALT, or their truncated forms cannot (22, 23), raising the possibility
that the oncogenic role of API2-MALT] may be mediated by dereg-
ulated NF-«B activity. Given that API2 is 2 member of the TAP
family, it can be hypothesized that API2-MALT! may exert an
antiapoptotic effect as well. However, experimental evidence for such
an antiapoptotic effect has yet to be presented.

In this study, we first tried to identify the binding proteins of
API2-MALT] to further delineate its apoptotic-and oncogenic func-
tions. To this end, we used electrospray ionization tandem mass
spectrometry analysis of the coimmunoprecipitates of transiently
transfected API2-MALTI in cultured cells and were able to identify
Smac (27, 28) as consisting of several API2-MALTI-binding pro-
teins. We also demonstrated for the first time that API2-MALT1 can
significantly suppress both UV- and etoposide-induced apoptosis in
Hela cells and that this suppression may be mediated, at least in part,
by neutralizing apoptosis promoted by Smac.

MATERIALS AND METHODS

Plasmids and Antibodies. The plasmids encoding FLAG-API2-MALTI
(pcDNA3-FLAG-API2-MALT1 and PCXN2Z-FLAG-API2-MALT!) have
been described elsewhere (29), as has the plasmid for COOH-terminal
mye-tagged Smac (pcDNA3-Smac-myc) (30). To generate the plasmids for
pREKS5-FLAG-API2AC (amino acids 1-442) and pRK5-FLAG-MALTIAN
(amino acids 217-813), the corresponding fragments were PCR amplified
using KOD Taq pelymerase from their full-length cDNAs, digested with
the appropriate enzymes, and then subcloned into pRK5-FLAG-N plas-
mids. Proper construction of these plasmids was confirmed by DNA
sequencing with the ABI PRISM BigDye Terminator Cycle Sequencing
Ready Reaction kit (Perkin-Eimer, Foster City, CA). The pEGFP-C plas-
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mid was purchased from Clontech. Anti-FLAG M2 menoclonal antibody
and polyclonal antibody against myc (A-14) were obtained from Santa Cruz
Biotechnology. Anti-FLAG monoclonal antibody-coupled agarose beads
were obtained from Sigma (St. Louis, MO).

Purification of API2-MALT1-Binding Proteins. 293T cells were main-
tained in Iscove’s medium supplemented with 10% FCS in a 5% CO, incu-
bator at 37°C. The pcDNA3 FLAG-tagged API2-MALT! plasmid or the
empty plasmid was transiently transfected into 293T cells using Effectene
Reagent {Qiagen K.K., Tokyo, Japan) according to the manufacturer’s instruc-
tions. At 24 h after transfection, the cells were homogenized in lysis buffer (10
mM Tris (pH 8.0), 120 mm NaCl, 5 mM EDTA, and 0.5% Triton X-100] with
Complete Protease Inhibitors (Roche Diagnostics, Tokyo, Japan). The homo-
genate was centrifuged twice at 10,000 X g for 15 min. The soluble fraction
of the suspension was then incubated for 3 h, immuncprecipitated with
anti-FLAG M2-agarose beads (Sigma), and washed five times in lysis buffer
without protease inhibitors. The fractions eluted with 0.2 M glycine-HCI (pH
2.8} were neutralized, concentrated by freeze drying, and separated by 10%
SDS-PAGE (15 X 15 cm). The bands detected by Coomassie Brilliant Blue
staining were excised for in-gel digestion.

High-Performance Liquid Chromatography Tandem Mass Spectro-
metry Analysis, In-gel digestion was performed by trypsin digestion at 35°C
overnight as described elsewhere (31). The digest was analyzed directly by
means of nanoscale high-performance liquid chrormatography coupled to a
tandem mass spectrometer (Q-Tof2; Micromass) equipped with a nanoelectro-
spray ionization source. The etuate was analyzed by tandem mass spectrometry
{Q-Tof2) performed by Applied Bioscience (Tokushima, Japan), A database
search of tandem mass spectra was performed using a Mascot Search Program
(Matrix Science Ltd., London, United Kingdom).

Immunoprecipitation and Western Blot Analysis. 293T cells were tran-
siently transfected using Effectene Reagent (Qiagen K.K.) or LipofectAMINE
2000 reagent {GIBCO-BRL, Tokyo, Japan) according to the manufacturer’s
instructions. For immunoprecipitation, a total of 8 X 10° 293T cells were
placed on a 3.5-cm dish or a 6-well dish, washed the following day, and then
transfected with a total of 0.5-1.0 ug of plasmid DNA. After § h of incubation,
the medinm was replaced with fresh complete medium. At 24 h after trans-
fection, the cells were homogenized in lysis buffer [20 mym HEPES {pH 7.4),
120 mM NaCl, 5 mm EDTA, 0.5% Triton X-100, and 10% glycerol] with
Complete Protease Inhibitors {Roche Diagnostics). Cellular debris was re-
moved by cenirifugation at 10,000 X g for 20 min, and the supernatant was
incubated first with anti-FLAG monoclonal antibody at 4°C for 2 h and then
with protein G-Sepharose at 4°C for 2 k. Immuncprecipitales were washed five
times in lysis buffer without protease inhibitors, After this, immunoprecipitates
were Iysed with 1% sample buffer [62.5 mum Tris-HCI (pH 6.8), 2% SDS, 10%
glycerol, 5% mercaptoethanol, and 0.05% bromphenol blue] and beiled for 3
min. It should be noted that the lysis buffer solubilizes mitochondrial mem-
branes and thus releases Smac without the need for any apoptotic stimuli.

The samples were separated electrophoretically on SDS-PAGE and trans-
ferred to a polyvinylidene difluoride membrane, and the membrane was
visualized with an enhanced chemiluminescence detection kit {Amersham-
Japan, Tokyo, Japan).

Establishment of Stable Transfectants Expressing API2-MALTI1. The
linearized pCXN2-FLAG-tagged API2-MALT or the control pCXN2 plasmid
was transfected into HelLa cells using Lipofect AMINE 2000 reagent (GIBCO-
BRL) according to the manufacturer’s instructions. At 24 h after transfection,
the cells were seeded in several dilutions. At 48 h after transfection, Geneticin
{IBL, Fujioka, Japan) was added to the medium at a final concentration of |
mg/ml. This was then diluted over subsequent days by adding fresh medium.
On the seventh day, Geneticin was diluted to a final concentration of 100
ug/ml. The surviving cells were grown for 1 more week and analyzed by
Western blot analysis using an anti-FLAG monoclonal antibody for API2-
MALT protein expression. One part of the cell population was seeded into
96-well plates at a density of 0.3 cells/well and propagated at 100 ug/mi
Geneticin, The surviving colonies were again analyzed by Western blot anal-
ysis for API2-MALT]1 protein expression. Two independent clones expressing
API2-MALT1 were selected for further study. The twe clones were maintained
in Iscove’s medium supplemented with 10% FCS and 500 pg/ml Geneticin.

Cell Death Assay. Stable transfectants with or withour API2-MALTI
expression were seeded at 3 X 10° cells/3.5-cm dish in Iscove’s medium
supplemented with 10% FCS but without Geneticin. After 24 h, the medium

was removed, and the cells were exposed to UV icradiation (200 Jm®) with
Stratalinker UV cross-linker 1800 (Stratagene, La Jolla, CA). The UV-treated
cells were then cultured in fresh medium for 6 h. The transfectants were also
treated with etoposide (100 pv) or DMSO for 12 h. Apoptosis was assessed by
determining the percentages of cells that had condensed chromatin detected by
staining with Hoechst 33342 (1 pg/ml) in serum-free medium for 10 min after
fixation with 4% paraformaldehyde. At least 100 chromatins were counted in
every sample.

For the apoptosis assay of HeLa cells transiently transfected with Smac-myc
vector, the stable transfectant cells were transiently transfected with 0.5 pg of
pEGFP-C plasmid (Clontech) plus either 2 ug of pcDNA3-Smac-myc or 2 ug
of pcDNA3 plasmid control per dish. At 6 h after transfection, the cells were
seeded at 4 X 10% cells/3.5-cm dish in Iscove’s medium supplemented with
10% FCS but without Geneticin. At 24 h after transfection, the medium was
removed, and the cells were UV irradiated (200 J/m?) with Stratalinker UV
cross-linker 1800. The treated cells were then cultured in fresh medium for 6 h.
The cells were harvested, fixed with 4% paraformaldehyde, and stained with
Hoechst 33342 (1 pg/ml) in serum-free medium for 10 min. After washing, the
cell suspensions were dropped onto a slide. Green cells that also exhibited
condensed chromatin were counied by means of the excitation from blue light
{excited green fluorescent protein) and UV {excited Hoechst 33342). Apopto-
sis was expressed as the percentage of green cells with condensed chromatin.

Assay of DEVDase Activity. DEVDase activity was measured by using
the Apo-ONE homogeneous caspase-3/7 assay kit (Promega, Tekyo, Japan)
according to the manufacturer’s instructions. The homogeneous caspase buffer
and the caspase substrate Z-DEVD-R110 (thodamine 110; bis-N-CBZ-1-
aspartyl-L-glutamyl-L-valyl-L-aspartic acid amide) were mixed and added to
each well of a 96-well plate that contained or did not contain samples (5 X 10°
cells/well). The contents of the wells were gently mixed using a plate shaker
at 300-500 rpm for 1 h at room temperature. Fluorescence of liberated R110
was measured at an excitation wavelength of 485 nm and an emission wave-
length of 530 nm. DEVDase activity was expressed as an arbitrary unit.

RESULTS

Tdentification of API2-MALT1-Binding Proteins. The t(11;18)
translocation, most commonly encountered in MALT lymphoma, was
found to result in the fusion of an IAP, API2, and a novel protein,
MALT1 (13-15). Although APIZ-MALT!] was shown to activate
NF-«B activity through its homodimerization, it remains to be estab-
lished whether this fusion protein can indeed exert an antiapoptotic
function, which may be relevant to the pathogenesis of MALT lym-
phoma. As a first step in addressing this fundamental issue, we used
a proteomic approach to identify API2-MALT1-binding proteins.

293T cells were transiently transfected with either an expression
plasmid for NH,-terminal FLAG-tagged APT2-MALT1 or an empty
plasmid. Cell lysates were prepared and incubated with anti-FLLAG
monoclonal antibody-coupled agarose beads. After extensive wash-
ing, associated proteins were eluted under acidic conditions from the
beads and separated by SDS-PAGE. Five candidate protein bands
were observed in a Coomassie Blue-stained gel (Fig. 1), but not in the
control immunoprecipitate. These bands were excised from the gel
and digested in gel with trypsin. The digested peptides were then
analyzed directly by nanoscale high-performance liquid chromatog-
raphy coupled to tandem mass spectrometry equipped with a nano-
electrospray ionization source. A database search of tandem mass
spectra was performed with a Mascot Search Program.

Table 1 summarizes the peptides detected by mass spectrometry
and their assigned proteins. Several peptides of HtrA2 and Smac were
detected in bands I and E, respectively, The detection of HirAZ and
Smac as API2-MALT1-binding proteins is not surpnsing, in view of
previous reports that these two proteins were identified as X-IAP-
binding proteins (27, 28, 30, 32). HtrA2 is a mitochondrial serine
protease and is released from mitochondria to the cytoplasm during
apoptosis (30, 33-35). It also interacts with and cleaves IAPs, reliev-
ing caspase inhibition and promoting apoptosis (36, 37). Smac is also
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Fig. 1. Detection of apoptosis inhibitor 2 (AP12)-MALT1-binding proteins, Overex-
pressed FLAG-tagged API2-MALTI in 2037 cells was affinity-purified using anti-FLAG
M2 moncclonal antibody-coupled agarose beads, Eluted fractions were subjected to
SDS-PAGE and stained with Coomassie Blue. Coeluted proteins with affinity-purified
API2-MALTI are represented by A—E.

normally a mitochondrial protein and, like HtrA2, is released to the
cytoplasm concurrent with cytochrome ¢ release during apoptosis (27,
28). It was found to interact with the baculovirus IAP repeat domain
of IAPs. The binding of Smac to IAPs relieves the binding of IAPs to
caspases, thus promoting caspase-mediated apoptosis. Several pep-
tides of TRAF2 were detected in band 2. Because TRAF2 plays a
crucial role in the tumor necrosis factor-stimulated apoptotic pathway,
further study is warranted to examine the role of API2-MALTY in this
pathway. In addition to these regulators of apopiosis, three other
proteins, Hsc70 (heat shock 70-kDa protein 8), GRP75 (stress-70
protein) and KIAA1892, were also detected n bands A and C.
Identification of two members of the heat shock protein family of 70
kDa (HSP70) is intriguing because they not only function as molec-
ular chaperones to facilitate protein folding and oligomerization, but
also have been shown to exert antiapoptotic activity (38). KIAA1892
is & novel hypothetical protein whose function is currently unknown
but is presumed to have WD-40 repeats. Given the fact that this novel
protein has the potential to bind API2Z-MALT], it will be interesting

te further examine its function in the context of apoptosis as well as
NF-«B signaling.

Unexpectedly, no peptides corresponding to BCL10 were detected
that have been shown to form a complex with MALTI through
immunoglobulin-like domains (22, 23). To clarify this point, we
performed Western blot analysis of API2-MALTI] immunoprecipitate
samples (one-fourth of the proteins shown in Fig. 1) using BCL10
antibody, This analysis could not detect any apparent band corre-
sponding to BCL10 (data not shown)}. One explanation for this non-
detection would be that the amount of BCLI10, if any, was undetect-
able in Coomassie Blue staining or below the detection limit of
Western blot analysis. It is also conceivable that API2-MALT] may
have bypassed the normal BCL10 signaling pathway.

Interaction between API2-MALTL and Smac. To verify the
interaction between API2-MALTI and Smac, expression plasmids
for NH,-terminal FLAG-tagged API2-MALT1 (F-API2-MAL1),
COOH-terminal-deleted API2 (F-API2AC), NH,-terminal-deleted
MALT1 (F-MALTI1AN), or an empty plasmid were transiently
transfected together with an expression plasmid for Smac with a
COOH-terminal myc tag (Smac-myc¢) into 293T cells. Transfected
cell lysates were immunoprecipitated with anti-FLAG monoclonal
antibody and then immunoblotted with anti-Myc monoclonal anti-
body. As shown in Fig. 2, the mature form of Smac-myc was
coimmunoprecipitated with API2-MALTI and API2AC. This in-
dicates that API2-MALTI indeed associates with exogeneously
expressed Smac in the cells.

We next sought to examine whether API2-MALT] interacts with
endogenous Smac in cells. Expression plasmids for F-APIZ-MALTI,
F-API2AC, F-MALTIAN, or an empty plasmid were transiently
transfected into 293T cells. Transfected cell lysates were immunopre-
cipitated with anti-FLAG monoclonal antibody and then immuno-
blotted with anti-Smac monoclonal antibody. As shown in Fig. 3,
endogeneous Smac was also immunoprecipitated with API2-MALTI,
which strongly suggests that the interaction between API2-MALT1
and Smac could be physiologically significant. Interaction of API2-
MALT]1 with endogenous HirA2 and TRAF2 was also confirmed by
immunoprecipitation analysis (data net shown).

Table 1 List of proteins identified as APE-MALTI-binding proteins

Proteins

Bands Peptides detected

HSC70 (HSP73)

GRP75 (75-kDa glucose-regulated protein, Stress-75 protein)
TRAF2

Precurser HirA2

KIAA1892
HirA2

Smac

Band A YEOANDQGNR
NQVAMNPTNTVFDAK

RFDDAVVQSDMK

HWPFMVYVNPAGRPK

SFYPEEVSSMVLTK
HINEPTAAAIAYOLDKK

VQOQTVQQDLFGR

VAMTAEACSR

LDODKIEALSSK

DLAMADLEQK

[YLNGDGTGR

YIGVMMLTLSPSILAELQLR
AGLRPGDVILAIGEQMVONAEDVYEAVR
TLLATGGDNPNSLAIYR

AVPSPPPASPR

SQYNFIADVVEK
LLSGDTYEAVVTAVDPVADIATLR
EPLPTLPLGR
QGEFVVAMGSPFALQNTITSGIVSSAORPAR
VTAGISFAIPSDR

SEPHSLSSEALMR

AVYTLTSLYR

MNSEEEDEVMQVIIGAR
LETTWMTAVGLSEMAABAAYQTGADQASITAR
LQVEEVHOQLSR

LAEAQIEELR

AESEQEAYLRED

Band B

Band C
Band D

Band E
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Fig. 2, Apoptosis inhibitor 2 (API2)-MALTI binds te exogeneous Smac. FLAG-
tagged API2-MALTI plasmid, FLAG-tagged APIZAC (amino acids 1-442}, or FLAG-
tagged MALTIAN [amine acids 217-813 (0.5 pg each)] was transfected with a COCH-
terminal miye-tagged Sriac plasmid (0.5 pg) into 293T cebls, and whole cell Jysates (WCL)
were immunoprecipitated with anti-FLAG M2 monocional antibody. Whole cell lysates
were analyzed with immunoblotting (IB) using anti-FLAG monoclonal antibody (4) or
anti-Myc polyclonal antibody (B). Immunoprecipitates were analyzed with immunoblot-
ting using anti-Myc polyclonal antibody (C). Nonspecific bands are shown by an asterisk.
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Fig, 3. Apoptosis inhibitor 2 (API2)-MALT] binds to endogenecus Smac, Whole cell
lysates (WCL) from the 293T cells transfected with a FLAG-tagged API2-MALT]
plasmid, FLAG-tagged API2AC (amino acids i-44Z), or FLAG-tagged MALTIAN
[amino acids 217-813 (0.5 pg each)] were immunoprecipitated with anti-FLAG M2
monoclonal antibody. Whole cell lysates wese analyzed with immunoblotting (/B using
anti-FLAG monoclonal antibody (4} or anti-Smac polyctonal antibody (B). Immunopre-
cipitates were analyzed with immunoblotting using anti-Smac polyclonal antibody (().
Nonspecific bands are shown by an asterisk,

API2-MALT1 Confers Resistance to UV- and FEtoposide-
Induced Apoptosis. Because API2 is known to be an IAP (also
known as c-IAP2), one can speculate that API2-MALT] has a similar
antiapoptotic function as well. Because no experimental evidence has
been presented for such a function, however, we decided to test
API2-MALT! for this purpose. We chose a Hela cell line in which
several apoptotic stimuli including UV iiradiation, chemotherapeutic
agents, and tumor necrosis factor rapidly induce typical apoptotic
changes characterized by chromatin condensation and DNA fragmen-

tation. First, an API2-MALTI1 expression plasmid was transiently
transfected into HeLa cells, but the fusion protein was barely detect-
able by Western blot analysis of the whole cell lysates (data not
shown). Therefore, we decided to establish stable transfectants ex-
pressing API2-MALT1. To this end, we transfected its linearized
expression plasmid (PCXN2-FLAG-API2-MALT1) into HelLa cells,
selected the cells with Geneticin, and finally cloned them by limiting
dilution procedure. As a result, two independent clones expressing
API2-MALT], designated API2-MALTI-1 and API2-MALTI-2,
were obtained and used for additional studies. As controls, two
independent clones transfected with an empty plasmid only, desig-
nated Mock-1 and Mock-2, were also established.

It was noteworthy that when exposed to UV irradiation and treated
with etoposide, both clones expressing API2-MALT1 (API2-
MALTI-] and API2-MALTI-2) showed significant attenuation, com-
pared with that of the two control clones, in both UV- and etoposide-
induced apoptosis as determined by the chromatin condensation (Figs.
44 and 54). Thus, this provides for the first time direct evidence that
API2-MALTI can indeed confer resistance to apoptosis. We also
measured DEVDase activity in these transfectants, Similarly, when
exposed to UV irradiation or treated with etoposide, the two clones
expressing API2-MALT1 showed significant attenuation of DEVDase
activity (Figs. 48 and 5B), almost compatible with and further sup-
porting the results of the apoptosis assay. )

Because Smac has been shown to promote apoptosis in response to
several stimuli such as UV irradiation that trigger the mitochondria-
mediated apoptotic pathway, we examined the role of Smac in UV
irradiation-induced apoptosis of the stable transfectants expressing
API2-MALTI. To do so, we transiently transfected an expression
plasmid for Smac-myc with a green fluorescent protein expression
plasmid into the stable transfectants and then induced apoptosis by
UV irvadiation. Approximately 47-49% of Smac-transfected celis
without expression of API2-MALTI1 showed signs of apoptosis, as
determined by the condensed chromatin. In contrast, only about
21-22% of Smac-transfected cells with stable expression of API2-
MALTI1 showed signs of apoptosis (Fig. 6). Thus, API2-MALT]I can
confer significant resistance to apoptosis promoted by Smac in UV-
irradiated HeLa cells.
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Fig. 4, Apoptosis inhibitor 2 (API2)-MALTI confers resistance to apoptosis and
suppresses DEVDase activity induced by UV irradiation. HeLa cells stably transfected
with a FLAG-tagged API2-MALT] plasmid (API2-MALT]-1 and API2-MALTI-2) or an
empty plasmid (Mock-1 and Mock-2) were stimulated with UV irradiation (200 J/m?). A4,
after © h, apoptosis was assessed by the presence of condensed chromatin. Data represent
mean + SD of triplicate samptes. B, DEVDase activity (5 X 10* cells/sample) was also
measvred. C, whole cell lysates were analyzed with immuenoblotting using anti-FLAG
monoclonal antibody or anti-B-actin monoclonal antibody. Lane [, 293T cells with
APIZ-MAILTI expressicn (iransient transfection); Lane 2, wild-type HeLa cells; Lanes 3
and 4, Hel.a cells with empty vector (Mock-1 and Mock-2); Lanes 5 and 6, HeLa cells
with API2-MALT1 stable expression (API2-MALTI-1 and API2.MALT]1-2),
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Fig. 5. Apoptosis inhibitor 2 (API2)-MALTI confers resistance to apoptosis and
suppresses DEVDase activity induced by etoposide treatment. HeLa cells stably trans-
fected with a FLAG-tagged API2-MALT1 plasmid (API2-MALTI-1 and API2-
MALTI1-2) or an empty plasmid (Mock-1 and Mock-2) were treated with etoposide (100
M) or DMSO for 12 h. A, apoptosis was assessed by the presence of condensed
chromatin. 8, DEVDase activity (5 X 10* cells/sample} was also measured. Data Tepresent
mean = SD of uipticale samples.

DISCUSSION

Three distinct chromosomal transiocations have been implicated in
the pathogenesis of MALT lymphoma. The first, t(1;14), results in the
juxtaposition of the BCLI0 gene to the immunoglobulin enhancer, in
which BCL10 expression is thought to be deregulated (10, 11). The
second, 1(11;18), results in the synthesis of a novel fusion protein,
known as API2-MALT1 (13-15). The more recently discovered third
translocation, t(14;18), results in the juxtaposition of the MALT! gene
to the immunoglobulin enhancer, in which deregulated MALTI ex-
pression may occur (16, 17). We and others have recently shown (22,
23) that BCL10 and MALT form a specific complex within the cells
and that these proteins synergize through homodimerization of
MALTI in activation of NF-«B. Furthermore, expression of API2-
MALTI was also shown to strongly activate NF-xB activity; how-
ever, ectopic expression of MALT] alone, as can be expected to occur
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Fig. 6. Apoptosis inhibitor 2 {(API2)-MALTI confers resistance to apoptosis by action
against the Smac-mediated apoptotic pathway. HeLa cells stably transfected with a
FLAG-tagged API2-MALTI] plasmid (0.5 pg) or an empty plasmid (0.5 ug) were
transiently transfected with a COOH-terminal myc-tagged Smac plasmid (2 ug) and a
PEGFP plasmid (0.5 p1g}, incubated for 24 h, and then stimulated with UV irrad:ation (200
Jfm®). A, after 6 h, apoptosis was assessed by the presence of condensed chromatin and
expressed as a percentage of apoptotic cells in total transfected green cells. Data represent
mean * SD from wriplicate samples. 8, whole cell lysates were analyzed with immuno-
blotting using anti-FLAG moneclonal antibody or anti-Myc polyclonal antibody or
anii-B-actin monoclonal antibody. Lane I, wild-type HeLa cells; Lanes 2 and 3, HeLa
cells with empty vector; Lanes 4 and 5, Hel.a cells with APIZ-MALT1 siable expresston.
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in MALT cases with t(14;18), was incapable of inducing NF-xB
activity (22, 23). Thus, it remains to be established whether NF-«xB

* activation by API2-MALT] is indeed relevant to the pathogenesis of

MALT lymphoma. Furthermore, no experimental evidence has been
produced related to the fundamental question of whether API2-
MALTI can confer resistance to apoptosis.

In the present study, we were able to identify API2-MALTI-binding
proteins and to demonstrate for the first time that API2-MALT1 does
exert an antiapoptotic effect against UV irradiation- and etoposide
treatment-induced apoptosis in HeLa cells, This antiapoptotic effect
may be mediated, at least in part, by action against the Smac-
promoted apopiotic pathway. Because several apoptotic inhibitors
have been shown to be up-regulated by NF-xB activation (39), our
data do not entirely exclude the possibiiity that the antiapoptotic effect
may be mediated, in part, by the secondary up-regulation of such
apoptotic inhibitors. In a recent study, we examined whether API2-
MALT]I has an antiapoptotic effect on murine interleukin 3-dependent
hematopoietic Ba/F3 cells (27). For this purpose, stable transfectants
expressing API2-MALT1 were established, and apoptosis was in-
duced by interleukin 3 deprivation or UV irradiation. These results
indicated that API2Z-MALT! does not show obvious resistance to
apoptosis induced by interleukin 3 deprivation or UV irradiation in
Ba/F3 cells. Because NF-«xB activation js generally thought to con-
tribute to an antiapoptotic effect, we analyzed the nuclear NF-«B
activity of these two cell lines by using the NE-«B ELISA kit (Oxford
Biomedical Research, Inc.). However, this analysis revealed no sig-
nificant difference in the amount of nuclear NF-«B between the two
cell lines (data net shown), suggesting that the difference in anti-
apoptotic effect by API2-MALTI1 may not be due to the difference in
the cell lines’ nuclear NF-«B activity. One reason for the difference
between the results obtained for the HeLa and Ba/F3 cells would be
that these two cell lines do not always use the same apoptotic signal-
ing pathway.

We also examined the stability of ectopically expressed API2,
MALTI, and API2-MALTI by Western blot analysis of the cell
lysates with or without treatment with MG132, a proteasome inhibitor
(27). Tt was found that MALT! is rapidly degraded via the ubiquitin-
proteasome pathway, as is the case with API2. On the synthesis of
fusion, API2-MALT] was readily detectable even without MG132,
suggesting that this fusion protein becomes stable against the
ubiquitin-proteasome pathway (27). Thus, increased stability of API2-
MALT1 would be expected to augment counteraction against or
synergy with the functions of its binding padners including Smac,
HtrA2, and TRAF2. '

To the best of our knowledge, this is the first report demonstrating that
API2-MALTI acts as an antiapoptotic regulator, which may be mediated,
at least in part, by neutralizing apoptosis promoted by Smac. Tt stands to
reason that Smac would not be the only target for the antiapoptotic effect
exerted by API2-MALTI, and indeed, we have identified TRAF2,
HirA2, KIAAI1892, and HSP70s as other potential API2-MALTI-
binding proteins. Given that Smac, TRAF2, and HirA2 function as bona
Jide regulators of apoptosis, it is tempting to speculate that the KIAA1892
protein and two Hsp70s exert the same effect. Because recent studies of
the BCLIO and MALTI knockout mice provide evidence that both
BCL10 and MALT1 participate in linking antigen receptor signaling and
NF-xB activation (29-31) and excgeneously expressed API2-MALTI1
was shown to enforce activation of NF-xB activity (27, 28), it will be of
particular jmportance to pursue the possible roles of API2-MALTI-
binding proteins in antigen receptor signaling. It is hoped that additional
studies will provide further insight into the biological functions of API2-
MALTI and vltimately lead to new diagnostic and therapeutic advances
for dealing with MALT lymphoma, a human lymphoma that has been
attracting special aitention.
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