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Ubiquitin—-Proteasome System and the Strategies for the Therapeutics of

Neurodegenerative Diseases

Ryosuke TarAHASHI

Department of Neuology, Kyoto University Graduate School of Medicine

A growing body of evidence strongly suggests
that accumulation of misfolded proteins consti-
tutes the common pathogenetic mechanisms un-
derlying various neurodegenerative disorders.
Since ubiquitin-proteasome protein degradation
system (UPS) plays a principal role in the degra-
dation of cellular misfolded proteins, the impair-
ment of UPS associated with aging may lead to
development of sporadic neurodegenerative dis-
eases. Moreover, mifolded proteins inhibit prote-
asomal activity when over expressed in the cell.
Based on these lines of data, accumulation of

misfolded protein and proteasomal impaiment

form a vicious cycle, leading to a catastrophic
neurodegeneration and neuronal death. Familial
Parkinson’ diseases (PD) provide excellent ex-
amples for the involvement of UPS in Parkinson’
s disease. Missense mutaions and gene multipli-
cation mutations of a-synuclein, a neuron-spe-
cific presynaptic protein, are responsible for
PARK]1, an autosomal dominant form of familial
PD.a-synuclein turned out to be a major compo-
nent of Lewy body, suggesting that accumulation
of a-synuclein leads not only to familial forms

702 RSB Vol 22 No.6 (2005)

but sporadic form of PD. Systemic or local stria-
tal inhibiton of proteasome induced dopaminer-
gic cell loss accompanied by «¢-synuclein-posi-
tive intracellular aggregates, providing evidence
that proteasomal impairment may be cdausative
in sporadic PD. Parkin is the gene responsible for
autosomal recessive familial parkinsonism (AR-

. JP), or PARK2. Parkin turned out to be a ubiqui-

tin ligase, which specifically recognizes substrate
protein (s), ubiquitinate them to promote their
degradation. Among 10 different Parkin sub-
strates, misfolded Pael-R is one of the best char-
acterized one. Misfolded Pael-R is ubiquitinated
with the help of Parkin in the endoplasmic retic-

- ulum (ER)-associated degradation (ERAD) path-

way. When Parkin is mutated, misfolded Pael-R
accumulates in the ER, leading to ER stress-in-
duced apoptosis. Pael-R induced dopaminergic
cell death is recapitulated in transgenic Dro-
sophila and mice. Based on these findings, future
therapeutics against intractable neurodegenera-
tive diseases should include downregulation of
the causative misfolded proteins and/or en-
hancement of UPS.
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Chromogranin-mediated secretion of mutant
superoxide dismutase proteins linked to amyotrophic

lateral sclerosis

Makoto Urushitanil, Attila Sik?, Takashi Sakurai®, Nobuyuki Nukina®, Ryosuke Takahashi* & Jean-Pierre Julien!

Here we report that chromogranins, components of neurosecretory vesicles, interact with mutant forms of superoxide dismutase
(SOD1) that are linked to amyotrophic lateral sclerosis (ALS), but not with wild-type SOD1. This interaction was confirmed

by yeast two-hybrid screen and by co-immunoprecipitation assays using either lysates from Neuro2a cells coexpressing
chromogranins and SOD1 mutants or lysates from spinal cord of ALS mice. Confocal and immunoelectron microscopy revealed
a partial colocalization of mutant SOD1 with chromogranins in spinal cord of ALS mice. Mutant SOD1 was also found in
immuno-isolated trans-Golgi network and in microsome preparations, suggesting that it can be secreted. Indeed we report
evidence that chromogranins may act as chaperone-like proteins to promote secretion of SOD1 mutants. From these results,
and our finding that extracellular mutant SOD1 can trigger microgliosis and neuronal death, we propose a new ALS pathogenic

model based on the toxicity of secreted SOD1 mutants.

ALS is a progressive adult-onset neurodegenerative disorder that affects
primarily motor neurons in the brain and spinal cord. The disease
typically begins locally and spreads, leading to paralysis and death
within 3-5 years. Approximately 10% of ALS cases are familial and 90%
are sporadic. Mutations in the genes encoding SOD1 (ref. 1) are
involved in 20% of familial ALS cases.

Despite a decade of investigation on familial ALS caused by missense
mutations in the SODI gene, the mechanism of toxicity to motor

forms of SOD1 develop motor neuron disease resembling ALS through
a gain of unidentified deleterious properties’. Eliminating the copper
chaperone for SOD1 does not diminish the toxicity of mutant SOD1 in
mice?, and mutations that disrupt the copper-binding site of mutant
SOD1 do not suppress toxicity®. Thus, it is now thought that the toxicity
of mutant SOD1 is not related to aberrant copper-mediated catalysis but
rather to the propensity of the abnormal protein to aggregate, a pheno-
menon common to many neurodegenerative diseasesS. Cell culture
studies have shown that the mutant SOD1 proteins induce oxidative
stress™®, form aggregates™!® and impair proteasomal function!!.
Notably, recent lines of evidence indicate that the toxicity of SOD1
mutants is non-cell-autonomous. The neuron-specific expression of
mutant SOD1 does not provoke motor neuron disease!>13. Moreover,
chimeric mouse studies with SOD1 mutants have demonstrated that
neurodegeneration is delayed or eliminated when motor neurons
expressing mutant SOD1 are surrounded by healthy wild-type cells'4.
Moreover, these studies show evidence of damage to wild-type motor

'.37 l neurons has remained elusive. Transgenic mice expressing mutant

neurons by surrounding cells expressing mutant SODI1. Such results
emphasize the importance of a motor neuron milieu, but the mechan-
ism by which the toxicity of mutant SOD1 may be transferred from one
cell to another is still unclear'®,

So far, proteins known to interact with mutant forms of SOD1 but
not-with wild-type SOD1 have been implicated in protein refolding or
proteasomal degradation (for example, heat-shock proteins Hsp40,
Hsp/Hsc70 (refs. 15,16) and CHIP!). To search for more proteins
that interact with mutant SOD1, we performed yeast two-hybrid
screening of a cDNA library from the total spinal cord of presympto-
matic transgenic mice expressing the G93A SOD1 mutation (in which a
glycine residue is replaced by an alanine residue). We discovered that
chromogranins are interacting partners with mutant forms of SOD1,
but not wild-type SOD1. The chromogranins, namely chromogranin-A
(CgA) and chromogranin-B (CgB), are soluble, acidic glycophospho-
proteins and are major constituents of secretory large dense-core vesicles
(LDCV) in neurons and endocrine cells. LDCV store neuropeptides and
hormones and show regulated exocytosis upon appropriate cellular
stimulation!’. Chromogranins are transported in the trans-Golgi net-
work (TGN) and translocate at the periphery in an actin-dependent
manner during their maturation process!®. Although the physiological
functions of chromogranins are still unclear, previous reports have
shown that their proteolytic products function as antibiotics, regulators
of hormone release, controllers of intracellular Ca?* concentration and
protein sorting machineries!’. The role of chromogranins in neurons is
unknown. Both CgA and CgB proteins are transported in the rat sciatic

1Department of Anatomy and Physiology, Laval University, Centre de Recherche du Centre Hospitalier de I Université Laval, 2705 boulevard Laurier, Sainte-Foy, Quebec G1V
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nerve!® and CgA is found in motor endplates in the diaphragm?’,
suggesting a possible role in neurotransmission.

Previous evidence indicates that chromogranins are involved in
neurodegenerative diseases. Immunohistochemical studies have
revealed the presence of CgA or CgB in neuritic senile plaques of
Alzheimer brains?’ and in prion protein deposits of Creutzeldt-
Jacob disease brains??2. The staining pattern of CgA is also altered

ARTICLES

in motor neurons of people with sporadic ALS?3. Importantly, there
is evidence that CgA can activate microglia to produce various
pro-inflammatory molecules such as tumor necrosis factor-alpha
(TNF-a), nitric oxide and potential neurotoxins including glutamate
and cathepsin B24-%,

Here we report that CgA and CgB, which are abundant proteins in
motor neurons and interneurons, may act as chaperone-like proteins to
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Figure 1 Selective interactions of chromogranins with mutant SOD1 species but not with wild-type SOD1. (a,b) Chromogranins interact with mutant SOD1 in
cultured cells. Neuro2a cells were transiently transfected with FLAG-tagged human SODI (wild-type, A4V, G85R or G93A) and HA-tagged mouse CgB (a) or
CgA (b). Immunoprecipitates with anti-FLAG affinity ge! (IP-FLAG) and total cel! lysates (5% input) were analyzed by western blotting using antibodies to
SOD1 or HA. Note that both CgB and CgA immunoprecipitated with mutant SOD1 to yield high molecular weight species (asterisk). (c) An Hsp70-like domain
in CgB interacts with mutant SOD1. Schematic representation of full-length (FL) or deletion mutants (N terminus (AN), C terminus (AC) or Hsp70-like domain
(AHsp)) of CgB (top). Total cell lysates and immunoprecipitates from Neuro2a cells transfected with FLAG-SODI or full-length CgB (FL) or its deletion mutants
(AN, AC, AHsp) were analyzed by western blatting using the same antibodies (bottom). (d—f) Localization of CgB in the TGN of transfected Neuro2a cells.
Images show live cells from confocal laser microscope of Neuro2a cells transfected with a plasmid encoding Ds-Red and a Golgi marker (Ds-Red-Golgi, middle)
and EGFP (d) or EGFP-fused CgB (CgB-EGFPF, e and f). (g-j) Overexpressed SOD1 mutants localized with CgB in the TGN of Neuro2a cells. Neuro2a cells were
transiently transfected with human SOD1 {wild-type, G85R and G93A) together with (i—k) or without (h) CgB-EGFP, and analyzed by immunocytochemistry
using mouse monoclonal anti-SOD1.
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Chromogranin A (CgA)

Chromogranin B (CgB)

hSOD1+GgR

Figure 2 Expression pattern of chromogranins in SODI transgenic mice. We used the lumbar spinal cords from (a) nontransgenic littermates, (b,c) transgenic
mice at 7 months of age and (d) transgenic mice at 9 months of age. The transgenic mice expressed either G37R SODI (b,c) or wild-type SODI (d). The
following combinations of antibody stains were used: (a,b) mouse monoclonal anti-NeuN plus rabbit polyclonal anti-CgA (left) or anti-CgB (right); (c,d) sheep
polyclonal antibody specific to human SOD1 plus anti-CgA (left) or anti-CgB (right). In ¢, the dotted lines demarcate the cell body of motor neurons. Scale

bars, 50 pum.

promote secretion of misfolded SOD1 mutants. Moreover, our results

demonstrate that extracellular mutant SOD1 can induce microgliosis
and motor neuron death, suggesting that the chromogranin-mediated
secretion of mutant SOD1 proteins could be a pathogenic mechanism
in ALS. This idea is consistent with findings that the disease is not
strictly autonomous to motor neurons and that toxicity is transferable
from one cell to another.

RESULTS

Interaction of CgA and CgB with mutant SOD1 in cultured cells
To identify new proteins that interact with mutant SOD1, we used a
yeast two-hybrid approach to screen a ¢cDNA library from the spinal
cord of pre-symptomatic mice transgenic for human G93A SODI,
using monomeric LexA-human G93A SOD1 as bait. As expected, the
majority of the 250 surviving clones expressed human SOD1 that can
dimerize with the bait. However, we obtained one clone whose
sequence corresponded to a partial mouse CgB sequence encoding 76
amino acids. A full-length mouse CgB clone was then isolated from a
brain ¢cDNA library of C57Bl/6 mice and used as bait in the yeast two-
hybrid system to confirm a specific interaction of CgB with mutant
SOD1, but not with wild-type SOD1 (data not shown). To further
investigate the interaction of CgB with mutant forms of SODI1 in a
mammalian cell system, we carried out transient coexpression assays
with Neuro2a cells using plasmid vectors coding for CgB tagged with
hemagglutinin (HA) at the carboxy (C) terminus and for various
human SOD1 species tagged with FLAG at the amino (N) terminus. We
tested various SOD1 mutants, including the A4V, G85R and G93A
mutants, to confirm that chromogranins interact with misfolded SOD1

mutants in general, not just the G93A mutant. As shown in pull-down
assays (Fig. 1a), CgB was co-immunoprecipitated with mutant forms
of SOD1, but not with wild-type SOD1. Pull-down assays revealed that
CgA, another member of the mouse chromogranin family, also
associated with SOD1 mutants but not with wild-type SODI1
(Fig. 1b). Similar results were obtained with human chromogranins
(data not shown). _

CgA and CgB share two conserved domains near their N and
C termini, named the granin domains. The N-terminal granin domain
is implicated in a sorting mechanism?’, whereas the C-terminal granin
domain is necessary for dimerization or tetramerization of chromo-
granins?®. To determine the CgB region responsible for interaction with
mutant SOD1, we constructed expression plasmids for CgB mutants
lacking specific domains and transiently expressed them together with
mutant SOD1 into Neuro2a cells (Fig. I¢, top). An immunoprecipita-
tion experiment showed that CgB mutants with deleted granin
domains (AN or AC) were still able to interact with mutant SOD1
(Fig. 1c, bottom). A search for sequence homologies revealed that both
CgB and CgA contain internal sequences with homologies to the
substrate-binding site of mammalian Hsp70 (Supplementary Fig, 1
online). A CgB mutant [acking this internal region (AHsp) did not bind
mutant SOD1, as determined by the pull-down assay (Fig. 1c). The
presence of an Hsp70-like domain offers a reasonable explanation for
the specific binding of chromogranins to misfolded SOD1 mutants and
not to wild-type SODI1.

Confocal microscopy of transfected Neuro2a cells provided further
evidence of interactions between SOD1 mutants and chromogranins.
Transfection of a construct encoding CgB fused at the C terminus to
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enhanced green fluorescent protein (EGFP) (CgB-EGFP) into Neuro2a that, in the preclinical stage (6 months old), 23.6% of G37R SOD1 was
cells showed CgB accumulation in the TGN, as indicated by colocaliza- found in heavy membrane fractions, and 4.2% in light membrane
tion with Ds-Red fused to the Golgi-targeting human p1,4-galactoysl-  fractions. For wild-type SODI, 13.4% was found in heavy membrane
transferase (Ds-Red-Golgi) (Fig. 1df). Unlike chromogranins, SOD1  fractions and 1.91% in light membrane fractions. After paralysis, 6.46%
is a cytosolic protein without signal peptide and it is synthesized in free  of monomeric G37R SOD1 accumulated in the light membrane

ribosomes. As expected, wild-type SODI1
vielded a cytosolic distribution when over-

expressed in Neuro2a cells, and the expression ~ @ ‘% % “ﬁ% .;% Q,(‘;‘&gx hsoD1 Tg ¢
o of CgB had no effect on its distribution (Fig. w& 3’ w0 n‘f s ”“'f . > LD o, @
. . . months, i
::’, 1gj, left). In contrast, the subcellular distri- 173 - hSoD1 nSoD} Tamice = °‘§ e ::
‘s bution of mutant SOD1 species (G85R or o J {agaregate) \@ c,\$
© G93A) was altered by the overexpression of s “ 2 _'5-3\2:) &ef@b "S‘Q\c,db‘“ ,;y«“@ /\0\9}@\&&“’
E CgB. A total colocalization of mutant SOD1 250 " - 85 - .
g with CgB was observed in roughly 10% of 5 m »” hsot a75 - : s 19 HG
£ doubly transfected Neuro2a cells (Fig. 1g—j, e e (moncmen 525 - .
E middle and right). These results indicate that - )
9 CgB can influence the subcellular distribution - e < CaB o
¢ of SOD1 mutants under the condition of - e o e < il ———— & *
5 Lo
2 overexpression in cultured cells. —
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large vesicular structures of spinal neurons
from G37R SOD]I transgenic mice (Fig. 2c).

Ir} thF S(?DI (wild-type) transgenic mice, the Figure 3 SOD1 mutants in spinal cord of ALS mice accumulate in TGN and co-immunoprecipitate with
distribution patterns of CgA and CgB were chromogranins. (a) G37R SOD1 accumulated in both heavy and light membrane fractions. Subcellularly
similar to those of nontransgenic mice with fractionated proteins from spina! ¢ord of wild-type and G37R SOD! transgenic mice (6 and 11 months

no obvious colocalization between wild-type  old) was analyzed by western blotting using antibodies specific to human SOD1, CgB, adaptin-y,

SOD1 and chromogranins (Fig. 2d). syntaxin-1, COX4 and actin. Asterisk indicates endogenous mouse SOD1. The percentage of monomeric

To confirm the distribution of mutant human SOD1 in each fraction was presented from the densitometric value of monomeric SOD1 in the
. i . . cytosolic, heavy and light membrane fractions that was standardized by actin, COX4 and syntaxin-1,
SOD_I in the endopl.asxmc reticulum (ER)- respectively (bottom). (b) Fractionation of microsome components by sucrose density-gradient
Golgi system, we carried out subcellular frac- ultracentrifugation showing that G37R SOD1 co-distributed with CgA, CgB, adaptin-y and syntaxin-1.
tionation of spinal cord lysates from transgenic  The light membrane fraction from spinal cord of G37R SODI transgenic mice (7 months old) was
mice expressing wild-type SOD1 or G37R  analyzed. (c) Distribution of SOD1 mutants in the TGN. The spinal cord lysates from transgenic mice
SOD1 at different ages. Western blot analysis  expressing human wild-type SOD1 (9 months), G37R (7 months) or G93A (3 months) SODI were
dearly demonstrated that mutant SOD1 was immunoprecipitated with rabbit polyclonal anti-TGN38 preincubated with Protein G magnetic beads.
The total tissue lysates and immunoprecipitates were analyzed by western blotting with antibodies to

recovered in both heavy and light membrane human SOD1, TGN38, Akt kinase and COX4. (d) Pull-down assay showing that CgA and CgB interacted

fractions .contajning mitocho‘ndria and micro-  \yith muytant SOD1 but not wild-type SOD1 in human SOD1 transgenic mice (wild-type, G37R and
somes (Fig. 3a). The calculation from the den- G93A). Spinal cord lysates were immunoprecipitated with anti-CgA or anti-CgB, which was analyzed
sitometric value of SOD1 monomer revealed  using antibody to human SOD1.
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Figure 4 Immunoelectron microscopy reveals partial colocalization of G37R
SOD1 with chromogranins. Ultra-thin sections of spinal anterior horn from
G37R SOD1 mice (7 months old) were incubated with sheep polyclonal
antibody to human SOD1 alone (top panels), or together with rabbit
polyclonal antibody to CgA or CgB (lower left or right, respectively). For
secondary antibody, we used 10-nm (top panels) or 5-nm (bottom panels)
immunogold-conjugated anti-sheep IgG and 10-nm immunogold-conjugated
anti-rabbit IgG antibodies. In rough ER, 10-nm clusters of immuno-gold
particies were frequently detected (arrowheads). G37R SOD1 was
occasionally detected in mitochondria (arrow, top-left), or in a vesicle
(arrowhead, top-right) close to the plasma membrane (arrows, top-right).
Double-staining revealed frequent 10-nm clusters of CgA or CgB (amowheads,
bottom left or right) and 5-nm gold particles (hSOD1, double arrowheads,
bottom panels). Scale bars, 100 nm.

fractions, whereas only 2.61% of wild-type SOD1 accumulated there
(Fig. 3a, bottom). Furthermore, G37R SOD1 but not wild-type SOD1
formed non-native dimers and high molecular aggregates in the
membrane fractions in an age-dependent manner. To further clarify the
distribution of mutant SOD1 in the transport vesicles, we performed
sucrose density gradient ultracentrifugation of post-mitochondrial
membrane fractions using spinal cord extract from presymptomatic

G37R SOD1 transgenic mice at 7 months old. Western blotting revealed

that mutant SOD1 had a distribution pattern similar to chromogranins,
the trans-Golgi marker adaptin-y and the SNARE protein syntaxin-1,
but different from the pattern of synaptophysin (Fig. 3b).

To further confirm the distribution of mutant SOD1 species in a
secretory pathway, we purified TGN from the spinal cord lysates of
SOD1 (wild-type), G37R SOD1 and G93A SODI transgenic mice by an
immuno-isolation technique using anti-TGN38 antibody bound to

hSODIWT

mCgA-N

&l T
(vt~

mCgA-N

L. o o
KhSOD1 G3TR (10am)

=
£aB (10 nm)+hS001 G37R (5 nm)

protein G—coated magnetic beads. Anti-TGN38 is an affinity-purified
polyclonal antibody specific to a 23-amino acid peptide corresponding
to the cytosolic domain of rat and mouse TGN38 protein. Western
analysis of the immunoprecipitates demonstrated that both G37R and
G93A SOD1 co-precipitated with TGN38, indicating that mutant
SODI is distributed in the TGN (Fig. 3c). Note that the wild-type
SOD1 was also detectable in the TGN preparation, albeit at lower levels
than mutant SOD1.

Further evidence for the specific interaction of CgA or CgB with
mutant SOD1 proteins came from co-immunoprecipitation experi-
ments using spinal cord [ysates of transgenic mice. We found that rabbit
polyclonal anti-CgA or anti-CgB antibody was able to pull down both
G37R and G93A SODI1 mutants but not wild-type SOD1 (Fig. 3d).
1t should be noted that a non-native dimer of G37R SOD1 was more
apparent than G93A SOD1 (double arrowhead), corresponding
to the larger amount of co-immunoprecipitated G37R SOD1 than
G93A SOD1.

To further investigate the distribution and colocalization of mutant
SODI1 and chromogranins, we examined spinal cord sections from
SOD1 (wild-type) and G37R SOD! transgenic mice (7 months old)
using immunoelectron microscopy. Mutant SOD1 protein was
observed as small clusters of gold particles in the cytosol (Supplemen-
tary Fig. 3 online), rough ER (arrowheads in Fig. 4, top-left), smooth
ERand Golgi (Supplementary Fig. 3), and occasionally it was observed
in mitochondria (arrow in Fig. 4, top-left) and transport vesicles
(Fig. 4, top-right). Moreover, the double immunohistochemistry
using secondary antibodies conjugated with different gold particles
(5 nm or 10 nm) provided frequent detection of cluster complexes

Figure 5 CgA is expressed in reactive astrocytes of spinal anterior horn from
mutant SODI transgenic mice. Double immunofluorescent experiments show
the colocalization of CgA and GFAP in the spinal cord of transgenic mice
carrying mutant SODI, but not those carrying wild-type SOD1. (a,b) In wild-
type SODI mice, CgA was expressed only in the neurons labeled by anti-
NeuN (a, mouse monoctonal), but not in reactive astrocytes labeled by
anti-GFAP (b, mouse monoclonal), in G37R SOD1 mice, in addition to the
neuronal expression (c), CgA was also detected in reactive astrocytes (d), but
not in the active microglial cells labeled by anti-Mac2 (e, rat monoclonal).
Arrowheads and arrows, respectively, indicate neurons and astrocytes stained
with anti-mCgA-N’. Left panels represent merged images from left and
middle panels. Scale bars, 50 pm. Images show a representative sample
from one of at least three independent experiments.
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comprising SOD1 and chromogranins (Fig. 4; CgA bottom left, CgB
bottom right). This colocalization was observed in rough ER, transport
vesicles and granule-like structures. In contrast, wild-type SOD1 was
chiefly located in the cytosol and occasionally in mitochondria and
luminal structures including smooth and rough ER. The gold particles
for wild-type human SOD1 tended to be singular or doublets, whereas
clusters for G37R-SOD comprised five to ten gold particles (Supple-
mentary Fig. 3). No significant colocalization of wild-type SOD1 and
chromogranins was detected. These findings confirm that mutant
SOD1 can be recruited into the ER-Golgi pathway and interact
with chromogranins.

Expression of CgA in reactive astrocytes in ALS mice

CgA is implicated in several neurodegenerative diseases including
Alzheimer disease?! and prion disease??. The N-terminal bioactive
peptide of CgA, vasostatin, is implicated in microglial activation?*32,
To investigate the distribution of proinflammatory fragments of CgA in
the mutant SODI transgenic mice, we raised a rabbit polyclonal
antibody specific to the N-terminal peptide (16 amino acids) of the
mature mouse CgA (anti-mCgA-N").

ARTICLES

Western analysis showed that anti-mCgA-N’ specifically recognized
mouse CgA tagged by HA in the transfected COS-7 cells. Moreover, this
antibody reacts with mouse CgA, but not with human CgA (Supple-
mentary Fig. 4 online). In transgenic mice overexpressing wild-type
SODI1 (9 months old), immunofluorescence using anti-mCgA-N’
showed CgA detection predominantly in neurons co-stained with
anti-NeuN (Fig. 5a) and rarely in astrocytes labeled by antibody
specific to glial fibrillary acidic protein (anti-GFAP; Fig. 5b). In
contrast, prominent anti-mCgA-N’ immunoreactivity was observed
in reactive astrocytes of ventral horn in presymptomatic G37R SODI
mice (Fig. 5c-e, 8 months old) and G93A SODI mice (Supplementary
Fig. 5 online, 80 d old). CgA also localized in neurons (Fig. 5¢) but not
in Mac2-labeled microglia (Fig. 5e) of G37R SODI mice. Pre-incuba-
tion with the peptide antigen completely eliminated the signal (data not
shown). These results suggest that CgA may be involved in the disease
progression concomitant with astrocytosis.

CgA and CgB promote secretion of mutant SOD1
The combined microscopy and immunoprecipitation data presented
above provide compelling evidence for the selective colocalization of

@g © 2006 Nature Publishing Group httpJ//www.nature.com/natureneuroscience
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Figure 6 Chromogranins promote selective secretion of misfolded mutant SOD1. (a) CgA and CgB promoted specific secretion of mutant SOD1 in non-
neurosecretory cells. COS-7 cells transfected with FLAG-SODI (wild-type or G93A) and CgA-HA or CgB-HA were incubated in stimulation buffer. Medium was
concentrated and analyzed by western blotting using SOD1-specific antibody. The SDS-PAGE gel was stained by Coomassie brilliant blue (Coomassie). Asterisk
indicates endogenous SOD1. 1B, immunoblot. (b) Densitometry of the secreted human SOD1 from the western blots. The values (mean £ s.e.m., n= 3)
represent the ratio compared to control (lane 1 = control for wild-type (asterisk) and lane 4 = contro! for G93A SOD1 (double asterisks)). (c) LDH release
assay demonstrating that transfection experiments did not provoke cell leakage. Medium was assayed 24 h after transfection. Value represents LDH release
ratio compared with vector control (pcDNA3). Data are mean + s.e.m. (n = 3). (d) Brefeldin A (BFA) inhibited chromogranin-mediated secretion of mutant
SOD1. COS-7 cells transfected with FLAG-SODI (wild-type or G93A) with or without CgB-HA were treated with 5 pM BFA for 1 h before exposure to
stimulation buffer. (e) Effect of proteasomal inhibitor on mutant SOD1 secretion. Transfected NIH3T3 cells were treated with lactacystin for 20 h before the
secretion assay. (f) Both wild-type and G37R SOD1 were secreted from embryonic spinal cord cuitures from human SOD1 transgenic mice. Primary cultures
were treated with basal or stimulation buffer for 15 min. Asterisks indicate endogenous mouse SOD1. Data given as ratio of secreted SOD1 from treated

samples to that in basal-buffer samples (mean £ s.e.m., n= 4).
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Figure 7 Activation of microglia by extracellular b 5

mutant SOD1. (a,b) Activation of microglial cell- a ‘§ 32

line BV2 after treatment with conditioned medium wild o 3

from Neuro2a cells co-transfected with CgA and hSOD1 _-  type GBSR GE3A & &P . § 25

SOD1 mutants (G85R or G93A). (a) RT-PCR study CoA - + - 4 - 4 - + @ g 2

of TNF-a and GAPDH. For contro!, Neuro2a celis template m e s:m é e

were treated with lipopolysaccharide (LPS). ETOIT T _400!;: 3 o; H H H H ﬂ

Notably, there was no microglial activation with GAPDH T v -300!:9 w o0 T
medium from cells co-transfected with CgA and 2 <P 3 u 5 8§78 [aasn [as5t | nsoo
wild-type SOD1. Templates were examined at & 3 --ﬂ-ﬂ-ﬂ- CgA
two different concentrations (1:10 diluted and c

original). {b) Each densitometric value was 6 3 TNF- 4 3 cox2 s 25 R NOS
normalized with GAPDH and averaged from ; 25 * Z: 25 # § 2 #
results of two different concentrations of g€, g_ M S

templates. Each value represents a ratio ?é l§ 15 W é % 15} ég 5

compared to control anes (bar 1 is the contral 8, 3° 1 . g8

for bar 2, and bar 3 is the control for 4-10), W 05 g os H H ™ g 05 H r] m
expressed as mean + s.e.m. (c) Direct effect of - g ool AL ALL 8 oAl LU 2

mutant SOD1 on microglial activation. BV2 cells
were treated with recombinant CgA (1 pug mi—1),

human SOD1 (wild-type or G93A, 2 pg mi~1 each) or LPS (10 pg mI~!) as a positive control for 18 h, as shown in the bottom box. Semi-quantitative RT-PCR
was performed in the same manner as in a. Each densitometric value was normalized by GAPDH and an expression ratio was obtained by comparison with
control (bar 1 in each graph). The ratio was averaged from three experiments and expressed as mean + s.e.m. *P < 0.05 versus sham treatment (lane 1).
#P < 0.05 versus wild-type SOD1 treatment (lane 4) assessed by analysis of variance (ANOVA).

mutant SOD1 with chromogranins in mouse models of ALS. These
results prompted us to investigate whether mutant SOD1 molecules
were secreted together with chromogranins. We conducted secretion
experiments using nongranular COS-7 cells that are lacking endogen-
ous chromogranins®. Expression plasmids coding for FLAG-tagged
SOD1 (wild-type or G93A mutant) and HA-tagged mouse CgA or CgB
were transiently co-transfected in COS-7 cells. Both wild-type and
G93A mutant SOD]1 were detected by western analysis in the control
medium after a 15-min incubation. Moreover, treatment with stimula-
tion buffer containing 2-mM BaCl, and 50 mM KCl increased the
amount of both wild-type and mutant SOD1 in the medium 1.2-fold
compared with control buffer (data not shown). These data imply the
existence of constitutive and regulatory secretory pathways for SOD1 in
these cells. It is noteworthy that both CgA and CgB promoted secretion
of G93A SOD1, whereas secretion of wild-type SOD1 was not affected
on by CgA or CgB (Fig. 6ab). Judging from the amount of lactate
dehydrogenase (LDH) released, the effects of chromogranins on secre-
tion of mutant SOD1 did not result from cell death or membrane
disintegration caused by overexpression (Fig. 6c). We also examined
the effect of Brefeldin A (BFA) on SOD1 secretion to further address the
involvement of the ER-Golgi network. In COS-7 cells, BFA did not
reduce the secretion of either mutant or wild-type SOD1 in absence of
CgB (Fig. 6d, lanes 2 and 5). BFA did, however, inhibit the CgB-
mediated secretion of mutant SOD1 (Fig. 6d, lanes 7 and 8). This
suggests that CgB contributes to the secretion of mutant SOD1 proteins
through the TGN. We conclude that chromogranins promote the
secretion of mutant SOD1, but not of wild-type SOD1.

Proteasome inhibition enhances secretion of mutant SOD1
Because previous studies showed an impairment of proteasomal activity
in cells expressing mutant SOD1!), we examined the effect of a protea-
some inhibitor on the secretion of human SOD1 species in non-granular
NIH3T3 cells. The treatment of transfected NIH3T?3 cells with a specific
proteasome inhibitor, lactacystin (5 pM), enhanced the secretion of
mutant SOD1 in the presence or absence of chromogranins (Fig. 6e).

SOD1 secretion from spinal cultures of SOD1 mouse embryo
Both wild-type and mutant SOD1 have been detected in the cere-

brospinal fluid (CSF) of SOD1 transgenic rats** and humans carryinga

SOD1 mutation3>. However, it is technically difficult to prove this
finding in mice, because of the small space for CSF with high
occurrence of contamination from the blood or tissues. We carried
out spinal cord cultures from SODI transgenic micé to confirm that
SOD1 can be secreted. Spinal cord cultures were prepared from E13
embryos and then analyzed after 14 d in vitro. Secretion analysis of the
culture medium revealed that both wild-type and G37R SODI1 can be
detected in basal secretion buffer. Exposure of the cells to stimulation
buffer containing BaCl; (2 mM) and KCl (50 mM) for 15 min
promoted the secretion of both wild-type and G37R SOD1, but
more robustly in G37R (Fig. 6f). This result indicates that SOD1 can
be secreted in both a constitutive and regulated manner.

Extracellular SOD1 mutants cause microgliosis and neuron death
There is evidence for involvement of CgA in microglial activation32. To
examine the effects of secreted mutant SOD1 together with CgA on
microglial activation, we treated BV2 microglial cells with conditioned
medium from Neuro2a cells that were transfected with various human
SOD1 species (wild-type, G85R and G93A), with or without CgA.
Semi-quantitative reverse-transcriptase PCR (RT-PCR) was performed
using total RNA from BV2 cells to monitor expression of mRNA for
proinflammatory molecules. RT-PCR results showed that the combi-
nation of mutant SOD1 and CgA resulted in a medium that induced
TNF-u expression in BV2 cells (Fig. 7a,b).

To investigate whether extracellular SOD1 mutants activate micro-
glia, we exposed the BV2 cells to recombinant human SOD1 or CgA
(extracellular) to determine whether microglial activation was
mediated directly by these molecules. The results showed that extra-
cellular mutant G93A SOD1 with or without CgA induced BV2 cells to
produce TNF-a, cyclooxygenase-2 (COX-2) and inducible nitric oxide
synthase (iNOS) (Fig. 7c). In contrast to mutant SOD1, the recombi-
nant wild-type SOD1 caused suppression of microglial activation,
which is in agreement with a protective role for secreted wild-type
SODI as recently suggested™”.

We further investigated the effects of extracellular SOD1 (wild-type
and G93A) and CgA proteins using primary spinal cord cultures
derived from E13 mouse embryos. Spinal cord cultures at 14 d after
plating were exposed to these recomnbinant proteins or to lipopolysac-
charide (LPS) for 24 h. Treatment of the cultures with CgA and/or
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Figure 8 Extracellular SOD1 mutant triggers microgliosis and motor neuron death. (a) Immunofluorescence images of primary spinal cultures doubly stained
by anti-Mac2 antibody and SMI32. Scale bars, 50 pm. (b) Extracellular SOD1 mutant activated microglia and killed motor neurons of embryonic spinal

cord cultures. Spinal cord cultures were treated with lipopolysaccharide (LPS, 10 pg mi-1), recombinant mouse CgA (5 ug mi=1) or recombinant SOD1
(wild-type or G93A, 2 pg mi~1) for 24 h. Cultures were fixed with 4% paraformaldehyde and doubly labeled with antibody to Mac2 (top) or antibody to the
nonphosphorylated neurofilament NFH (SMI32) (bottom). The number of labeled cells at eight different areas from two sister cultures were averaged and
expressed as cells per mm?Z. Values indicate mean + s.e.m. (n = 8). *P < 0.01 versus controls. (c) Dose-dependent toxicity of G93A and wild-type SOD1 in
holo- or apo-states to spinal cord cultures. Spinal cultures were exposed to metal-deficient (apo) or metallated (Cu/Zn) recombinant G93A SOD1 or wild-type
)SOD1 for 24 h. Values indicate mean + s.e.m. (n = 8). (d) Elimination of microglia did not affect extracellular SOD1-induced motor neuron death. Cultures

/ were pre-treated with LLME (5 mM) for 16 h before application of recombinant G93A SOD1 (2 pg mi~ 1y for 24 h. Values indicate percent survival compared
with control culture (mean £ s.e.m., n = 8-24). *P < 0.01 versus control, #P < 0.01 versus recombinant G93A treatment. (e) Motor neuron death caused by

longer time exposure to CgA. Spinal cultures were exposed to CgA or LPS for 72 h or 24 h. Values indicate mean + s.e.m. (n = 8). *P < 0.01.

G93A SODI1 significantly increased the number of active microglia,
like LPS treatment, as determined with antibody specific to Mac2

‘(Fig. 8a and top graph in Fig. 8b). On the other hand, whereas

exposure to extracellular CgA (5 pg ml™!) or LPS (10 pg ml™})
for 24 h did not affect the number of motor neurons stained with
SMI32 (an antibody that labels unphosphorylated neurofilament-H),
recombinant SOD1 mutant (2 pg mi™!) caused massive neuronal death
(bottom row in Fig. 8a and bottom graph in Fig. 8b). Thus,
both CgA and mutant SOD1 were capable of activating microglia,
but only mutant SOD1 was neurotoxic after a 24-h exposure.
This toxicity is not related to the metal content, as the apo G93A
mutant also exhibited toxicity to motor neurons (Fig. 8c). Notably, the
apo form of wild-type SOD1 acquired some toxicity at 20 pg ml™!
when compared to holo-state wild-type SOD1 (Fig. 8c). Furthermore,
we investigated the role of microglia in extracellular mutant SOD1-
induced motor neuron death by eliminating microglia with exposure to
leu-len methyl ester (LLME), a lysosomotropic agent that kills
actively phagocytic cells such as microglia®. Treatment of spinal

cultures with 5-mM LLME killed approximately 60-70% of Mac2-
positive cells; control cultures showed only mild neurotoxicity
(Fig. 8d). Pretreatment of the cell cultures with LLME did not rescue
motor neurons from the toxicity of recombinant SOD1. Although these
results indicate that extracellular SOD1 mutant can injure motor
neurons independently of microglial activation, the role of microgliosis
in motor neuron death cannot be excluded. The viability of motor
neurons was affected by extracellular CgA or LPS after longer time
exposures (Fig. 8e).

DISCUSSION
From the data presented here, we propose a novel pathogenic -
mechanism for ALS based on chromogranin-mediated secretion of
misfolded SOD1 mutants (Supplementary Fig. 6 online). This model
is supported by the following findings: (i) chromogranins interact with
ALS-linked SOD1 mutants but not with wild-type SOD], (ii) chromo-
granins can promote selective secretion of mutant SOD1, (iii) mutant
SODI1 is distributed in the TGN, (iv) extracellular mutant SOD1 can
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trigger microgliosis and neuronal death and (v) CgA expression is
induced in reactive astrocytes.

It is unclear how the mutant SODI proteins are being recruited in
the ER-Golgi secretory granule pathway to interact with chromo-
granins. SOD1 protein has no signal sequence. It is possible that an
increased hydrophobicity of mutant SOD1 underlies its translocation in
the ER-Golgi pathway, as reported for fibroblast growth factor-16
(ref. 37). The cytosolic soluble protein SOD1 normally maintains its
hydrophilicity through intramolecular disulfide bonds. However,
mutant SOD1 proteins are readily monomerized by a reducing envir-
onment??, resulting in exposure of hydrophobic regions that can be
recognized by Hsp proteins'. Once recruited into the ER-Golgi system,
itis plausible that oxidative conditions might promote the formation of
oligomers, as detected in Figure 3a. Our findings are consistent with a
previous report that mutant SODI1, but not wild-type SODI, can
induce ER stress when transfected into COS-7 cells, with accumulation
of mutant SOD1 in or on the ER*. Although we cannot exclude the
possibility of a gain of toxic function due to ER stress, our data demon-
strate that secretion of mutant SOD1 may represent a toxic pathway
which would be in line with the non-cell-autonomous nature of ALS'4,

It is still unclear how mutant SOD1 associates with chromogranins
in the ER-Golgi network. The results from our yeast two-hybrid
interaction studies support a direct association. Moreover, in vitro
binding of recombinant CgA with mutant SOD1, but not with wild-
type SOD1, was also confirmed (data not shown). The presence -of
Hsp70-like motifs in both CgB and CgA may explain why chromo-
granins interact with mutant forms of SOD1, but not with wild-type
SOD1. Mutant SOD1 proteins are known to show altered solubility and
interact with heat shock/stress proteins!>16,

Previous studies have shown that wild-type SOD1 can be secreted
from cultured astrocytes?® or thymus-derived cells*. Moreover, it has
been reported that both wild-type and mutant SODI1 spedies are
detected in the cerebrospinal fluid of both transgenic rats** carrying
human SOD1 and ALS patients with the SOD1 mutation®®. Our data
together with these observations support the idea that both wild-type
and mutant SOD1 proteins may be secreted through non-classical
secretory pathways®2. In addition, we propose a chaperone-like function

SOD1 mutants through the ER-Golgi network. In a recent study>® with
NSC34 cells, the secretion was interpreted as being beneficial because
the extrusion of mutant SOD1 attenuated formation of toxic intracel-
lular inclusions, ameliorating cell survival. That study did not, however,
consider the presence of glial cells in motor neuron environment in vivo
or the possibility that the disease in not strictly cell autonomous'4.
Conversely, we posit that secretion of mutant SOD1 mediated by
chromogranins is deleterious because extracellular mutant SOD1 pro-
teins caused microgliosis and death of embryonic motor neurons in
mixed cultures (Fig. 8). Unlike secreted mutant SOD1, extracellular
wild-type SOD1 probably has protective properties. Our data suggest
that extracellular wild-type SOD1 suppresses extracellular inflamma-
tion, perhaps through an antioxidant effect (Fig. 7c), which would be
consistent with the finding that intraspinal infusion of exogenous wild-
type SOD1 in G93A SOD1 transgenic rats prolonged their lifespan®%.
From our in situ hybridization data and immunohistochemistry of
spinal cord samples, it seems that chromogranin expression is elevated
in both motor neurons and interneurons (Supplementary Fig. 2).
. Therefore, as depicted in our proposed pathogenic scheme (Supple-
mentary Fig. 6), we view interneurons as important contributors to
the secretion of chromogranins and mutant SOD1 complexes in
the vicinity of motor neurons. In this model, it is the burden of
extracellular mutant SOD1 in close proximity to motor neurons that

‘, oy for chromogranins in mediating the selective secretion of misfolded
”

would increase the risk of damage. Even though interneurons and motor
neurons themselves would be the predominant source of extracellular
mutant SOD1 mediated by chromogranin interactions, mutant SOD1
secreted by other pathways from other cells such as microglia and
astrocytes could also contribute to pathogenesis. Though the deleterious
effects of intracellular mutant SOD1 can not be excluded, our model of
toxicity based on secreted mutant SOD1 is compatible with the idea that
the disease is not autonomous to motor neurons'*.

Although the exact mechanisms underlying the microgliosis and
neurotoxicity of extracellular mutant SOD1 remain to be elucidated,
various deleterious effects of misfolded SOD1 proteins may occur
through generation of hydroxyl radicals’, toxic oligomers!! or amy-
loid-like filaments®3, This model would support a linkage between
inflammation and ALS pathogenesis****. Many factors may contribute
to motor neuron death in the context of inflammation. Proinflamma-
tory molecules such as TNF-a, Fas ligand or nitric oxide may act as
mediators of motor neuron death®. Microglial activation alone is not
usually sufficient to induce motor neuron death. For instance, induction
of innate immunity by intraperitoneal injection of LPS does not injure
motor neurons**. Chronic LPS administration precipitated ALS in mice,
however, supporting the view that chronic inflammation may constitute
a risk factor®. Yet, our data demonstrate that elimination of microglia
by LLME did not alter survival of motor neurons and that LPS is much
less toxic to motor neurons than mutant SOD1 in mixed embryonic
spinal cord cultures (Fig. 8b,e). It is noteworthy that mutant SOD1, and
to some extent wild-type SOD1, can be converted to toxic species even
in absence of copper and zinc (Fig. 8c). This concurs with previous
reports about the misfolded nature of apo-state SOD1 (refs. 16,43).

In conclusion, our results suggest a novel function for chromo-
granins in mediating the secretion of misfolded SOD1 mutants, a
potentially toxic pathway that can induce inflammation and neuronal
death. In future studies, it will be of interest to determine whether
chromogranin-mediated secretion may be applicable to other neuro-
degenerative diseases that involve misfolded proteins.

METHODS

Materials. Commercially available antibodies are listed in Supplementary
Methods online. The Golgi marker plasmid DsRed-Golgi, which carries the
Golgi-targeting sequence of the human gene encoding p1.4-galactosyl trans-
ferase, was a generous gift from Y. Imai (RIKEN Brain Science Institute).

To generate an antibody specific to the N’ terminus of mouse CgA, we
immunized rabbits with the peptide CLPVNSPMTKGDTKVMK, which
encodes the amino terminal residues of mature mouse CgA (amino acids
18--35). The antisera were purified with an affinity column coupled with the
same antigen. The titer and specificity were investigated by western blotting
(Supplementary Fig. 4).

The recombinant proteins of human SOD1 (wild-type and mutant) and
mouse CgA were generated from Escherichia coli as described in Supplemen-
tary Methods.

Transgenic mice. Transgenic mice harboring the G93A mutant of human
SOD1 (B6SJL-TgN[SOD1-G93A]®1Gur, B6SJL-TgN[SODI1-G93A]1Gur) and
those harboring wild-type human SODI1 (C57Bl/6-TgN[SODI1]3Cje,
hSODIWT) were purchased from The Jackson Laboratory. Transgenic mice
carrying G37R SOD] (line 29) were a kind gift from D. Cleveland (University of
California, San Diego) and were housed and bred with C57Bl/6 mice. We
selected these mouse lines because they were readily available to us. Since we
maintain a larger colony of G37R SOD1 (line 29) mice, most of our
experiments involving mouse analysis were done with this line. Mice were
treated with 10% chloral hydrate for anesthesia before they were perfused or
killed. Animals were handled in accordance with the approved protocol by the
animal experiment committees at RIKEN Brain Science Institute and by the
Comité de Protection des Animaux de I'Université Laval.
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Yeast two-hybrid screening. The plasmid pGilda carrying the G93A SODI
mutant was generated as bait for library screening. Yeast two-hybrid analysis
(LexA/transactivation system) was performed on- a cDNA library (1.5 x 10°
independent clones) ligated into the pJG4,5 plasmid from the total spinal cords
of five preclinical transgenic mice carrying human G93A SODI1 (B6SJL-
Tg(SODI-G93A)1Gur/]). Yeast two-hybrid screening was carried out using
the Matchmaker Two-Hybrid System (Clontech) according to the manufac-
turer’s protocol. There were 250 blue colonies that survived on the agar plates
that contained galactose/raffinose and X-gal, but lacked tryptophan, histidine,
leucine and uracil. All 250 were sequenced.

Plasmids, cell culture and transfection. Expression plasmids harboring human
SOD1 (wild-type, A4V, G85R or G93A) were prepared as reported previously!l,
The full-length murine genes encoding CgA (Chga) or CgB (Chgb) were cloned
by RT-PCR using polyA-RNA from total brain of adult normal mice of the
C57BU6 strain. See Supplementary Methods and Supplementary Table 1
online for construction of EGFP-tagged CgB or deletion mutants of CgB. Cells
from the murine neuroblastoma cell line Neuro2a, from the mouse fibroblast
cell line NIH3T3 and COS-7 monkey ovary cells were maintained in nutrient
medium containing 10% fetal bovine serum in the Dulbecco’s minimal essential
medium (DMEM, Sigma). The mouse microglial BV2 cells were cultured in
DMEM-F12 Ham's (DF) medium containing 10% FBS. Cells were used for
transfection using Lipofectamine Plus (Invitrogen) according to the manufac-
turer’s protocol.

Immuneblotting and immunoprecipitation of cultured cells. Cells were lysed
in TNT-G buffer consisting of 50 mM Tris-HCl (pH 7.4), 150 mM NaCl and
1% Triton-X100 with protease inhibitor cocktail (Roche) 24 h after the
transfection. The cell lysates were incubated with anti-FLAG M2 agarose
affinity gel (Sigma) for 1 h at 4 °C and were eluted with 4% SDS sample
buffer. Samples were resolved by SDS-PAGE and transferred to a PVDF
membrane (Polyscreen, PerkinElmer). A western blot image was obtained
using a chemiluminescence detection kit (PerkinElmer).

Immunofluorescence and immunohistochemistry. Fixation of the cells and
preparation of spinal cord slices is described in Supplementary Methods. After
blocking, cultures or sections were incubated with primary antibodies and
subsequently with corresponding fluorescent secondary antibodies (Alexa,
Invitrogen) or with biotinylated secondary antibodies visualized by the
avidin-biotin-immunoperoxidase complex (ABC) method using a Vectastain
ABC kit (Vector Laboratories) and 3.3’-diaminobenzidine tetrahydrochloride
(DAB; Sigma). The dilution rate of the primary antibodies is indicated in
Supplementary Methods. Cells and tissue sections were observed by confocal
laser microscopy (Olympus).

Subcellular fractionation of the spinal cord lysates. Spinal cord tissues from
different ages of human SODI transgenic mice were subcellularly fractionated
into cytosolic, heavy and light membrane fractions, as described in Supple-
mentary Methods. The protein concentration was determined by Bradford
assay (BioRad), and an equal amount of protein was analyzed by western
blotting. The percentage distribution of hSOD1 in post-nuclear fractions was
also obtained by densitometric analysis and calculation of proportion from
initial volume.

Sucrose-gradient ultracentrifugation of microsome fraction from spinal
cord lysates. The light membrane (microsomal) fraction from spinal cord of
G37R SODI mice was further separated by sucrose gradient ultracentrifugation
as previously described®, with minor modifications that are decribed in
Supplementary Methods. After overnight ultracentrifugation in sucrose
cushions (5%, 30% and 40%), one-tenth (0.42 ml) was taken from the top
of each sample, and the pellet was resuspended in MBS with 2 mM EDTA and
1% Triton-X100, and then concentrated using a centrifugal filter (Millipore) to
100 pl. Each fraction (20 pl) was separated by SDS-PAGE and analyzed by
western blotting.

Immuno-isolation of TGN. To obtain pure preparations of TGN, we generated
rabbit polyclonal antibody specific to the amino terminal peptides
(CEGKRSKVTRRPKASDYQRINIKL) of mouse/rat TGN38, a surface marker
of TGN, This anti-TGN38 or rabbit control IgG was bound to protein
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G-coated magnetic beads (Dynal) and was incubated with precleared
post-mitochondrial fractions (described in more detail in Supplementary
Methods). After washing, immunoprecipitates were eluted by 4% SDS
sampling buffer and analyzed by westem blotting with human SODI1-
specific antibody (StressGen).

Immunacprecipitation of spinal cord lysates. The post-mitochondrial fractions
of spinal cords were prepared by the same protocol as those in the immuno-
isolation experiments. Rabbit polyclonal antibodies to CgA or CgB (Santa
Cruz) or rabbit control IgG was bound to protein G-coated magnetic beads and
incubated with precleared lysates, as described in Supplementary Methods.
Immunoprecipitates were analyzed by Western blotting with human SOD1-
spedific antibody (StressGen).

Immunoelectron microscopy. We used post-embedding immunohistochem-
istry for electron microscopic observation, in which ultra-thin sections on the
nickel grids were processed for immunohistochemistry without osmication.
Fixation. of the mice and preparation of ultrathin sections are described in
Supplementary Methods. After blocking, grids were incubated with primary
antibodies in the same buffer at 4 °C overnight, followed by a reaction with
immunogold-conjugated secondary antibody (10 nm or 5 nm) for 1 hat 22 °C.
For double staining, grids were further processed using another immuno-
reaction with a different primary and the secondary antibody with differently
sized gold particles. Grids were observed by a TECNAI 12 electron microscope .
(FEI company).

Secretion assays. COS-7 and NIH3T3 cells were used in secretion experiments
as non-neuronal cells lacking secretory granules®>. At 24 h after transfection,
cells plated onto a 6-well culture dish were washed in prewarmed PBS twice.
Cells were incubated in basal secretion medium containing 10 mM HEPES,
129 mM NaCl, 5 mM NaHCO;, 4.8 mM Kdl, 1.2 mM MgCh, 12 mM
KH,PO,, 1 mM CaCl, and 2.8 mM glucose (pH 7.4) for 1 h, and then
treated with 1 ml of secretagogue-containing medium (stimulation buffer:
10 mM Hepes, 79 mM NaCl, 5 mM NaHCOj3, 50 mM KCl, 1.2 mM KH,PO,,
1.2 mM MgCl,, 2 mM BaCly, 2.8 mM glucose, pH 7.4) for 15 min. In some
experiments, Brefeldin A (BFA, 5 uM) was applied before exposure to stimu-
lation medium. Lactacystin was applied in some assays 3 h after transfection
and before incubation with basal buffer. We then collected 950 pl of medium
and centrifuged it for 5 min at 1,000¢ to remove the debris. The supernatants
were concentrated by a protein concentrator with 3.5 kDa cut-off (Millipore) to
60 pl, followed by western analysis. Secreted SOD1 was estimated by standar-
dization with intracellular SOD]1 in total cell lysates.

Primary cultures from embryonic spinal cord of transgenic mice carrying
human SOD1 (wild-type or G37R) were also investigated by secretion analysis.
Cultures were prepared as explained below. Cell suspension from one spinal
cord was plated onto one chamber in a six-well culture plate coated with
polyethyleneimine. Secretion experiments were done after 14 d of culture
in vitro using the protocol described above.

The content of LDH in the culture medium was measured in the medium
24 h after transfection using an LDH assay kit (Promega) according to
the manufacture’s protocol. Cells transfected with empty vector were used as
a control.

.Semi-quantitative reverse transcription PCR of microglial cell lines. Neuro2a

cells were co-transfected with pcDNA-SODI (wild-type, G85R or G93A) and
pcDNA3-CgA in DF medium containing 10% FBS. At 16 h after transfection,
the conditioned medium was transferred into the culture wells where BV2 cells
had been previously plated, then further incubated for 24 h. Alternatively, BV2
cells were treated directly with recombinant proteins for 24 h. Then, cells were
washed twice in PBS and total RNA was extracted using Trizol (Invitrogen). RT-
PCR was conducted using oligo-dT primers according to the manufacturer’s
protocol (Invitrogen). The sequence of primer pairs is shown in Supplemen-
tary Table 2 online. The gel images of PCR products obtained from illuminator
were scanned, and densitometric analysis was performed using Scion image
(Scion Corp.).

Primary culture of mouse embryonic spinal cord. Dissociated cultures of
embryonic murine spinal cord were grown as previously described!!. The spinal
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cultures were treated at 11 or 14 d after plating. Motor neurons were identified
as large cells labeled with SM132 and active microglia were detected with Mac2-
spedific antibody. Confocal microscopy images were obtained from eight
randomly selected fields, and immunareactive cells were counted by computer.
In several experiments, microglia were eliminated by a 16-h treatment with
LLME?® before exposure to recombinant SOD1 proteins. In preliminary
experiments, we noticed that 5-mM LLME for 16 h killed approximately
60-70% of Mac2-positive cells. The number of cells was calculated as cells
per mm? and averaged. Statistical significance was evaluated by single-factor
ANOVA (analysis of variance) following Scheffe’s method.

Note: Supplementary information is available on the Nature Neuroscience website
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Summary

The neuropeptide head activator (HA) is a mitogen for
mammalian cell lines of neuronal or neuroendocrine origin.
HA signalling is mediated by a G-protein-coupled receptor
(GPCR). Orphan GPCRs with homology to peptide
receptors were screened for HA  interaction.
Electrophysiological recordings in frog oocytes and in
mammalian cell lines as well as Ca?* mobilisation assays
revealed nanomolar affinities of HA to GPR37. HA signal
transduction . through GPR37 was mediated by an
inhibitory G protein and required Ca** influx through a
channel of the transient receptor yotentlal (TRP) family. It
also required activation of Ca®*-dependent calmodulin

kinase and phosphoinositide 3-kinase. Respective
inhibitors blocked HA signalling and HA-induced mitosis
in GPR37-expressing cells. HA treatment resulted in
internalisation of GPR37. Overexpression of GPR37 led to
aggregate formation, retention of the receptor in the
cytoplasm and low survival rates of transfected cells,
confirming the notion that misfolded GPR37 contributes to

. cell death, as observed in Parkinson’s disease.

Key words: G-protein-coupled receptor, GPR37, Head activator, Pael
receptor, Parkinson, Signal transduction

Introduction

The undecapeptide head activator (HA) was originally isolated
and characterised from hydra, where it mediates head-specific
growth and differentiation processes, hence its name. In hydra,
HA is produced by nerve cells and is stored in neurosecretory
granules, from which it is released to initiate head regeneration
and budding, and to maintain the normal head-to-foot
morphology of hydra. At the cellular level, HA promotes
proliferation of all cell types of hydra by acting as mitogen in
the G2-mitosis transition; as for early mammalian
development, this transition is the most important checkpoint
to control cell-cycle progression. At higher concentrations, HA
acts on the determination of stem cells to head-specific fates
(Schaller et al., 1996).

HA was isolated with identical sequence from mammalian
brain and intestine (Bodenmuller and Schaller, 1981). In adult
mammals, HA enhances neurite outgrowth and is
neuroprotective. HA is present during early mammalian
development and is expressed in cells of the nervous and
neuroendocrine system. Like in hydra, HA stimulates entry
into mitosis and proliferation of cell lines derived from such
origins. The signalling cascade from HA to mitosis includes
activation of an inhibitory G protein and requires Ca®* influx,
downregulation of adenylyl cyclase and hyperpolarisation of
the membrane potential (Kayser et al., 1998; Niemann and
Schaller, 1996; Ulrich et al., 1996). For Ca®* influx, a transient
receptor potential (TRP)-like channel is responsible, which can
be regulated by growth factors, such as insulin growth factor I

(IGF-I) and platelet-derived growth factor (PDGF) (Kanzaki et
al., 1999), and by HA (Boels et al., 2001). The increase in
mlracellular Ca?®* then triggers mﬂux of K* through a Ca*-
activated K* channel, leading to hyperpolarisation, which is an
absolute requirement for entry into mitosis .(Kayser et al.,
1998).

In the search for receptors mediating the action of HA on
stimulating mitosis in mammalian cells, we concentrated on
orphan G-protein-coupled receptors (GPCRs) reacting with
small peptides as ligands. GPCRs are the largest family of cell-
surface receptors that mediate transduction of signals from the
extracellular environment to intracellular effectors. They
contain seven transmembrane domains and are activated by
ligands of extremely different molecular origins and sizes
including light, ions, metabolic intermediates, amino acids,
nucleotides, lipids, peptides and proteins. These ligands
primarily interact with the extracellular domains, but in part
also with transmembrane regions of GPCRs. The classification
of GPCRs into subfamilies is primarily based on their
homology within the heptahelical structure (Frederiksson et al.,
2003), but also on extracellular domains, and has been used to
predict ligands for orphan receptors (Boels and Schaller, 2003;
Ignatov et al., 2003a; Ignatov et al., 2003b). To find a receptor
for HA, we concentrated on GPCR subfamﬂles reacting with
small peptides as ligands.

Several orphan receptors failed to show interactions with
HA, including GPR6 and GPR12, for which we found
lysophospholipids as cognate ligands (Ignatov et al., 2003a;



