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Abstract

Background

Mutations in thevalosin-containing protein (VCP) gene were first found to cause inclusipn-

body myopathy with early-onset Paget disease aodtdtemporal dementia (IBMPFD).

Mutations in theVCP gene were later reported to occur in familial atrmyphic latera
sclerosis (ALS). But the role of VCP in the neurgeleerative processes that occur in A

LS

remains unknown. The purpose of the present stuady tev elucidate the role of VCP in the

neurodegeneration seen in sporadic 88 mutant ALS.

Results

Immunohistochemistry demonstrated that the frequesfcdistinct VCP-positive nuclei ¢
spinal motor neurons of patients with sporadic AISALS) and the ALS with/CP novel

mutation (ALS-VCP, M158V) was increased, compareth what of the control cases. |No

VCP-positive inclusion bodies were observed in SAls8ients, a ALS-VCP patient or

f

in

control subjects. Neuropathologic examination & &LS-VCP case showed loss of mqtor
neurons, the presence of Bunina bodies, and desgerenf the corticospinal tracts. Bunina

bodies detected in this case were confirmed to showunohistochemical and ultrastructy

ral

features similar to those previously described.tH&rmore, neuronal intracytoplasmic

inclusions immunopositive for TAR DNA-binding prae43 kDa (TDP-43), phosphorylated

TDP-43, ubiquitin (Ub), p62, and optineurin wereendified in the spinal and medullg

ry

motoneurons, but not in the neocortex. Gene arsatfsihis ALS-VCP patient confirmed the
de novo mutation of M158V, which was not found in contoalses; and bioinformatics using

several in slico analyses showed possible damage to the structdreVOP.
Immunocytochemical study of cultured cells showeckéased cytoplasmic translocation
TDP-43 in cells transfected with several muted@P including our patient's compared w
wild-type VCP.

Conclusion

These findings support the idea that VCP is assatiaith the pathomechanism of SA
and familial ALS with aVCP mutation, presumably acting through a dominanttieg
mechanism.

of
th
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Introduction

Valosin-containing protein (VCP) is a ubiquitous mieer of the AAA-ATPase supergene
family. VCP is known to play an important role iellalar activities including ubiquitin (Ub)
-dependent protein degradation [1], chromatin-aased protein degradation [2], messenger
ribonucleic acid (MRNA) metabolism [3], autophag}), [anti-apoptotic function [5], and
post-mitotic Golgi apparatus reassembly [6]. Muatasi in theVCP gene were first found to
cause inclusion-body myopathy with early-onset Pagease and frontotemporal dementia
(IBMPFED) [7,8]. IBMPFD is an autosomal dominantlgherited disorder with variable
penetrance of 3 predominant phenotypic features,myopathy, Paget disease of bone, and
frontotemporal dementia (FTD) [9]. The penetrant¢he gene is 82% for myopathy, 49%
for Paget's disease, and 30% for FTD [10]. IBMPF&tignts withVCP mutations can
develop disorders in other organ systems includiplincters [11], cardiac muscles [12],
auditory system [13], and liver [14], as well as wuisuoconstructive ability [14].
Neurodegenerative diseases associated wi¥CB mutation encompass scapuloperoneal
muscular dystrophy and dropped head syndrome Pkinson’s disease [16-18], hereditary
spastic paraplegia [19], and cerebellar ataxia.[B®Jaddition to mutations iVCP [7,8],
mutations in Heterogeneous Nuclear Ribonucleoprotein A2B1 (HNRNPA2B1) and
Heterogeneous Nuclear Ribonucleoprotein A1 (HNRNPAL) [21] have been identified in
families with IBMPFD. Given these observations, tieme of multisystem proteinopathy
(MSP) has been proposed, using the nomenclatuk4S&f1 for IBMPFD caused by \4CP
mutation, MSP2 for IBMPFD related to afiNRNPA2B1 mutation, MSP3 for IBMPFD
related to arHNRNPA1 mutation, and MSP4 for IBMPFD due to some unide&digene
[22]. Clinically, 37.7% patients of IBMPFD with \&CP mutation (MSP1) develop FTD [9].
FTD cases with &/CP mutation (MSP1) present with TAR DNA-binding priotet3 kDa
(TDP-43) and ubiquitin-positive short dystrophiauriees and frequently lentiform neuronal
intranuclear inclusions in their neocortex [23-25h the other hand, only rare VCP-positive
neuronal intranuclear inclusions are detected, #mose that are detected lack the
characteristic lentiform morphology [23]. This find suggests that TDP-43 and ubiquitin
positive-inclusions do not contain VCP and suppdhmts idea thatVCP gene mutations in
IBMPFD produce a dominant-negative loss of VCP fiomc[23,25].

Mutations in theVCP gene were later reported to occur in familial atrmyohic lateral
sclerosis (ALS) [26]. A recent study with a largatal set of patients witllCP mutations
showed that 8.9% of these patients developed ALRB. [Eeatures of ALS withvVCP
mutations (ALS-VCP) are similar to those of spocadlLS (SALS), including bulbar signs,
spasticity, hyperreflexia, fasciculations, and #&tgzhysiological evidence of lower motor
neuron involvement such as denervation and reiatierv[27]. The neuropathology of ALS-
VCP has been briefly described in 2 cases to &8&8]. Both reports described TDP-43-
positive intracytoplasmic inclusions in the motoeurons. These facts suggest that the
neuropathologic features of ALS-VCP could be simtla those of SALS and that SALS
would share its pathogenic role with ALS-VCP case®ugh dysfunction of VCP. To
confirm this hypothesis, it is of importance to atlate detailed pathological features of



ALS-VCP and to compare them with those of SALS. idaer, specific inclusion pathology
including their immunohistochemical properties adtributions, as well as detailed
cytopathology of motor and non-motor neurons aial gells, remain to be explored.

VCP immunoreactivity has been observed in Lewy é®sdin Parkinson’s disease and
dementia with Lewy bodies, in neuronal nuclearus@mns in polyglutamine diseases and
intranuclear inclusion body disease, in Marinesodiés [29], and in epidermal cells from
patients with SALS [30]. VCP-positive nuclei havusabeen reported in neocortical neurons
[31] and in muscle cells [20] from IBMPFD caseshwitVVCP mutation (MSP1). However,
the distribution of VCP in ALS-VCP cases is unknowvoreover, it remains to be
investigated whetherCP mutation leads to VCP-positive inclusions in theSyphenotype,
and whether VCP-positive structures are presetfitanmotor neurons of SALS patients.

To elucidate the role of VCP in neurodegeneratige@sses in ALS, in the present study we
examined the neuropathology of a patient with Alb8 &aget disease of bone with a novel
VCP mutation, as well as the immunohistochemical iaedéibn of VCP in SALS cases and
in the ALS-VCP patient.

Materials and methods

VCP immunohistochemistry in ALS

We investigated specimens from lumbar spinal cbidpocampus, and the motor cortex
from 9 patients with pathologically confirmed SAl&ge range, 54-82 years; mean, 63.2
years; 6 men and 3 women), 8 control subjects (age, 50-86 years; mean, 69.5 years; 6
men and 2 women), and 1 patient with ALS associatiéd a novelVCP mutation. The
clinical profiles of all of these cases are sumaetiin Table 1. Among SALS cases, there
was no familial case and no history of IBM, Pageedse or FTD.



Table 1 Clinical findings of patients with amyotrophic lateral sclerosis and of control subjects

Case no. Age at death (years) Gender Diagnosis Postmortem delay (hours) Duration of illness (months) Percentage of VCP-positive nuclei
Control cases

1 75 M Chronic lymphocitic leukemia 25 NA 0

2 75 M Cerebral infarction 1 NA 0

3 86 M Cerebral infarction 5 NA 0

4 75 M Meningitis 3 NA 17
5 83 F Intracerebral hemorrhage 12 NA 4
6 52 M Cerebral infarction 12 NA 8.9
7 50 F Myotonic Dystrophy 10 NA 0

8 60 M Myasthenia Gravis 25 NA 0
ALS cases

9 54 F SALS 3.5 11 26.3
10 82 M SALS 1.5 14 0

11 62 M SALS 1.5 14 0

12 56 F SALS 225 20 0
13 65 M SALS 1.5 23 8.3
14 63 M SALS 1.5 23 15
15 64 M SALS 3 24 17.6
16 65 M SALS 16 24 94.1
17 58 F SALS 3.5 35 47.1
18 41 M VCP-ALS 2 48 7.7

M male,F female,VCP Valosin-Containing ProteirfALS sporadic amyotrophic lateral sclero&/€P-ALS ALS with M158V VCP mutation.



For VCP immunohistochemistry, formalin-fixed, pdimafembedded @m-thick sections
were deparaffinized and immunostained for VCP. Wpliad 2 distinct primary antibodies
for VCP(mouse monoclonal [Cat. No. ab11433], Abcalmy Cambridge, UK; 1:500; and
rabbit polyclonal [Cat. No. AP6920b], Abgent, Saredd, California, USA; 1:75). Bound
antibodies were detected with the appropriate VESTAIN Elite ABC Kit (Vector
Laboratories, Burlingame, California, USA). We ass#l staining specificity by replacing
the primary antibodies with an appropriate amounploosphate-buffered saline solution
containing 3% bovine serum albumin. No depositgeaafction products were seen in the
sections thus treated. Procedures involving theafiseuman material were performed in
accordance with ethical guidelines set by Kyotovdrsity.

For quantitative study of VCP-positive nuclei oetmotor neurons, we obtained 3 distinct
sections from each case, taken at an interval qirB0to avoid counting the same nucleus
twice. All observations were made by 2 examiner® wWhd no information regarding the
clinical history and condition of the individualgsiding the spinal specimen. Only anterior
horn cells (AHCs) with a distinct nucleus and notlie were counted. The frequency of
VCP-positive motor neurons in the lumbar cord wasigared between control patients and
SALS patients by the nonparametric Mann—-Whitneyest tising Prism software (GraphPad,
La Jolla, USA).

Clinical features of the ALS patient with aVCP mutation

Our patient was a 41-year-old Japanese man witmpfamily history of ALS, IBM, Paget
disease or FTD (Figure la). He had developed daght and leg weakness at age 36. Based
on the results of elevated alkaline phosphatase¢oup,968 IU/I, bone radiographs, and
electromyography, he was diagnosed at age 37 asghalS and Paget disease of bone. He
gradually developed weakness of arms and legs,ritiysa dysphagia, and respiratory
failure, which required percutaneous endoscopidrgstemy and noninvasive positive-
pressure ventilation at age 38. He was referreduto hospital at age 39. Examinations
disclosed weakness in all extremities, muscle atyap the distal arms, and fasciculation in
the right leg. Atrophy or fasciculation of the taregwas not evident. Patellar tendon reflexes
were brisk, but Achilles tendon reflexes and thosine upper limbs were decreased. Neither
pathologic reflexes nor clonus was observed in akigemities. Neuropsychological tests
showed no evidence of FTD. A computed tomographly) €an showed systemic osteolytic
change, but no atrophy of the brain. Needle eletyagraphy (EMG) showed active and
chronic denervation potential including spontanedisgharges and late recruitment in the
left arm and leg. A frozen muscle specimen from rilgat quadriceps muscle at this time
showed neurogenic changes without evidence of IBd&e on the revised El Escorial criteria
[32], the patient was diagnosed as clinically passALS.

Figure 1 Genetic information. (a) The presented case had no family history of ALS,
dementia, myopathy or Paget disease. Family mema#rsliagonal black lines had already
died. The ages indicated are those at the timeeoptoband’s deatkb) The proband carried
the missense mutation of tR€P gene (c. 472A > G, p.M158V). Neither the father tie
mother carried th&¥’CP mutation identified in the proban@) Sequence alignment for amino
acids revealed the mutation site to be conservezsadifferent specieé) Domain

structure of VCP protein and mutation site in ttase and in reported mutations (Mutations
with autopsy are shown in red type) associated M8 and IBMPFD.




His extremities gradually became weaker, resuliting bedridden condition. Shortly after he
developed a fracture of the right femoral bonedieel of respiratory failure at the age of 41.
Throughout the clinical course he did not develag aognitive decline or mood disorder,
Parkinsonism, spastic paraplegia, cerebellar ataxidecubitus ulcer. Also, the patient did
not have any abnormalities in cardiac, hepaticpalis auditory, sensory or autonomic
systems. No frozen brain tissue was available.

Genetic analysis

Genetic analysis o¥CP, Cu/Zn superoxide dismutase 1 (SOD1), TDP-43, fused in sarcoma
(FUS), Charged multivesicular body protein 2b (CHMP2B), angiogenin, Sequestosome 1
(SQSTM1), and chromosome 9 open reading frame 72 (C9ORF72) was approved by either
the Kyoto University Graduate School of Medicinehieal Committee or Hiroshima
University Ethical Committee, and written informednsent was obtained from the above
patient prior to his demise. DNA was extracted fraflood sample; and by using previously
reported primers, we amplified the exons of eadmegand sequenced them on anABI310
sequencer (Applied Biosystem, Foster City, Cali@rnUSA). To detectCOORF72
expansion, we performed a repeat-primed polymecha@ reaction, as reported previously
[33]. As a result we identified a novel heterozygdd158V mutation in the/CP gene
(Figure 1b). This mutation was not present in th&®0QL Genomes project
(http://www.1000genomes.org/), dbSNP (http://wwvbinim.nih.gov/SNP/) or in the
Human Genetic Variation Browser (includes genetariations determined by exome
sequencing of 1,208 Japanese individuals and geimotydata of common variations
obtained from a cohort of 3,248 individuals [httpwWww.genome.med.kyoto-
u.ac.jp/SnpDB/]). The other genes were normal. €naion analysis of the mutated amino
acid by using National Center for Biotechnology ®IT HomoloGene demonstrated
conservation among species at the mutation siguf(€ilc). The mutation site in this case
(amino acid 158 in VCP) was located near the repomutation sites (amino acids 155 [26]
and 159 [28] in VCP) within the same domain (Figa. In Figure 1d, mutation sites in
VCP gene associated with ALS and IBMPFD are alsodidtem the literature [8,9,13-
15,26,28,31,34-39].

His parents were still alive and not affected wihS or any other neurodegenerative
diseases. His father was 73 years of age and had #mgnosed with prostate cancer,
whereas his mother was 71 years old and healthghéteparent carried théCP mutation
identified in the proband. Haplotype analysis usiBgshort tandem repeat markers supported
their genetic kinship, confirming that the mutatioccurredde novo in the present case. No
sample from the patient’s brother was available.

Neuropathologic examinations

For neuropathologic examinations, formalin-fixedraffin-embedded @m-thick sections
were deparaffinized and stained with hematoxylinl @osin (H&E) or used for Kliver-
Barrera (KB) staining. For immunohistochemistriteafantigen retrieval by heat/autoclaving
(10 min at 121 °C in 10 mM anhydrous citric acidffey pH 6.0), the sections were
immunostained as described above.

The antigens recognized by the primary antibodssdun this study were the following:
TDP-43(rabbit polyclonal [Cat No. 10782-2-AP], RaoiTec Group Inc., Chicago, lllinois,
USA; 1:200), phosphorylated TDP-43 (mouse monodif@at No. TIP-PDT-M01], Cosmo



Bio Co., Ltd., Tokyo, Japan; 1:2000), trans-Golgiwork (sheep polyclonal [Cat No.
610832], Novus Biologicals, Inc, Littleton, ColomdJSA; 1:250), VCP(mouse monoclonal
[Cat No. abl11433], Abcam plc, Cambridge, UK; 1:50@pbit polyclonal [Cat No.

AP6920b], Abgent, San Diego, California, USA; 1:7%JS(rabbit polyclonal [Cat No.

HPAO008784], Sigma-Aldrich Inc., St. Louis, MissquriUSA; 1:100), CD68 (mouse
monoclonal [Cat No. M0814], DAKO, Glostrup, Denmafk100), p62(mouse monoclonal
[Cat No. 610832], Becton Dickinson and Company,nklia Lakes, New Jersey, USA,
1:700), ubiquitin(rabbit polyclonal [Cat No. U53798igma-Aldrich Inc., St. Louis, Missouri,
USA; 1:100), and optineurin (rabbit polyclonal [Chib. 100000], Cayman Chemical
Company, Ann Arbor, Michigan, USA; 1:200).

Electron microscopy

In the case with th¥CP mutation, the sample from formalin-fixed medullasifixed in 2%
glutaraldehyde with phosphate buffer (pH 7.4). Afigation, sections were cut into pieces
about 1 mm thick, postfixed with 1% osmium tetrexior 2 h, dehydrated, and embedded in
epoxy resin. Each block was then cut into semi@ntions about um in thickness and
stained with toluidine blue. Appropriate regionsravsubsequently cut into ultrathin sections
and stained with uranyl acetate and lead citratel&ctron microscopy.

Proteomics analysis

The effect of the newly detected missense muta{d58V) and previously reported
mutations of 2 autopsied ALS-VCP cases (R155H ahB9R) was analyzed with Mutation
Taster (http://www.mutationtaster.org), Sorting oletant From Tolerant (SIFT,
http://sift.bii.a-star.edu.sg/), and PolyPhen-2giigenetics.bwh.harvard.edu/pph/).

Vectors for in vitro analysis

To assess the functional importance of the novehtimn identified in this study, we created
vectors (pcDNA3) expressing wild-type (WNCP and mutantVCPs (R155H, M158V,
R159H and A232E) tagged with FLAG at their N-terogn

Cultured cells

SH-SY5Y and human embryonic kidney 293 T (HEK298&lls were grown in Dulbecco’s
Modified Eagle Medium (DMEM) supplemented with 10@&al bovine serum, 1% non-
essential amino acids, and 1% penicillin-streptamycglutamine sodium.

Plasmids

To generate FLAG-tagged VCP, we obtained WT VCP mglementary deoxyribonucleic
acid (cDNA) from a cDNA library and generated semeevariants, including R155H (464G
> A), M158V (472A > G), R159H (476 G > A) and A23ZE95C > A). WT and mutant
VCPs were generated by PCR with primer pairs usedhinge the nucleotides and then
inserted into the Not I/BamH | cloning site of tpeDNA3 vector. All constructs were
verified by using the 3130xlI Genetic Analyzer (Lifechnologies, Carlsbad, California,
USA. Cultured cells were transfected with the vettp using a FuGene HD transfection kit
(Roche, Basel, Switzerland) according to the mastufar’s protocol.



Immunoblot analysis

Cells were lysed in lysis buffer containing 10 mMsFHCI (pH 7.6), 150 mM NaCl, 1%
Triton X-100, 1% sodium deoxycholate (Na-DOC), 0.466lium dodecyl sulfate (SDS), and
a protease inhibitor cocktail (Complete EDTA-freeotpase inhibitor; Nacalai Tesque).
Nuclei and membrane fractions were removed by ifegation. Lysates were separated by
SDS-poly-acrylamide gel electrophoresis (SDS-PAGIEY proteins were then transferred to
a polyvinylidene difluoride (PVDF) membrane. The migane was incubated with the
appropriate primary antibody, followed by incubatiwith horseradish peroxidase (HRP)-
conjugated anti-rabbit or anti-mouse IgG (SantazCBiotechnology Inc, Dallas, Texas,
USA) secondary antibody. Immunoreactive proteinsewésualized by using the Pierce ECL
Western Blotting Substrate (Thermo Scientific Reerkanagawa, Japan) and an LAS3000
scanning system (Fuji Film, Tokyo, Japan). Thedfwlhg primary antibodies were used in
the immunoblot analysis: anti-VCP (rabbit polyclbrj@at No. AP6920b], Abgent, San
Diego, California, USA; 1:200) and arfitiactin (mouse monoclonal [Cat No. A5441],
Sigma-Aldrich Inc., St. Louis, Missouri, USA; 1:D0).

Immunocytochemistry

SH-SY5Y and HEK293T cells transfected with FLAG-payated WT or mutanVCP were
fixed and immunostained with anti-TDP-43 or anti&&, and stained with DAPI, at 48 h
post-transfection. For immunofluorescence analgsisell cultures, cultured cells were fixed
with 4% PFA for 20 min, washed 3 times with PBS niin each), and then rendered
permeable and blocked with 0.2% Triton X-100/5% tgeerum in PBS for 15 min. The
transfected cells were incubated with primary aibs (anti-TDP-43 antibody, rabbit
polyclonal, ProteinTech, 1:1000 and anti-FLAG MZuse monoclonal, Sigma-Aldrich Inc.,
St. Louis, Missouri, USA; 1:500, diluted in PBS taning 0.2% Triton X-100/5% goat
serum) overnight and washed 3 times with PBS (5 emich). After the final wash, the cells
were incubated with secondary antibodies (AlexaoFWUB8 donkey anti-rabbit IgG (H + L)
or Alexa Fluor 546 donkey anti-mouse IgG (H + Idiluted in PBS containing 0.2% Triton
X-100/5% goat serum) for 1 h, washed 3 times wilBSR5 min each), and mounted with
Vectashield plus DAPI (Vector Laboratories, Burlange, California, USA). Digital imaging
was performed with an OLYMPUS FV-100 IX microsca@ympus, Tokyo, Japan) using
FV-10-ASW 3.1 software (Olympus). A blinded examim®unted more than 100 FLAG-
tagged VCP-expressing cells from separate culforethe presence of cytoplasmic TDP-43-
positive cells. Results were analyzed by One-wayOMA of Bonferroni’'s multiple-
comparison test using Prism software (GraphPadplla, USA).

Results

Immunohistochemistry for VCP in control subjects, ALS patients, and the
VCP mutant case

Two distinct anti-VCP antibodies applied in thegaet study gave the same results.

In the 8 controls, VCP-positive nuclei or cytoplasmas rarely observed in the AHCs
investigated (Figure 2a); only a few nuclei of AHSI®owed faint immunoreactivity against
VCP (Figure 2a inset). Glial nuclei were virtuafigt stained in these subjects (Figure 2b). In
contrast, AHCs from 9 SALS cases frequently shopesitive VCP immunoreactivity in the



cytoplasm and in the nucleus (Figure 2c). The stgifntensity of neuronal nuclei of the
SALS cases was much greater than that in the dostitgjects. Within the cytoplasm, the
deposits of immunoreaction product were diffusabtributed, but this antibody recognized
no intranuclear inclusion, skein-like inclusion,unal hyaline inclusion or Bunina body.
Moreover, the glial nuclei were also stained in tases with SALS (Figure 2d). However,
VCP-positive glial cytoplasmic inclusions (GClIs) menot observed.

Figure 2 Immunohistochemistry of VCP in the spinal cords. (gb) In the control case,
neuronal &, arrows) and glial b, arrows) nuclei are devoid of immunoreactivity. The
nucleus of this AHCY, inset, arrow) in the control case was staineatlfaivith the anti-
VCP antibody(c,d) In the ALS cases the same antibody distinctly imatabels nuclei of
the AHCs €, arrows) and those of the glial celld,(arrows). The cytoplasm of the indicated
AHC (c, arrowhead) is also stained diffuselye,f) In the ALS-VCP patient a nucleus of an
AHC (e, arrow) and glial nucleif( arrows) give positive staining with the anti-VCP
antibody.(g) The frequency of VCP-positive neuronal nucleina tumbar cord of the
patients with SALS (mean + standard deviation, 26311.5%) was significantly higher than
that of the controls (1.8 + 3.2%V/alues are the means of the percentage of VCRig®si
neuronal nuclei in each case; and error bars reptéise standard deviation (* p < 0.05,
Mann—Whitney U test). Immunohistochemistry was geried with the rabbit polyclonal
antibody against VCFcale bars = 25um.

We also identified some neuronal (Figure 2e) andl glFigure 2f) nuclei that were
immunoreactive for VCP in the ALS case with theelnetygous M158WCP mutation (case
18 in the Table). In the ALS-VCP case, VCP immuaotiity in the AHCs was less robust
than that in the SALS cases. No VCP-positive iriols were detected in any of the cases
investigated.

In the motor cortex and hippocampus, there wasigmifeant immunoreactivity for VCP
except for faint immunoreactivity of glial nuclei.

The frequency of VCP-positive nuclei in the lumltard of patients with SALS (mean +
standard deviation, 26.1 + 31.5) was significamigher (p < 0.05, Mann—Whitney U test)
than that for the control subjects (1.8 + 3.2%;uFéy2g). In the ALS-VCP case 7.7% of the
AHC nuclei were VCP positive. On serial sectionlgsia, there was no apparent relationship
between VCP immunoreactivity and intracytoplasmizPt43 accumulation.

Neuropathologic examinations of the patient with M58V ALS-VCP

Frozen muscle specimens from the right quadricepscha at age 39 showed neurogenic
changes without evidence of IBM (Figure 3a). In themunohistochemical investigation,

TDP-43 was normally detected in the muscle nuelich showed no abnormal inclusions
(Figure 3b). Immunostaining for neither VCP nor QPEvealed any abnormal inclusions.

Figure 3 Photographs and photomicrographs of general patholyy and neuropathology
of the ALS patient with the VCP mutation. (a,b) In this muscle specimen from the right
guadriceps muscle, large-group atrophy indicatiegragenic changes is demonstrated,
whereas no evidence of IBM is obserfa§l The muscle nuclei are normally
immunopositive with the anti-TDP-43 antibody, érrows), but abnormal inclusions are not
detected(c) H&E staining of a vertebra demonstrates irreghtaad trabeculae with
disorganized cement lines appearing in a mosatenpafd,e) Macroscopically, the brain



shows no apparent atropl{f). A KB-stained lumbar spinal cord reveals degenenatif the
corticospinal tractf( arrow). (g) A section of cervical cord stained by H&E showsinomal
loss with gliosis in the anterior horfh) Typical Bunina bodiesafrow) are evident in the
cytoplasm of this cervical AHCSale bars = 250um (a), 200um (b), 50 um (c), 1 mm(f),
100um (g), and 12.5um (h).

At autopsy of the M158V ALS-VCP patient, pneumoniaity liver, and atheromatous
plagues of the aorta were recognized. Microscopi@menation of the vertebra revealed
mixed osteoclastic-osteoblastic activity and a tapicture of trabecular bone (“mosaic”
pattern) that was compatible with Paget diseas®moé(Figure 3c).

Neuropathologically, the formalin-fixed brain weeagh 1,435 g. Macroscopic examination
showed no evidence of cerebral atrophy(Figure BdneH&E- and KB-stained sections, the
spinal anterior horns and the corticospinal trabtswed evidence of degeneration, especially
in the lumbar cord (Figure 3f). Cervical and lumbard showed cell loss with gliosis in the
anterior horns (Figure 3g). Onuf's nucleus and K&d& column were preserved. H&E-
stained sections revealed the presence of Bunideed®dFigure 3h) and spheroids in the
anterior horns of the cervical and lumbar cords.

Immunohistochemical investigation demonstrated W3Rpositive intracytoplasmic
inclusions in the AHCs (Figure 4a). GCls positiee TDP-43 were sparsely scattered in the
spinal cord (Figure 4b). The TDP-43-positive inytaplasmic inclusions were also reactive
with the anti-ubiquitin antibody (Figure 4c,d). Thecleus of these inclusion-bearing neurons
was invariably immunonegative for TDP-43 (Figure).4&nalysis of consecutive sections
revealed that these TDP-43-positive inclusions was® reactive with anti-p62 antibody
(Figure 4e,f) and anti-OPTN antibody (Figure 4gHpwever, TDP-43-positive inclusions
(Figure 4i) were indiscernible on the VCP-immunostd sections (Figure 4j). Careful
examination of 164 AHCs in 8 VCP-stained sectiasnfthe cervical, thoracic, and lumbar
spinal cords revealed no immunopositive inclusiaith any of the VCP antibodies. Analysis
of serial sections disclosed no apparent correidietween the presence of TDP-43-positive
inclusions and nuclear and cytoplasmic distributcdrVCP immunoreactivity in AHCs. In
the superior frontal cortex, temporal cortex, matortex, and hippocampus, there was no
significant immunoreactivity with VCP antibody.

Figure 4 Representative photomicrographs of the lumbar antdor horn (a-) and the
hypoglossal nucleus (m)lntracytoplasmic inclusion bodies immunoreactioe TDP-43 are
identifiable in the lumbar AHCs(arrows). A glial cytoplasmic inclusion (GCI) is evident
with the anti-TDP-43 antibodyo( arrow). Analyses of consecutive sections indicated that
TDP-43-positive inclusions in the AHCs, €, g, iarrows) are also positive for ubiquitin
(Ub; d, arrow), for p62 ¢, arrow), and for OPTNI{, arrow), but devoid of immunoreactivity
for VCP(j, arrow). The nucleus of the inclusion-bearing neuron saokmunolabeling for
TDP-43 €, earrowhead). Fragmentation of the Golgi apparatus is appdretite AHCs
immunostained with TGN-46, a marker protein of @&gi, in comparison with the
preserved Golgi apparatus in the non-motor neufaheoposterior hornl,(arrow). A Bunina
body in the hypoglossal nucleus is immunopositoreck/statin Qm). Scale bars = 25um (a,
c-m), 12.5um (b).

Immunohistochemical investigation of the Golgi ampas revealed characteristic
fragmentation of it in the AHCs (Figure 4k), whese@n-motor neurons in the posterior horn
had preserved Golgi apparatuses (Figure 4l). Usiegsame method reported previously



[39], we found that in our case 61.5% (16/26) of hHCs from 3 distinct spinal cord
segments had a fragmented Golgi apparatus. Indtieaspinal tracts, immunostaining for
CD68 showed infiltration of CD68-positive microglia

In the hypoglossal nuclei, the motoneurons werdetiegh in number. Within the cytoplasm of
the residual neurons Bunina bodies and TDP-43p&2dpositive inclusions were identified.

The Bunina bodies were immunopositive for cystair{Figure 4m). Electron microscopy

demonstrated Bunina bodies consisting of irregulashaped electron-dense material
containing vesicles (Figure 5a-c).

Figure 5 Electron microscopy of Bunina bodiesThree instances of Bunina bodies with
irregularly shaped, amorphous, electron-dense mhtecluding vesicles and cisternae in the
motor neurons of hypoglossal nuclei are depicede bars=1um (a-c).

Betz cells were not apparently depleted. Hippocadregarosis was not found. In the primary
motor, superior frontal, and temporal cortices, amgn, thalamus, cerebellum, and
hippocampus, there were no neuronal nuclear aaagtoplasmic inclusions or GCls found
by any of the staining procedures, including p6thimohistochemistry.

By amyloid 3 and AT8-immunohistochemistry, this case showederle plaque, but only a
few isolated neurofibrillary tangles in the hippogaus and amygdala (CERAD 0, Braak-
Braak stage Il). Immunostaining farsynuclein and FUS revealed no pathologies.

Bioinformatics and in vitro studies

The effect of the newly detected missense mutaiiotVCP protein structure was analyzed
by in dlico analysis wusing different software. In  Mutation {Eas
(http://www.mutationtaster.org), M158V was estinthte be disease causing (probability >
0.9999), and no Single Nucleotide Polymorphism (BWBs found in the site of mutation.
The known disease-causing VCP mutations R155H ab89R were also diagnosed as
disease causing (probability > 0.9999) in Mutafl@aster.

In SIFT (http://sift.bii.a-star.edu.sg/) the M158%utation, as well as the known mutation
R155H, was not tolerated (p = 0.00), meaning thatrhutation is deleterious. On the other
hand, the known mutation R159H [28,34,38] was &kt (p = 0.07, in tolerant threshold
<0.05), although  the p-value was near the thresholdPolyphen-2
(http://genetics.bwh.harvard.edu/pph/) analysiswatb possible damage to the structure by
M158V, as indicated by a Position-Specific IndepamndCounts (PSIC) value of 0.896
(sensitivity: 0.82; specificity: 0.94), R155H wasadyzed to be possibly damaging with a
score with PSIC value 0.849 (sensitivity: 0.83;apety: 0.93); although R159H ,which is
indeed a disease-causing mutation, was predictbd teenign with a score of PSIC value 0.1
(sensitivity: 0.93; specificity: 0.85). Taken tohet,in silico analysis strongly suggested that
out novel mutation M158V is pathogenic.

To assess the functional importance of the novelatin identified in our patient, we
created mammalian expressing vectors for WAP and mutantVCPs (R155H, M158V,
R159H, and A232E) tagged with FLAG at their N-tamos. Immunoblotting detected
overexpression of WT and mutant VCP in the transftSH-SY5Y cells (Figure 6a) and
HEK293T (Additional file 1. Figure Sla), comparedttwthe expression in the mock-
transfected cells, at 48 hours after transfecfi@P-43 is a predominantly a nuclear protein,



and translocation of it from the nucleus to theoplasm and aggregation therein are features
of previously reported types of mutaviCP-related ALS [26,28]. Mutations in VCP were
also reported to cause abnormal TDP-43 translataticultured cells including SH-SY5Y
[40] and HEK293T [41]. So we investigated whether novel mutation (M158V) caused the
translocation of TDP-43 from the nucleus to theopldsm. Immunocytochemistry showed
TDP-43 to be located in the nuclei of mock-transddccells and in those transfected with
WT-VCP (Figure 6b). In the mutant VCP-expressinfiscgmmunoreactivity of TDP-43 was
often observed in the cytoplasm by 48 hours aft@nsfection (Figure 6b). However, no
evident aggregation of TDP-43 or VCP was observethé transfected cells. Quantitative
evaluation of cytoplasmic TDP-43-positive cells aestrated that the expression of mutant
VCP was significantly associated with the preseateytoplasmic TDP-43 (Figure 6c).
There was no statistical difference in the numberetls with cytoplasmic TDP-43 between
the cultured cells transfected with differ&@P mutations. In the study using HEK293T, an
increase in cytoplasmic TDP-43 translocation wa® albserved in cells transfected with
mutant VCP (Additional file 1: Figure S1b, c).

Figure 6 In vitro studies (SH-SY5Y cells)immunoblotting detects overexpression of wild-
type (WT) and mutarWCPs in transfected SH-SY5Y cells at 48 hours aftemgfaction(a).
Expression of any mutant VCP (R155H, M158V, R159ABR32E) is associated with
significantly more cytoplasmic TDP-48, c). Values are the means from 5 trials; error bars
represent standard deviation; * p < 0.05, One-wB{ONA of Bonferroni’'s multiple-
comparison, compared with mock and WT. The arrow1 indicate cytoplasmic TDP-43-
positive cells.

Discussion

In the present study, we provided detailed neutapatly of an ALS case with the novel
M158V VCP mutation, focusing on the similarity and differento sporadic ALS. In

addition, for the first time we demonstrated thke tfrequency of AHCs with VCP-
immunoreactive cytoplasm and nucleus was increase®ALS patients as well as in this
mutant case as compared with that in the controls.

Besides concomitant Paget disease of bone, theologigal manifestations and
neuropathologic findings of our novel ALS-VCP patiavere indistinguishable from those of
the SALS patients. To date, 2 autopsied ALS-VCRegagith distinct mutations have been
reported [26,28]. Clinically, both cases were d@gpd as ALS without symptoms of FTD.
The initial patient was associated with an R15BEP mutation. Because of the limitation of
specimen availability, neuropathologic examinatiohshis case were confined to brainstem
and spinal cord motor neurons, revealing the I6skese neurons and the presence of Bunina
bodies and TDP-43-positive cytoplasmic inclusiorthwoncomitant loss of nuclear staining
in the surviving motor neurons [26]. The disease¢hef second autopsied ALS-VCP patient
was associated with an R153KP mutation. Neuropathologic description of this cases
also limited, literally describing the presence p82-, ubiquitin-, and TDP-43-positive
inclusions. Additionally, they indicated a few p&@ad ubiquitin-positive inclusions in the
neurons of the hippocampal granular layer and @tembporal lobes [28]. Although
neocortical inclusion pathology was not apparenbum novel ALS-VCP case, the patient
exhibited otherwise similar neuropathologic findsngs reported in the previous 2 cases.
Furthermore, we demonstrated that in our mutant CBBP-43 was co-localized with
ubiquitin, p62, and optineurin, but not with VCR,the cytoplasmic inclusions in the AHCs.



TDP-43-positive GCls were obviously present. Theklaf VCP immunoreactivity in the
TDP-43-positive inclusions may imply that the M15&tant VCP would have lost ability
to associate with aggregated TDP-43. In additiomdigclosed that the Bunina bodies in our
ALS-VCP patient showed immunohistochemical and astiuctural properties
indistinguishable from those observed in SALS pasie Furthermore, we identified
fragmented Golgi apparatuses in our mutant cass.fiftding is noteworthy, because several
reports have described that the Golgi apparatdseguently fragmented in the AHCs of
patients with SALS [42-44]. It is plausible that PQysfunction led to vulnerability of the
Golgi apparatus in the present case, because V&R ph important role in assembly of the
Golgi apparatus membrane [45]. Taken together,observations on the neuropathology of
the present ALS-VCP case resembled considerablsetiom that of SALS, supporting the
idea that VCP would underlie the pathomechanisi®AILS.

Patients with FTD in IBMPFD associated witiv@P mutation are known to show lentiform
intranuclear inclusions in the neurons of theiraotex [23-25]; however, the present case
showed no such inclusions there. One possibilitythics discrepancy would be the presence
of modifier genes. Kimonis et al. evaluated modifienes in a database of 231 members of
15 original families with IBMPFD and suggested aembial link between the APOE 4
genotype and FTD [10]. Alternatively, the mutatisite might influence the phenotype.
Recently, a study using a large data set of patieith VCP mutations suggested that several
mutations (R155C, A232E) are correlated with a seyghenotype and reduced survival;
although the precise genotypic correlation withpees to VCP mutation has not been
elucidated yet, because some groups of mutations vezy small in number [27].

The mutation site of our case (M158V) was very elés the reported sites of mutation
leading to the ALS phenotype (R155H [26] and R1%28]). In protein feature analysis with
Mutation Taster, these mutations were shown to iseade causing. (Although only the
R159H mutation was analyzed as moderately damagin&IFT and Polyphen-2, this
mutation in ALS and IBMPFD was reported to occuwarious cases [28,34,38]) All 3 of
these sites are located within the N-terminal domahich contains ubiquitin and cofactor-
binding domains (Figure 1d) [12]. The accumulatiérp62 and OPTN in our case suggests
that the autophagy system was defective in this-XICF patient, because VCP [46-48], p62
[49], and OPTN [50] play important roles in the @ahiagy-dependent protein clearance
system. Our results and previous reports [40,41¢aked that cells transfected with mutant
VCP showed abnormal TDP-43 translocation. These essiipport the notion that
neurodegeneration iIWCP mutant cases would be attributable to dysfuncwoérprotein
clearance systems, including ubiquitin-dependeoiieon degradation and autophagy.

We did not detect VCP-positive inclusion bodiesour case with M158V ALS-VCP. The
absence of VCP inclusions in our patient is in ¢ziest with previous findings obtained
from FTD patients withVCP mutations [14,23,25]. The lack of VCP-positive lirgion
bodies makes a toxic gain-of-function mechanism laugble. On the other hand, since
normal VCP [1] and mutant VCP [46] are reportedaion heteromeric complexes, a mutant
VCP could conceivably impair the formation of prdpdunctioning hexamers, thus having a
dominant-negative effect [25].

Immunohistochemical investigations on the SALS sasvealed, similar to those on the
ALS-VCP patient, increased frequencies of VCP-imoreactive structures such as neuronal
cytoplasm, neuronal nuclei, and glial nuclei. Thi#sdings suggest that SALS could share its
pathomechanism with ALS-VCP through dysfunctiondR/ The cytoplasm of AHCs in



SALS was moderately and diffusely immunoreactive M@€P. Endoplasmic reticulum (ER)
stress due to accumulation of misfolded proteiisg8] and activated autophagy [53] in the
cytoplasm have been reported to occur in SALS c&3assidering that VCP governs protein
degradation processes in both ER-associated uinigiépendent protein degradation and
autophagy [1,4], the increase in cytoplasmic VCPSHALS may reflect a process that
modifies these protein degradation systems. Nel@mé glial nuclei were more frequently
immunopositive for VCP in SALS cases than in thatoas. VCP-positive nuclei have also
been detected in the neocortical neurons [31] anskia cells [20] in IBMPFD cases with a
VCP mutation (MSP1). On the other hand, in our ttltk frequency of VCP-positive
neuronal nuclei in the ALS-VCP case was lower ttieat of these nuclei in the SALS cases,
presumably because of the functional loss of the58¥1 mutant VCP to recognize
intranuclear ubiquitinated proteins. Recently, pacl VCP has emerged as an essential
regulator of genome stability through the degramatf chromatin-associated proteins [2].
VCP is recruited at nuclear sites of damaged DNAI dacilitates degradation of
ubiquitinated chromatin-associated proteins to lagguDNA repair and transcription [54-56].
Notably, VCP regulates splicing pattern [3] andochatin-associated proteins including
RNA polymerase Il subunit 1 (Rpbl) [56], which magn important role in producing
heterogeneous nuclear RNA (hnRNA). It is noteworthgt the alternative splicing of
hnRNA is regulated by hnRNP A2/B1 and hnRNP Al [S&hich are the products of
causative genes of MSP2 and MSP3 [21,22]. The dgsin of these proteins, including
VCP, hnRNP A1, and hnRNP A2/B1, could play an IBNDPIMSP) pathogenic role through
disruption of RNA metabolism and transcription msses. The increase in nuclear VCP in
the ALS cases observed in the present study caaldsbociated with the process by which
VCP is recruited for intranuclear protein degragfatio maintain the RNA metabolism and
the transcription process. Alternatively, increasatlanuclear VCP accumulation in ALS
implicates loss-of-function mechanism of VCP asathpgenesis of this disorder. Yang H et
al. proposed that aggregtes of polyQ-expanded Aeduester VCP into protein inclusions,
and leads to neurodegeneration. It could be pasdisht VCP is entrapped by other
intranuclear protein aggregation [58].

Our neuropathological investigations support theaidhat VCP was associated with the
pathomechanism of SALS and FALS with \&CP mutation. For determination of the

pathological importance of VCP in these disord&rgher studies with additional cases are
warranted.
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Addtional files provided with this submission:

Additional file 1: Figure S1. In vitro studies (HEK 293 T cells). Immunoblotting shows overexpression of wild-type (WT)
and mutant VCPs of transfected HEK 293 T cells at 48 hours after transfection (a). Cells expressing any of the mutant
VCPs show an increased number of expressing cytoplasmic TDP-43 compared with the cells transfected with mock or WT
VCP by 48 hours after transfection (b, c¢). Values are the means from 3 trials; error bars represent standard deviation; * p <
0.05, One-way ANOVA of Bonferroni’s multiple-comparison, compared with mock and WT. The arrows in “c” indicate
cytoplasmic TDP-43-positive cells (14881k)
http://www.actaneurocomms.org/content/supplementary/s40478-014-0172-0-s 1.tiff
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