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have advocated the use of new histological criteria based on CD&™
and MHC-I immunohistochemistry. Examination ol the muscle
biopsy specimens obtained from anti-SRP-positive patients have
usually shown active necrosis and little or no inflammation [9, 10],
and the same histological findings were observed in our patient.
Based on the histological findings alone, anti-SRP-positive
myopathy may be included in a different category from
‘histological” PM. In fact, some investigators have considered
that anti-SRP antibody 1s associated with a ‘necrotizing myo-
pathy’ that differs from ‘histolomeal” PM [K-10]. The clinical
dingnosis of PM, however, is not based on histological findings
alone. The diagnostic criteria proposed by Bohan and Peter [11]
are known to be climeally practical, sensitive, and specific, and
they have served the community well for nearly three decades [17)].
We therefore conclude that “anti-SRP-positive” should be classi-
fied as a particular lorm of PM.

We concluded that our patient had anti-SRP-positive “probable
PM’. Anti-SRP-positive PM usually affects middle-aged people,
however, and our patient 1s the youngest reported in the literature
|5, 6, 8-10]), More importantly, anti-SRP antibody 15 associated
with treatment-resistant and refractory PM, although the clinical
features of anti-SRP-positive PM patients show heterogeneity and
some of them have a fuvourable prognosis [9] It should be
reahized that anti-SRP-positive PM has sometimes been misdiag-
nosed as other Lypes of myopathies [8],
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« Anli-SAP antibody is useful for differential diagnosis of

myopathies.
+ Anli-SRP-positive PM has sometimes been misdiagnosed as

other types of myopathies,
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Molecular Pathogenesis of Seipin/BSCL2-
Related Motor Neuron Diseases

Daisuke lto, MD, PhD, and Norihiro Suzuki, MD, PhD

Objective: Heterozygous mutations in the Seipin/BSCL2 gene have recently been identified in two autosomal dominant motor
ncuron discases, distal hereditary motor neuropathy rype V and Silver's syndrome. Seipin protein is reporiedly a transmembrane
protein localized in the endoplasmic renculum (ER). NS8S and S90L murations of this protein disrupt its glycosylation, result-
ing in its aggregation, but the mechanism of neurodegencration remains unclear. To darify the molecular pathogenesis of
seipin-related motor neuron diseases, we expressed wild-type and murant seipin proteins in neuronal and nonncuronal cells.
Methods and Results: Cocxpression of human seipin and ubiquitin showed that scipin is polyubiquitinated and its ubiquiri-
nation is enhanced by mutation. Trearment of cells with a proreasome inhibitor increased the amounts of mutant seipin in the
cells, suggesting that they are degraded through the ER-associated degradation pathway, Immunoprecipiration studies showed
that murant seipin stably binds to the ER chaperone calnexin, indicating accumulation of unfolded mutant seipin in the ER
Furthermore, expression of mutant seipin increased the level of ER stress-mediated molecules and induced apoprosis in culrured
cells.

Interpretation: These findings demonstrate thar seipin/BSCI.2-related moror neuron diseases are novel conformarional diseases.

and we suspect thar they are rightly associared with ER stress-mediated cell death.

Ann Neurol 2007;61:237-250

Silver's syndrome (OMIM #270685), first described by
J. R. Silver in 1966," is an autosomal-dominant neu-
rodegenerative disorder characterized by amyotrophy,
weakness of the small hand muscles, and spasticity in
the lower limbs. This disorder, which has been mapped
to chromosome 11q12-q14 by linkage analysis, is also
called spastic paraplegia 17 (OMIM #270685)* and is
associated with a phenotypically different motor neu-
ron disease, distal heredirary mortor neuroparhy type V
(dHMNV; OMIM #182960)."* In 2004, Windpass-
inger and colltagucs" identified heterozygous mutations
(N88S and S90L) in the Berardinelli-Seip congenital
lipodystrophy gene (Seipin/BSCL2) that cause both
Silver's syndrome and dHMNV.? Recent studies of ge-
notype-phenotype correlations  have demonstrated
enormous phenotypic heterogeneity associated with
these mutations, including Silver's syndrome, variants
of Charcot-Marie-Tooth disease type 2, dHMNV,
and spastic paraplegia, even in identical pedigrees.’
Therefore, there is clinically a wide spectrum of seipin-
related motor neuron diseases or neuropathies. In ad-
dition, of 90 individuals with the N88S mutation, 4
(4.4%) were asymptomatic and not penetrant®; there-
fore, other genetic background and/or environmental

facrors must be necessary for the appearance of the
modified phenotypes.

Seipin/BSCL2 was originally identified as a candi-
date gene of congenital generalized lipodystrophy type
2 (OMIM £269700).% Individuals with homozygous
null murtations in seipin show lipoatrophy affecting the
trunk and limbs, increased serum concentrations of
triglycerides, insulin resistance, and mental retardation,
but not abnormality of motor neurons; however, there
is no clinical evidence that heterozygous seipin-related
motor neuron diseases are associated with lipodystro-
phy or abnormal body fat, indicating that murations
associated with seipin-related motor neuron diseases are
gain-of-funcrion dominant.

Based on protein sequence analysis, seipin is pre-
dicred to be a transmembrane prorein located in the
endoplasmic reticulum (ER). Furthermore, it has no
significant homology to other known functional pro-
teins.” The seipin gene is highly expressed in most re-
gions of the central nervous system.” Although the
phenotype of congenital generalized lipodystrophy type
2 suggests that seipin is associated with differentiation
of adipocytes, its physiological function remains un-
known. Windpassinger and colleagues® report that
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Fig 1. Seipin expression in cultured mammalian cells. (A) Immunoblar analysis of human seipin expression in transiently transfected
newro 24 (N2a), SK-N-SH, human embryonic kidney 293 (HEK293), and COS cells. Cells were transfected with human mye-
seipin complementary DNA (¢DNA). Detergent lysates prepared from these cells were fractionated by sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE) and analyzed by immunoblotting with antibody 9E10. (B) Lysates from N2a cells rrans-
fected with myc-seipin or myc-seipin-His cDNA were subjected to immunoblot analysis with 9E10 (lefi) or anti-His antibody
(right). (C) Lysates from cells mansiently transfecred with myc-seipin-His cDNA were subjected 10 immunoprecipitation with 9E10
(left) or anti-His ansibody (right), followed by blot analysis with anti-His antibody (left) or 9E10 (right). (D) N2a cells
were transfected with empty vector or myc-wild-type, N88S, or S9OL seipin, The lysates were subjected to immunoblot analysis with
9E10, In the bottom panel, the membrane was reprobed with anti-B-actin as an internal loading control (top and bortom: 12%
gel: middle: 4-20% gradient gel). Note that the full-length protein of both mutants migrated faster than the full-length wild-type
protein in the middle panel, and that the approximately 41kDa N-terminal fragment was absens from the muzant lanes (asterisk)
in the rop panel. CTF = C-terminal fragmens; NTF = N-terminal fragment.

both motor neuron disease—related mutations (N88S are needed to clarify the molecular pathogenesis and
and 590L) are located in the N-glycosylation motif (N- devise treatments for these diseases.

X-S/T), suggesting that the improper glycosylation of Here, we investigated the cellular and biochemical
seipin is closely associated with the pathogenesis of characreristics of seipin protein, as well as the molecu-
dHMNYV and Silver's syndrome. Further investigations lar mechanism of neurodegeneration in seipin-related
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Fig 2. Disturbed N-glycosylation of mutant seipin leading to accumudation of unfolded protein in the endoplasmic reticulum (ER). (A)

Cell lysates (100ud) from sespin-expressing neuro 24 ( N2a) cells
Samples were ipitated with antibody 9E10 and then

were treated with 10 units of N-glycosidase F ar 37°C for 24 hours.
analyzed by immunobloreing with the same antibody. Arrowhead in-

drcates mause lgG bands. (B) N2a cells were mangfected for 4 hours with myc-seipin plasmid and then treated without or with 2pgiml
tunicamycin, After 18 hours, cell lysates were analyzed by immunoblotting with antibody 9E10. Asterisks in the wild-type lane indicate

the approximately 41kDa N-terminal fragment that disappeared

after trearment with tunicamycin, (C) Interaction of seipin with cuin-

exin (CNX). N2a cells were cotransfected with myc-wild type, -N88S, or -S90L seipin and hemagglutinin (HA)-CNX. After 48 hours,
cell bysates were subject to immunprecipitation with anti-HA antibody (lefi) or 9E10 (vight), followed by immunoblor analysis with
9EL0 (left) or anti-HA antibody (right). In the lower panels, membranes were swipped and reprobed with the opposite antibodies.
Number sign indicates two unknown nonspecific baneds that reacted with the anti-HA antibody. Nore that the mutant interacted mare
stromgly with CNX than the wild-type protein. Arrow and arrowhead indicate full-length seipin and CNX, respectively.

diseases. Overexpressed mutant seipin proteins were
highly polyubiquirinared and degraded by the protea-
some, and we show that improper glycosylation of mu-
tant seipin exacerbates its misfolding in the ER. Fur-
thermore, we show direct evidence thar overexpression
of the mutants activate the unfolded protein response
(UPR), including upregulation of the proapoptotic
transcription factor, CHOP, and cell death through
ER stress. These findings suggest a pathogenic mecha-
nism in motor neuron discases and provide a novel tar-
get of therapy for seipin-related moror neuron diseases.

Materials and Methods

Cell Culture and Agents
Neuro 2A (N2a) neuroblastoma cells, Hel.a human carci-
noma cells, human embryonic kidney 293 cells, and COS

African monkey kidney cells were maintained in Dulbecco's
modified Eagle’s medium {Gibco, Grand Island, NY) con-
taining 109% fetal bovine seram. Human neuroblastoma SK-
N-SH cells were cultured in @ modificd Eagle's medium
(Gibeo) supplemented with 10% fetal bovine serum. Trans-
fections were performed using Lipofectamine and Plus re-
agent (Invitrogen, Carlsbad, CA), according to the manufac-
wurer’s instructions. Cells were cultured for 48 hours after
transfection. N-glycosylation was inhibited with tunicamy-
cin, and the proteasome was inhibited with MG132 (Sigma,
St. Louis, MO).

Complementary DNA

In a previous study. seipin was predicted to be a 398-amino
acid protein (GenBank accession number NM_032667),
but based on the alignment of the human protin with
those from other species, it appears that there is a second

It and Suzuki: Pathogenesis of Mumant Seipin - 239
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initiation codon located upstream of the original initation
codon.” This N-terminal variation could add another 64
tesidues to the N terminus. Therefore, we amplified iso-
lated human seipin complementary DNA (cDNA) between
amino acid residues —64 and 398 by polymerase chain re-
action from an SK-N-SH c¢DNA pool using primers 5'-
GTCGAATTCGATGTCTACAGAAAAGGTAGAC-3'
and 5 "-GACGGATCCTCAGGAACTAGAGCAGGTGG-
3'. The amplified cDNA was then cloned into pBluescript.
The mutant seipin gene was generated by polymerase chain
reaction using the following primers: N885: 5'-
CTGTTGCCAGTGTCTCGCTG-3" (sense) and 5'-
CAGCGAGACACTGGCAACAG-3" (antisense); and
S90L: 5'-CCAATGTCTTGCTGACTAAG-3' (sense) and
5'-CTTAGTCAGCAAGACATTGG-3" (antisense). After
sequence verification, the ¢cDNA was subcloned into
pCS2+MT and pcDNA3.1/V5-His A. hemagglutinin
{HA)-tagged human ubiquitin and dog calnexin (CNX)
plasmids were gifts from Shigetsugu Hatakeyama (Kyushu
University, Fukuoka, Japan) and Tkuo Wada (Fukushima
Medical University, Fukushima, Japan), respectively.

Antibodies

We generated a rabbir polyclonal antiserum to a C-terminal
pepride of human scipin (AGGALRQRPTCSSS). Other an-
tibodies were purchased from commercial sources as follows:
anti-KDEL from Stressgen (San Diego, CA); 9E10 and anti-
CHOP/Gadd153 from Santa Cruz Biotechnology (Santa
Cruz, CA); anti-HERP andbody from Biomol (Plymouth
Meeting, PA); ant-B-actin, anti~a-tubulin, and ant-His
clone HIS-1 from Sigma; anti-HA clone 12CAS from Roche
(Basel, Switzerland); polyclonal anti-giantin from Invitrogen;

Fig 3. Overexpressed seipin is ubiquitinated and degraded by
the proteasome. (A) Lysates from neuro 24 (N2a) cells co-
mransfected with myc-seipin and empty vector, hemagglutinin-
ubiquitin (HA-Ub), or HA-Ub (knock-out [KO]) were sub-
Jected to immunoprecipitation with anti-HA antibody (left) or
9E10 (right), followed by immunoblot analysis with the oppo-
site antibodies. In the lower panels, the membranes were
stripped nnJ rqmbd with the annibodies used for immuno-
precipi head: mdmm mouse IgG. (B) Proteins
:mmwnapm; d with dy 9E10 precipitates from cells
corransfecred with HA-Ub nnd ngrc-:m'H type, IN88S, or S90L
seipin were analyzed by immunoblotting with anti-HA anti-
body. In the bottom panel, the membranes were stripped and
reprobed with antibody 9E10. Note that the ubiquitination of
mutants was significantly higher than the wild type. (C) Effect
of a pr inhibisor on the of seipin procein.
N2a cells rmmjitmf with myc-wild type, N88S, or SH0L
seipin were d with or with Jong/mf MG132 for 16
haurs, Myc-seipin proteins were anal i
with antibody 9E10. (D) Levels of ﬁ!l-fmglb seipin were pA
sessed by dam:om:ny Humgmm Ji.mw the ratio af pnm-m
levels (mean = = 4), nor d to
untreated controls. Asterisks md:mte a significant d:_ﬂ}rmce
versus wild type (p < 0.001). Ub-Seipin = ubiquiti

and polyclonal anti-myc antibody from Upstate Biotechnol-
ogy (Lake Placid, NY).

Immunoblotting

Cells were briefly sonicated in cold lysis buffer (50mM
tris|hydroxymethyllaminomethane  [Tris]-HCL,  pH 7.4,
150mM NaCl, 0.5% NP-40, 0.5% sodium deoxycholace,
0.25% sodium dodecyl sulfate [SDS], SmM EDTA, and
protcase inhibitor cockuail [Sigmal). Cell lysates were sepa-
rated by reducing sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) on a 4 to 20% Tris-glycine gra-
dient gel (Invitrogen) or 12% Tris-glycine gel, afier which
proteins were transferred to a polyvinylidene  difluoride
membrane (Millipore, Billerica, MA). The membrane was
incubated with primary antibodies (1:2,500 anu-KDEL,
1:5.000 and-CHOP, 1:1.000 ant—B-actin, 1:1,000 anri-a-
tubulin, 1:1,000 anti-His, 1:1,000 ant-stanniocalcin 2 [ana-
STC2], or 1:1,000 ant-HERP), followed by horseradish per-
oxidase—conjugated secondary antibodies and then visualized
using enhanced chemiluminescence reagents (Perkin-Elmer
Life Sciences, Boston, MA). Protein levels in Figure 3D were
determined by densitometry using an Epson ES-2000 scan-
ner (Tokyo, Japan) and Image | (National Institutes of
Health, Bethesda, MD).

Immunoprecipitation

To immunoprecipitate seipin, we incubared cell lysates over-
night with the primary antibody and then precipitated with
protein A/G-agarose beads (Pierce, Rockford, IL), as described
previously." In the experiment shown in Figure 2C, cells
were incubated with CHAPS buffer (50mM HEPES [N-
2-hydroxyethyl-piperazine-N'-2-ethane-sulfonate], 200mM
NaCl, and 29% CHAPS [3-{3-cholamidopropyl)-dimethyl-
ammonio)-1-proy Ifonate]) for 30 minutes, centrifuged
at 10,000 g for 15 minutes at 4°C, and the supernatants
were analyzed by immunoprecipitation with 9E10 or
anti-HA antibodies and then analyzed by immunoblorting.

Deglycosylarion Assay

For the deglycosylation assay, lysates of transiendy trans-
fected N2a cells were briefly sonicated in 600l deglycosi-
dase buffer (0.5% SDS and 0.5% NP-40 in phosphate-
buffered saline) and then boiled for 5 minutes. Lysates were
treared with N-glycosidase F (Roche) for 24 hours ar 37°C
according to the manufacturer’s instructions, and samples
were immunoprecipitated with antibody 9E10 and then an-
alyzed by immunoblotting.

Immunafluorescence

HeLa cells grown on coated coverslips were transfected with
the seipin-pCS2+MT plasmid. After 48 hours, cells were
fixed with 4% paraformaldehyde at room temperature for 10
minutes and then permeabilized in 0.2% Triton X-100
(Sigma ) for 5 minurtes. After blocking of nonspecific bind-
ing, coverslips were incubated with 1:500 polyclonal ant-
myc antibody, 1:1,000 9E10 antibody, or 1:500 SCT14 se-
rum together with organelle marker antibodies (1:1,000 anti-
KDEL, 1:1,000 anti-giantin, or 1:1,000 anti-HA) diluted in
phosphate-buffered saline conumining 0.2% Tween 20 and

seipin,

3% bovine serum albumin, After three washes, coverslips

Ito and Suzuki: Pathogenesis of Mutnt Seipin -~ 241



V. IREROHITE - BlE

No

5

March 2007

375



Rinsmssanws MANFRBOEMRNEICMT SHRE

376

were incubated with fluorescein isothiocyanare—conjugared
anti-rabbit and Texas Red—conjugared anti-mouse secondary
antibodies and mounted. Immunofluorescent staining was
examined using an LSM 5-Pascal confocal microscope (Carl
Zeiss, Oberkochen, Germany)

Immunabistochemisery of Seipin in Mouse

Spinal Cord

The protocol for immunohistochemistry of seipin in mouse
spinal cord received prior approval by meeting the Animal

Experimentation Guidelines of Keio University School of

Medicine. Adule male C57/BL6 mice (8 weeks old: n = 3)
were fixed by perfusion with phosphate-buffered saline con-
wining 4% paraformaldehyde. The brains were subsequently
removed, and immunohistochemistry was performed on
16pum sections essentially as described previously'' ™ using
SCT14 antiserum or the preimmune serum (1:1,000) ro-
gether with mouse anti-neuronal nuclei (NeuN) monoclonal
antibody (1:1,000) (Chemicon, Temecula, CA) or anfi-
KDEL antibody (1:1,000).

Cell Death Assay

Hel.a cells plated on coverslips were tansfected as described
carlier. After 48 hours, cells were stmined with 1.5pg/ml
Hoechst 33342 (Molecular Probes, Eugene, OR) for 15 min-
utes ar room temperature or in terminal deoxynucleoridyl-
transferase-mediated dUTP nick end labeling (TUNEL) so-
lution (Roche) for 30 minutes ar 37°C, followed by
immunofluorescent staining with antibody 9E10 as described
carlier.'” Fluorescent images of three ro four random fields
were acquired with an Eclipse TE300 fluorescence micro-
scope (Nikon, Kanagawa, Japan) with a 20X or 40X objec-
tive. and scipin-positive cells (approximately 300 cells/exper-
iment) and apoptotic cells (Hoechst- or TUNEL-positive
condensed nuclei) were counted. Data from independent ex-

Fig 4. Immunofluorescence analysis of seipin expressed in
Hela cells. (A) Specificity of seipin antiserum SCT14, Neuro
24 (N2a) cells weve transfected with plasmids encoding myc-
seipin, seipin-His, or seipin without a rag. To determine the
rter Df SCTIH4, we kmd‘_yz(d ab‘quon af dn'ngm.r f)mﬂcs by
immunoblotting with 9E10, SCTI4, or anti-His antibody.
(B) Hela cells transfecsed with myc-wild-type or NBSS seipin
were fixed with 4% paraformaldebyde, permeabilized with
0.2% Triton X-100 (.S:gmj. and Jnubfe—iabfi:d with stan-
niacalcin 14 (STC14) (green) and 9E10 (red). (C) Quantita-
rive analysis of cells with inclusion bodies in Hela celli ex-
pressing wild-rype or sexpin. Appr ly 300
transfected cells from 3 independent experiments were counted.
Asterisks indicate statistically significant differences versus wild
mpe (p < 0.0001). (D) Hela cells transiently transfected
with hemagglutinin-calnexin (HA-CNX) (endoplasmic reticu-
lum marker) and myc-wild-rype or -murans seipin were im-
munostained with polyclonal anti-myc antibody (green) and
manoclonal anti-HA antibody (ved). (E) Cell expressing myc-
wild-type or mutant seipin were double stained with 9E10
(red) and polyclonal anti-giantin antibody (green; marker of
Golgi apparatus). Scale bar = 10pm.

periments were expressed as mean = standard deviation and
statistically examined by onc-wiy analysis of variance.

Statistical Analysis

Staristical analysis of the data was performed by one-way anal-
ysis of variance with Fisher's protected least-squares dilference
test using Statview 5.0 system (Starview, Berkley, CA).

Results

Characterization of Seipin Expression in

Cultured Cells

To study the biochemical properties of seipin protein in
cells, we overexpressed a cDNA-encoding human seipin
with an N-terminal 6X Myc tag (myc-Seipin) in various
cell lines and analyzed their expression by immunoblot-
ting with a specific antibody (9E10). As shown in Figure
1A, all cells transiently transfected expressed a high-
molecular-weight complex, an approximately 74kDa
band, and at least 6 bands between approximately 35
and 48kDa. We therefore suspected that seipin is highly
modified after translation, To examine this possibility
further, we expressed myc-seipin with a C-terminal V5-
His tag (mye-scipin-His). Immunobloting with anti-
bodies against the N and C rermini (9E10 and anti-His,
respectively) showed a high-molecular-weight complex
and an approximately 78kDa band. In addition, an ap-
proximately 38kDa band was derected with anti-His an-
tibody, whereas 35- to 48kDa bands were detected with
the 9E10 antibody (see Fig 1B). Moreover, immunopre-
cipitation with either antibody followed by immuno-
blotting with the orher showed a high-molecular-weight
complex and an approximately 78kDa band (see Fig
1C). We suspected thar the high-molecular-weight com-
plex and the approximately 74kDa (approximately
78kDa for myc-seipin-His) are composed of full-length
seipin, whereas the smaller bands are N- and C-terminal
fragments of seipin.

Next, we transfected mouse N2a cells with cDNA
encoding two mutant forms of seipin (N88S and
S90L) to compare their modification and processing
with that of wild-type seipin (see Fig 1D). Full-length
mutant seipin had a h:gher mobility on SDS-PAGE
than the wild-type protein, as described previously’
(see Fig 1D, middle). Furthermore, there was an ap-
proximately 41kDa N-terminal seipin fragment ob-
served in cells transfected with the wild type rhar was
not observed in cells transfected with cither of the mu-
tants (see Fig 1D, rop, asterisk in lane 2). Windpass-
inger and colleages® report such a shift in the migration
of the mutant seipin and ateribute it to improper
N-glycosylation. Furthermore, they show that the wild-
type and N88S murant seipin have identical molecular
masses after deglycosylation.

To confirm that seipin is N-glycosylated, we exam-
ined the effects of two different agents against
N-glycosylation, N-glycosidase F, and tunicamycin. Af-

lto and Suzuki: Pathogenesis of Mutant Seipin - 243



ter treatment with these reagents, the apparent molec-
ular weight of full-length wild-type seipin was reduced,
and the approximately 41kDa N-terminal fragment
was converted to 35- to 38kDa polypeprides for both
the wild-type and mutant proteins (Figs 2A, B). There-
fore, wild-type seipin is N-glycosylated and cleaved
into N-terminal fragments, whereas the mutants are
not N-glycosylared but appear to undergo normal pro-
wolytic processing.

Glycosylation is known to be important for the
proper folding and maturation of glycoproteins. For
instance, it is well known thac inhibition of
N-glycosylarion by runicamycin causes accumulation of
unfolded protein in the ER. In the ER, the chaperones
Bip, calreticulin, and CNX transiently bind to newly
synthesized glycoprotein intermediares, guiding their
proper folding.'* Previous studies have demonstrated
that these chaperones bind for an extended period to
mutant proteins that fail ro fold."* ' To clarify the
folding state of mutants, we therefore examined the in-
teraction between seipin and CNX, which is
membrane-bound molecular chaperone in the ER.''®
We cotransfected N2a cells with HA-CNX and mye-
seipin and examined their coimmunoprecipitation with
anti-HA or 9E10 antibodies. We found that the inter-
action of CNX with N88S and S90L seipin was more
stable than the interaction with wild-type seipin (see
Fig 2C). Thus, our results suggest thar the N88S and
S90L murations interfere with glycosylation and lead

to production of unfolded protein in the ER.

Ubiquitination and Proteasomal Degradation

of Seipin

As shown in Figure 1, when overexpressed, a portion
of myc-seipin appeared as a high-molecular-weight
weight complex on SDS-PAGE. Seipin also appeared
as a high-molecular-weight complex when stably ex-
pressed withour a fusion tag (sec Supplementary Infor-
mation, Fig S1). Given that other proteins associated
with neurodegeneration, for example, Parkin and poly-
glutamine, are ubiquitinated in transfected cells and
affected  brain,'”*' we suspected thar this high-
molecular-weight complex consists of polyubiquiti-
nated seipin. Therefore, we examined the role of ubig-
itination in N2a cells corransfected with plasmids
expressing wild-type or mutant myc-seipin and HA-
ubiquitin (HA-Ub) or a lysine-less ubiquitin mutant
(HA-Ub [knock-out]) that inhibits ubiquitin chain
elongation.”® Immunoprecipitation with anti-HA or
9E10 antibody, followed by immunoblotting with the
opposite antibody, showed a high-molecular-weighr
band when wild-type myc-seipin was coexpressed with
HA-Ub, but not HA-Ub (knock-our) (Fig 3A). Fur-
thermore, immunoprecipitation with anti-His antibody
against the C terminus of seipin using lysates from cells
coexpressing HA-Ub and seipin-His also showed a ubi-
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quitinated high-molecular complex (see Supplementary
Information, Fig $2), indicating full-length seipin is
ubiquitinated. Interestingly, the level of ubiquitination
of both mutants was noticeably greater than that of the
wild type (see Fig 3B).

Misfolded or unassembled proteins in the ER are
climinated by the ER-associated degradation (ERAD)
system, which is tightly associated with the ubiquitin-
proteasomal system (UPS).>* We therefore examined the
effect of MG132, an inhibitor of proteasome-mediated
degradation, on the levels of wild-type and mutant
seipin expressed in N2a cells. The levels of both mutant
seipin proteins were markedly increased by trearment
with MG132 (see Fig 3C). Densitometric analysis
showed that the ratio of the levels in MG132-treared
versus untreated cells was 0.882 = 0.234 (mean * stan-
dard deviation) for wild rype, 1.530 = 0.123 for N8SS,
and 1.615 = 0.1.88 for S90L (see Fig 3D). Collectively,
these results indicate that mutant seipin is constitutively
degraded through ubiquitin-proteasome pathway be-
cause of its misfolding in the ER.

Subcellular Localization of Seipin

Windpassinger and colleagues® report that a seipin-
green fluorescent protein fusion mainly localizes in
the ER, and thar murant seipin appears to be rapidly
concentrated in areas resembling aggresomes. To ex-
plore this in more denil, we performed double-
immunofluorescence studies using several subcellular
markers, including expressed HA-CNX, giantin, Mi-
torracker (Molecular Probes, Eugen, OR), and early
endosome antigen | (EEA1), which are markers of the
ER, Golgi apparatus, mitochondria, and early endo-
somes, respectively. For these studies, we generated a
polyclonal antiserum (SCT14) against the C terminus
of human seipin. Immunoblot analysis of rransfected
cell lysates confirmed that both SCT14 antisera
uniquely reace with the high-molecular-weight form
of overexpressed seipin (Fig 4A). Unexpectedly, how-
ever, the C-terminal fragment of untagged seipin was
not derected with this antibody, even when we used it
for immunoprecipitation followed by immunaoblot-
ting (data not shown). Although it is possible thar the
titer of the SCT14 antibody is low, it is also possible
that the untagged C-terminal fragment is rapidly de-
graded after processing,

Double-immunofluorescent staining with 9E10 and
SCT14 in HeLa cells expressing wild-type myc-seipin
showed typically rericular patterns in the cytoplasm
that mostly overlapped (see Fig 4B). The majority of
wild-type myc-seipin colocalized with HA-CNX (see
Fig 4D), and some of it was found in the cyroplasm
outside the ER. We did not find significant overlap
berween staining for seipin and the Golgi apparatus
(see Fig 4E), mitochondria, or EEAI (see Supplemen-
tary Figs S3 and S4). In contrast, both forms of mu-
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tant seipin form large perinuclear inclusions similar 1o
aggresomes ' (see Figs 4B, C). These inclusions are lo-
calized outside the ER (see Fig 4D), Golgi apparatus
(see Fig 4E), mitochondria, and EEA] (see Supplemen-
tary Figs 53 and 54). Of approximately 300 transfected
cells in 3 independent experiments, 25 to 30% of those

expressing mutants contained inclusions, whereas in-
clusions were nearly undetectable in cells expressing the
wild-type protein (mean standard deviarion; wild-
type: 0.32 =+ 0.28%, n = 1,254; NB88S: 24.95 =
1.10%, n 1,224; S90L: 30.56 * 3.65%, n 115
see Fig 4C), Norably, double immunofluorescence us
ing the 9E10 and SCT'14 antibodies demonstrated that
these inclusions contained full-length or both C- and
N-terminal fragments of seipin (see Fig 4B). Although

it is often difficult 1o discriminate between inclusion
bodies and Golgi apparatus by single staining,”* Figure
4E clearly shows that the inclusion bodies were distinct
from the (’.nlgi apparatus.

Next, we performed immunohistochemical analysis

to determine where seipin is expressed in motor neu-

rons because its localization is altered in seipin-related

motor neuron ‘.£|"\i.'.l.\'f."\. \L'.[‘f[] IMmMmunoreactuvity was
present in NeuN-positive cells of the anterior horns of
the \pm.t] cord and clearly colocalized with staining l'ur
the ER marker KDEL (Fig 5). These in vivo findings

indicated that seipin protein is expressed in spinal cord

motor neurons and probably in the ER as found in

cult "EI'('-"i cells.

Muztant Seipin Expression Act the Unfolded
Protein Response and Induces Cell Deach
Our findings suggested thar mutant, misfolded seipin

accumulates in the ER, and we speculated that this can
be toxic 1o cells. We performed immunofluorescence
studies using an anti-KDEL pepude antibody, which
recognized ER chaperones Grp94 and BiP in N2a cells.
We found that Hela cells transfected with mutant
seipin are stained more strongly than cells transfected
with wild-type seipin (Fig 6A), suggesting that murant
seipin activates the UPR. To confirm this, we tran
siently transfected N2a cells with wild-type, N88S, or
S90L seipin and compared the levels of known UPR
markers, including the BiP, Grp94, PERK-ATF4
Il.i‘.ll“.l\-I!H'tEI.I[Cd 1:]_\'(1];‘1'1){<‘|1‘.. ) ]'(-..}.I-. I'l\c proapop-
totic transcription factor CHOP, and the ERAD com
ponent HERP.*” All UPR markers were clearly up-
regulated in cells expressing mutant forms of seipin,
but low levels of these proteins were found in cells ex-
pressing empty vector or w:hE-ts'pc seipin (see |"i§; 6B)
Because CHOT is one of the most important media-
tors of ER stress—mediated apoprosis,™® " we per-
formed quantitative analysis of its expression in trans-
fected cells by immunoblotting. Densitomerric analysis
showed that, compared with wild-type cells, CHOP
expression was 2.09 * 0.67-fold grearer in cells trans-
fected with N88S and 1.85 * 0.48-fold greater in cells
transfected with S90L. (see Fig 6C). Collecrively, these
results suggest that expression of murant seipin induces
ER stress.

T'o determine whether expression of mutant seipin
induces cell death, we transtected Hela cells with
seipin for 48 hours and then assessed the extent of cell
death by both Hoechst 33342 and TUNEL staining,
As shown in Figure 7, there was no significant differ-
ence in the extent of apoprosis in cells rransfected with
vector alone l'p(_-_\_‘ +MT; 5.1 = 1.4% by Hoechst
staining and 5.6 = 2.5% by TUNEL staining) or wild-
type seipin (8.9 * 2.4% by Hoechst staining and

6.8 * 0.7% by TUNEL staining), whereas approxi-
mately 20% of N2a cells expressing N88S and 5901
seipin died at 48 hours after transfection (NB8S:
22.6 = 2.9% by Hoechst staining and 17.6 £ 4.1%
by TUNEL staining; S90L: 21.8 = 5.6% by Hoechst
staining and 18.2 = 3.2% by TUNEL stining), indi-
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Fig 6. Ef) Fer f{f','\"‘f“!'\ and S90L mutation on induction of unfolded protein response (UPR) maolecules. (A) Hela cells were trans
fected with wild-type or mutant myc-setpin and double-immu nolabeled with antibodies against Myc (green) and KDEL (red). All
images were acquired by confocal microscopy under the same conditions, Note that cells expressing mutant seipin showed stronger
starning with the ang-KDEI Jn”frrl{/_\-. (B) Immunoblot analysis (:_.f. UPR molecsles {-J.f:f? 94, Bil, CHOP, stanmiocalcin 2 (STC2),
and HERP. Neuro 24 (N2a) cells expressing empry vecror (lane I; negative controf] or empty vector .fxpr.rrm" to _’y.g,"mf funicamycin
for 16 hours (lane 5; positive control) were lysed 48 hours after transfection. Lanes 2, 3, and 4 are lyates from N2a cells trans-
fected with wild-type, N88S, and S90L seipin, rrs;lr;.'u'(f}'. B-Actin and a-tubulin served as internal loading consrols, In the bot-
tom panel, the membranes were reprobed with antibody 9E10 to confirm similar expression of seipin. The results are representative
of three mrfr;i(nd'(ur experiments (C) Quantitanive au:-.r-’:}'_-u -‘f_f‘(.'Hfh" protein induction. Immunoblots were scanned and analyzed
by densitometry. CHOP expression was normalized by an internal control (a-rubulin or B-acrin). Graph shows the fold increase i
CHOP expression compared with that in the wild type Values represent means = standard deviation of seven independent experi
ments for the mutant und three experiments for tunicamycin treatment. Asterisks indicate a significant difference versus wild rype (p
0.005). Scale bar 10wm (A)

cating that expression of mutant seipin induces apopto- Discussion

sis. Taken together, our findings demonstrated that In addition to playing a role in calcium storage and sig-
misfolded mutant seipin accumulares in the ER and naling, the ER provides a specialized environment for
leads to cell death as a result of ER stress. We suspect the folding and maturation of rransmembrane and lumi-
that this mechanism causes the neurodegeneration in nal proteins. Physiological, pathological, and experimen-
dHMNV and Silver's syndrome. tal conditions that perturb ER function cause the accu-
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mulation of misfolded proteins within the ER, inducing
ER stress, which activates an adapration program,
termed the UPR.*™* If ER stress is prolonged and the
\.il.'f.t.'ut in ['rmcin l_t.l|\ii11g 15 not .'urrm'tcd, the ER acri-
vates a unique pathway that leads to cell death through
apoptosis. Thus, on ER stress, cell fate depends on the
balance of two opposite pathways: adapration and cell
death. Furthermore, misfolded protein is selected and
translocated across the ER membrane into the cytosol by
the ERAD system, leading to cirg(i.‘uhuul] through the
UPS.** This connection berween the ER and proreaso-
mal system is essential for the maintenance of protein
quality within the lumen of the ER.

Growing evidence indicates that various neurodegen-
erative diseases, such as Alzheimer's disease, polyglu-
tamine diseases, prion disease, Parkinson's disease, and

stroke, may have common pathological mechanisms,
specifically, protein misfolding, aggregarion, and accu-
mulation in affected brain regions, resulting in neuro-
nal dysfuncrion.'™!'*%*"# Therefore, dysfunction of
the protein quality-control system and ER stress are
thought to be common features of pathological pro-
cesses in neurological diseases, ™"

This report documents several lines of evidence thar
UPS and ER stress play an important role in the
pathogenesis of seipin-related motor neuron diseases
(Fig 8). First, transiently expressed human seipin ap-
pears to be proteolytically cleaved into an N-terminal
fragment, and full-length seipin is polyubiquitinated in
cultured neuronal and nonneuronal cells. N88S and
S90L mutations of seipin, which disrupt the sites of
N-gi}.'u)s_\’l'ﬂ[lun, enhance ubiquitination and dcgr.u{m
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tion by UPS. Based on these results, we speculate that
ERAD is involved in the degradation of misfolded
seipin prorein (sce Figs | through 3). Second, immu-
nohistochemical analysis using a specific antiserum
against seipin shows that seipin protein is expressed in
spinal cord motor neurons, which are the main cells
affected in seipin-related motor neuron diseases (see
Fig S). Third, these mutants appear to be improperly
folded, resulting in their accumulation in the ER,
which activates the UPR. Furthermore, Hoechst and
TUNEL staining demonstrate that overexpression of
mutant seipin induces apoprosis in cultured cells (see
Figs 6 and 7). Although these findings should be ver-
ified using auropsy samples or in a transgenic mouse
model, our results suggest that seipin-related motor
neuron diseases, including dHMNV and bllvcrs syn-
drome, are novel conformarional diseases,*” and we
speculate that the pathological process of these diseases
is tightly associated with ER stress—mediated cell death.

Familial amyotrophic lateral sclerosis is linked to a
muration in the Cu/Zn-superoxide dismutase |
(SOD1), and recent evidence suggests that this is due
to susuined ER stress.’® Activation of UPR and
caspase-12 in the ER has been rcportccl during pr-
esymptomatic disease in transgenic rodent models of
amyotrophic lateral sclerosis,”® ** suggesting thar mu-
tant SOD1 has a direct adverse effect on ER function.
Furthermore, mutant SODI is polyubiquitinated and
degraded by the proteasome, and the sustained expres-
sion of murant SOD1 leads to the death of moror neu-

rons.” =% Therefore, mutant seipin and SOD1 may
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have similar biochemical roles in neurodegeneration,
and we propose that the ER stress-mediated pathway
for cell death is a novel target for the treatment of mo-
tor neuron disease.

Recent studies have reported that the autophagy-
lysosomal pathway for degrading cellular proteins also
piavs a critical role in the clearance of aggregare- prone
proteins, such as polyglutammc and a-synuclein.****
Ravikumar and coworkers® report that inhibition of
mammalian target of rapamycin, which enhances auto-
phagy, attenuates the accumulation of huntingtin and
protects against polyglutamine roxicity in a mouse
model of Huntington's discase. Therefore, in future
studies, we will examine whether autophagy and the
lysosome also participate in the metabolism of aggre-
gated seipin.

Whether the formation of inclusion bodies is patho-
genic or protective in neurodegenerative diseases re-
mains to be determined. Our study demonstrated thar
approxlmatcly 30% of cells expressing murant seipin
contain cytoplasmic inclusions outside ER, whn:h is
similar to Windpassinger and colleagues’ findings.” So
far, it is unclear whether seipin inclusions are biochem-
ically similar to so-called aggfcs{:mcs.1 which are re-
portedly observed in cells expressing po!yg!utammc.
a-synuclein, and Parkin.*” *” Furthermore, there is no
evidence of inclusion bodies in motor neurons from
tissue samples of patients with dHMNV or Silver's
syndrome. A recent study shows that inclusion bodies
reduced the intracellular levels of diffuse huntingtin
and prolonged survival, suggesting that inclusion bod-
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ies might protect neurons™”; however, whether this is a
common mechanism of protection in other neurode-
generative diseases remains unclear. Therefore, clarifi-
cation of the relation berween inclusion body forma-
tion and cell fate in seipin-related motor neuron
diseases should help understand the pathogenesis of
neurodegenerative diseases characterized by protein ag-
gregates.

Finally, chemical chaperones, which promote proper
protein folding by altering the conditions of the ER,
are being used to treat other conformarional discases
including AFSOB-humuzy%uus cystic fibrosis and a;-
antitrypsin  deficiency.” > In addition, chemical
agents that selectively inhibit the dephosphorylation of
elF2« and protect cells from ER stress have been re-
cently identified and are expected to be useful in the
treatment of diseases involving ER stress.™ It will be
important to determine whether application of these
agents modulates misfolded protein- and ER stress—
mediated apoprosis associated with protein aggregation
in neurodegenerative diseases. Although further studies
are needed to elucidate the molecular pathogenesis of
motor neuron diseases including seipin-related discascs,
we could hope that promotion of mutant protein fold-
ing and degradation in ER will delay or prevent neu-
rodegeneration in motor neuron diseases.

We are grateful to Dr 1. Wada for providing the HA-CNX plasmid
and thank Dr 8. Harakeyama for providing the HA-Ub and HA-Ub
(knock-our) plasmids. We also thank Dr G, Thinakaran for provid-
ing cell lines and thoughtful discussion.
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