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respectively [3]. Immunostaining for o-synuclein, FUS,
and SOD1 revealed no pathologies. Additional genetic
analysis of Patients III-2 and III-3 revealed no mutations in
their TARDBP, GRN or VCP genes.

Discussion

Motor symptoms of our patients were indistinguishable from
those of SALS. However, the rate of deterioration was
noticeably slow in both of the genetically proven patients,
suggesting that slow progression might be a feature of patients
with a heterozygous E478G OPTN mutation. Progression was
faster for their elder sister, whose DNA was unavailable,
showed, implying intrafamilial variability. All the patients
developed personality and mood changes, and neuroimaging
showed medial temporal lobe atrophy. These features are
consistent with those of AGD [5], which was confirmed
neuropathologically for Patient III-2. In SALS, concomitant
AGD isreported in 7.7-22% of cases [ 14, 20]. Whether FALS
with mutated OPTN would be prone to coincide with AGD
awaits clarification. Furthermore, finger deformity was
observed in our patients. This feature might be a consequence
either of dystonia or of chronic arthritis induced by disinhib-
ited NF-xB because of the OPTN mutation [15]. The
parkinsonian tremor observed in Patient ITI-3 could be a
manifestation of the E478G mutation or simply coincidental.

Neuropathologically, neuronal intracytoplasmic inclu-
sions immuno-positive for TDP-43, ubiquitin, and p62 were
unequivocally identified in the spinal and medullary moto-
neurons. They were morphologically indistinguishable from
those observed in SALS. However, OPTN was noticeably
not co-localized within the inclusions, in contrast with those
of SALS [15]. Although negative immunohistochemical
results inherently warrant further investigation, this finding
suggests that not only the mutated but also the wild-type
OPTN would be impaired in its association with TDP-43.
The molecular link between OPTN and TDP-43 is unknown.
OPTN might function in TDP-43 transportation for degra-
dation, and hence, dysfunctional OPTN could cause TDP-43
mislocalization, resulting in neurodegeneration.

TDP-43 pathology associated with FALS (ALS-TDP)
and/or frontotemporal lobar degeneration (FTLD-TDP) has
been reported [13] in patients with mutations in genes
encoding TDP-43 (TARDBP), progranulin (GRN), and val-
osin-containing protein (VCP), and in one case with a
mutation in ANG encoding angiogenin, who manifested
atypical clinicopathological features [21]. TDP-43 pathology
indistinguishable from that of SALS and/or FTLD was
observed for mutations in TARDBP [13], through both gains
and losses of function [22]. Patients with GRN mutations
manifest FTLD, and TDP-pathology develops principally in
the neocortex [12], through a haploinsufficiency mechanism
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[2, 4]. VCP mutations were originally identified in patients
with inclusion body myopathy associated with Paget’s dis-
ease of bone and frontotemporal dementia IBMPFD) [23].
Identification of TDP-43, but not VCP, within ubiquitinated
inclusions in these cases implies that VCP mutations lead to a
dominant-negative loss of VCP function, with degradation of
TDP-43 [16]. More recently, VCP mutations were also shown
to cause autosomal dominantly inherited FALS [11]. One
autopsy case revealed motor neuron degeneration with
intracytoplasmic TDP-43-positive inclusions and Bunina
bodies in the remaining cells. Our patients showed no
mutation of their TARDBP, GRN, or VCP gene. However, the
association of OPTN with Paget’s disease, found by a recent
genome-wide association study [1], and the similar biological
function of OPTN and VCP warrant further investigation.

The presence of TDP-43 pathology has been reported in
60% of AGD cases [6]. In those cases, TDP-43-positive
structures were mainly observed in the limbic regions and
lateral occipitotemporal cortex [6]. The difference between
the distribution of TDP-43 pathology of our patient and
that of AGD cases implies that the pathomechanism of
TDP-43 pathology in optineurinopathy would be distinct
from that in AGD.

GA fragmentation in our Patient II-2 is plausible,
because OPTN plays an important role in maintaining the
GA [19]. The number of AHCs with GA fragmentation for
our case (72.8%) was notably higher than that reported for
SALS (8.3-52.6%, mean 29.6%) [8]. However, because
this percentage varies markedly in SALS patients, it
remains to be elucidated whether the ratio of GA frag-
mentation in AHCs of OPTN-FALS patients would be
generally higher than that of SALS patients. Moreover, the
presence of AHCs with preserved nuclear TDP-43 and
showing fragmented GA, unrecognizable in SALS [7],
indicates that patients with the E478G OPTN mutation
would manifest GA fragmentation before loss of nuclear
TDP-43. The relevance of GA fragmentation and TDP-43
nuclear staining to ALS awaits further clarification. In
contrast, consistently preserved GA of non-motor cells
implies that unrecognized GA-maintaining systems other
than the OPTN system are operating in those neurons,
affording them less vulnerability to dysfunctional OPTN.

The mutations of the OPTN gene causing FALS are
unique in that recessive and dominant traits have similar
symptoms. The mechanisms of neurodegeneration in the
homozygous deletion of exon 5 and the homozygous Q398X
nonsense mutation are conceivably speculated to be a loss
function resulting from nonsense-mediated mRNA decay of
the transcript. In contrast, the pathomechanisms operating in
the case of the heterozygous E478G mutation remain
unknown. The mechanism of dominant mutations causing a
disease is assumed to be toxic gain-of-function, loss of
function because of haploinsufficiency, or a dominant-
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negative loss of OPTN function. Among these, a gain-of-
function mechanism would be implausible because diseases
caused by such a mechanism are usually associated with the
presence of distinct inclusion bodies consisting of mutant
proteins. However, the thorough neuropathologic investi-
gations performed in this work demonstrated that OPTN-
positive inclusion bodies, if any, were not prominent in our
patient. A haploinsufficiency mechanism would be also
unlikely, because individuals with the heterozygous exon 5
deletion or Q398X mutation, in whom half of the amount of
OPTN is abolished by nonsense-mediated mRNA decay,
manifest no motor neuron signs although the number of such
subjects examined thus far is small. In contrast, a dominant-
negative loss-of-function mechanism would be a possibility;
being similar to that for patients with VCP mutations who
manifest FTLD [16]; ubiquitinated inclusions identified in
the AHCs of our patient demonstrated immunoreactivity for
TDP-43, but not for OPTN. OPTN is reported to form ho-
mohexamers [24] and, thus, mutant OPTN could
conceivably impair the formation of properly functioning
hexamers, thus having a dominant-negative effect. This
notion is consistent with the fact that the four patients with
proved heterozygous E478G OPTN mutation [15] had later
onset and longer disease duration (55.0 & 6.7 years, longer
than 7.6 £ 5.5 years (1 patient is still alive), respectively)
than those with homozygous OPTN null mutations
(41.3 & 8.5 years and 4.0 £ 3.6 years, respectively).

For determination of the clinicopathologic features and
pathomechanism of FALS with mutated OPTN, further
studies with additional cases are needed.
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We recently reported that mutations in the gene encoding
optineurin (OPTN) cause amyotrophic lateral sclerosis
(ALS) [2]. In that report, we demonstrated the co-locali-
zation of OPTN with TAR DNA-binding protein of 43 kDa
(TDP-43) or Cu/Zn superoxide dismutase (SOD1) in the
pathognomonic inclusions of sporadic (SALS) or familial
ALS (FALS) with mutated SODI1, respectively [2].

Fused in sarcoma (FUS) is another causative gene of
ALS [1, 7]. FUS-immunoreactivity is identifiable in baso-
philic inclusions (BlIs) from patients with sporadic
basophilic inclusion body disease (BIBD) [4] and in those
from ‘FALS with FUS mutation’ patients. The fact that
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both FUS and OPTN cause ALS when mutated prompted
us to investigate the correlation between these proteins.

We analyzed postmortem material from three patients
with sporadic BIBD and from three with FALS with FUS
mutation. All the patients manifested upper and lower
motor neuron signs, but no cognitive impairment was
noted. Their demographic and clinical features are given in
Online Resource 1. The ‘FALS with FUS mutation’
patients had missense mutations R514S, R521C, and
P525L in their respective FUS gene. Genetic analysis of the
sporadic BIBD patients for FUS and OPTN was unsuc-
cessful, probably because of deterioration of the genomic
DNA in the formalin-fixed material. No frozen tissue was
available.
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Paraffin-embedded lumbar cord, frontal cortex, and
brainstem were uniformly investigated immunohisto-
chemically (Online Resource 2). The primary antibodies
used are listed in Online Resource 3. To confirm the co-
localization of OPTN and FUS, we employed a staining
procedure on consecutive sections and double immuno-
fluorescence staining (Online Resource 2).

In the sections from controls, the OPTN and myosin VI
immunoreactivities were faintly recognizable in the neu-
ronal cytoplasm; and the anti-FUS antibodies showed
essentially no immunoreactivity when they were titrated in
a way that did not recognize physiologic FUS (data not
shown).

In the BIBD and ‘FALS with FUS mutation’ cases, H&E
staining invariably demonstrated neuronal intracytoplasmic
BlIs in all the regions examined. Immunohistochemically,
virtually all the BIs were positive for OPTN, FUS, and
myosin VI (Fig. la—c, respectively). In contrast, the anti-
bodies against TDP-43 and SOD1 did not react with the Bls
(Fig. 1d, e, respectively). Noticeably, staining of the con-
secutive sections by H&E and immunohistochemistry for
FUS and OPTN, as well as the double immunofluorescence
staining for FUS and OPTN, evidently demonstrated that
the distribution of OPTN immunoreactivity faithfully mat-
ched that of FUS within the BIs (Fig. 1f-1). OPTN
immunoreactivity in FUS-positive glial inclusions was

indiscernible. Further studies are warranted to clarify
whether or not OPTN would co-localize with FUS within
structures other than the Bls.

We recently showed that OPTN is co-localized with
TDP-43 or SOD1 [2]. However, as shown here, the Bls in
the above patients showed no immunoreactivity for TDP-
43 or SOD1, but were positive for FUS as well as OPTN.
Therefore, our present and earlier results provide evidence
that OPTN associates with each of 3 major ALS-related
proteins, i.e., TDP-43, SOD1, and FUS.

The pathomechanism of involvement of OPTN in the Bls
and that of neurodegeneration in BIBD and ‘FALS with FUS
mutation’ patients remain to be elucidated. Since OPTN and
FUS share roles in intracellular trafficking in collaboration
with myosin VI, it is likely, at least under pathologic con-
ditions, that these proteins would encounter each other when
delivering cargos, and could conceivably form a complex
through myosin VI within the Bls. Thereby, OPTN and FUS
would be sequestered from the cytoplasm.

FUS is known to act as a co-activator of NF-kB [6]. On
the contrary, OPTN negatively regulates NF-xB activation
[2]. Therefore, it is plausible that sequestration of both
OPTN and FUS would induce dysregulation of NF-xB
activation, leading to neurodegeneration.

Another promising hypothesis concerns a dysfunctional
Golgi apparatus. OPTN and myosin VI play a role in the

Fig. 1 Representative photomicrographs of basophilic inclusions
(BIs). a—e Bls (arrows) within cortical neurons from BIBD patients
are evidently immunopositive for OPTN (a), FUS (b), and myosin VI
(c) throughout their entire structure. In contrast, no immunoreactivity
indicating pTDP-43 (d) or SOD1 (e) is recognizable within the Bls
(arrows). f-h Three consecutive sections from BIBD patient No. 1,
stained with H&E (f) or subjected to immunohistochemistry for FUS

@ Springer

(g) and OPTN (h), demonstrate that the 2 cortical BIs (arrows) seen
are noticeably immunopositive for both FUS and OPTN. i-1 Double
immunofluorescence staining of neurons in the lateral cuneate nucleus
in the medulla oblongata of ‘FALS with FUS mutation’ patient No. 1
evidently demonstrates that FUS (i; green) and OPTN (j; red) are
faithfully co-localized (k; merge) in the BI (I; H&E). Scale bars
10 pm
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maintenance of Golgi organization [5]. When OPTN is
depleted from cells via RNA interference, the Golgi
becomes fragmented [6]. This observation is noteworthy
because Golgi fragmentation has been observed in the
anterior horn cells in ALS [3]. Further investigations are
warranted to determine whether dysfunctional OPTN could
be essential for the underlying pathomechanism at play in
ALS.
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ALS DBEE ST

BAEEE iPS ik

lEL&IC

HEYRME O MRS M BT B B 2 A A R R ARE
(amyotrophic lateral sclerosis : ALS) 2% U TARF CUg—
RAENTWB YL —)UiE, MREEZBIESY 3 Z
ZHEE LTHIFEI N, —HT, Kb/l migiilns 2
DREZHizE T % BWOMEaRAEIC X 2 FAEEREI L,
BRI A4 REE LTV 5,

2006 £E 12 A T4 88 8 M B8 (induced pluripotent stem
cells : iPS MiliE) O EELE T DSBEFE S vz, & DHEPTRIBLANT
ZRHV2 2 EIC ko T, BEEHOMEMIED & % Bk
faZBL, 5 I HRRRCR R B o 7o BRI B
WAL E ¢ 2 2 EHTRRICR D, INETILhwE Tk
BERBAEIRE > TV 5,

AT, BEEoRMIEE V7 ALS OFEBERS

&, IR E D DO H B MR BN 5 IR R i

TAED RbWE B PS RINHFIT, RERTR b E
SRR R HE A B S P

L D kDT SRR R B A BUGS 8 2
L PR 2

VDI R BBOE  FUHAE IPS AR

L F2 Wl RW JFEwA

(embryonic stem cells : ES ffifi) % > 7 M MR IA
B Z AT 3. 56103, SR~ N3 PSHllz
Avi-BEEROBE L, PRI HEES T EIRT 5
AAIZDNTHAR B,

ALS IZH T B BF0ORMEAEMED) V-

ALS l2 817 2 I MARDT 1, ES M-S iPS Ml
& o T ZREMERHENE O SE IR I 13, (RMERifE & Ao
TR AT L T, 2oty v —2 L L
TUE, FERER 2 v = — FREERE I X D 15 5 7SRRI
AT % o 7 BRBARAED ©, & o R B
BIEPRLEL 2o fThbhid, ZeEDHERELRT VK
HAESEO R IR o2,

Kz, BRhRMER ML (mesenchymal stem cells :
MSC) DISFBFEFT LT %, 8% MSC 1%, EHio ol
AR OB & 1058 L 72 BREE 2 2t 2 REhme ncw
%3, Notch BEFEA &AMEFMIEERT - 74 L2
2y v (f#lEAN cAMP ERER) offAIc X b, IRIESL
ZHEZ T 90~96% &\ ) ERNF TR ETERMEIC

g

o P RgE

AEMRE ) — A EFDIE D

FOEL

L&
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HWHETH B I EWREINTWEY, ZL T 2hOME
TeURALSETILICE b MSC 2B L, EFHMERE
7 EEHEITRR I N TV BY, EET T, HKGRE
LTMSC 2EHNEATZHRBMENA ) 7Y - £ R
FINO R EpoWEINTED, PEFIOE 1 HBET
WFREWEE, —HOREMT ALS K2 a 7 EBEloES
BOTRS, Lo L, MR 2B MRI TIXREE DRZE
PR ON D ERMINLBIEZLEL LT3, KEE
SRR O B R AR R AR 7 — & X — A (http/
clinicaltrials.gov/) Tix, AA »(NCT01254539) & £ A
7 L)V (NCTO01051882) T b FKE D ERIKRBSETH TH
5,

Xz, FAZINDMMEY Y —2 L LT, Bk
Jifl (olfactory ensheathing cells : OEC) 23dH T o 5. Bk
TOHFITHEREA LT 2 BRI D & SRS A BE ¢ H
D, Schwann MDD & ) ICHEOHLEIT> T3,
OEC DR E LT, RMHED Ak o T hRMRERICE
LTS BT, - BEREA B 2 08T v FEBERE T
FTLTRENTWED, FECIE, BEREREED OEC %
PRI B L 724 — 7 v 5 ~OLEERY - ZEERA
B cREE LIEROBEIHE SN, LrL, ks
E ol < OEC BHIER 22 7.4 7 v ¥ ADBHHE
FclE, BEIcZ L EE L EIERG (28725 KA
2 OMET L PEEEIRINEE) b H 0, EIRNZERER X
WELTWBY  Zo—EHOEKMETIX, FEBEEOR
B D AR 5 &\ ) BREHIED 7Y 3 —F iR RERE
BHoLHBESH S, ALS TREBFHIREICED I
503, IRBISIRZICNT BIRERIR 2 LR 2K C ]
Z5HWT, ALS =7 AEFNVICHT % OEC DETIKE
WL A SN, RENLEVSEDEDREINTED,
SHOFKBRIPFEIN B WY,

BRIz A b, KETIZ Emory K% & Neuralstem #1723
Huls & 72 b BR VRERE B SRR AT & A W 2 ERPRIGBR DG
¥FoTw3, ZOEMBEEMESRMEIZ ALS OFLI 7%
RBEEMCH D TAEH =2 — 0 v 2&ir ) ST, M
BHEZEEABREL LEGAERATV 3500, filay
V=2 &tBd TR N 5 REIES.

MSC % OEC 7 & O MREE % Fvs 72 ALS HfEiE#E
&, BRBELSTRETH S L) FREREOL, MR
DI L WEE L S BEAL S INBERIR+a LB
RAS PR S, —5T, ZHtEsiiE (ES M - iPS
fi7z £) 226 @, BB &0 @O R LFHE
EORHICHRELTE DY, BRICHANDID MR H57E %

fLLTwn3,
ES fllfa 7z AU /= iR IR BiaE

t M EROREN L ERMETH 5 & b ES flfix
1998 £ 12RO TRTZ X D), AR Tld 2003 i) & Tt
VENTUSRBEEE Tt 7n—v @I nk, b
ES #ifgix 2 DR REL oo F F, (ZIFMBICHEE
ZREDIRT I EDTRETH D, DAHHAE - G - e
Ha7e D in vitro 2BV 2 o {LEFEEIEEOED 54T
ERS

ES M@ E T 2 LM s BAEEBE~OICH f I N
Tw7eds, WEEE - Z8 M 0oMR - EEESYhkREF
BREZPLELTHEZZREN—FLBEPo/, LI2L,
2010 FE I K E & M IE MM (US Food and Drug Adminis-
tration : FDA) 23 2 #l: 3 B D HFE % K, Geron #iz X
% ES g ko4 v o7 v F usiEiiig % v 2 itk
BREEREY L, ACT #hic X % ES flladisk ok tass
LREfRlE % RV 72 Stargardt i - ANERTE RS BEA M 1G85 3,
ThZFNE 1 HERERE LBz, £, Cali-
fornia Stem Cell #H23F BRI ZEME 1 BN 42 ES M
Nk O EB T A W BIAE % FDA B2,
2011 4 4 ABEERERCTH 5.

ES fHRRDERRISHICH 1T B ERES

ES MBI I E /2B I A 2 KR 2 F v 3 7
B, —EEOFEZBET 2 HICB VTR E R HENRIEDS
BRI TE A, ZopERMT 5L, single cell biopsy
& B e MEZRBKL v ES MBS E b g I 09,
BB ACT #EERIBRRIC1Z Z o %2 VT I e
ES Mg S T3,

Lo L2 o GENMER O EEI NI LELD
b, 2011 FEEFECARE L EU o—#HOEIZB W TIX, ES
HRREDERIRICHINEINICERS bt T i, X 5ic, B
B EIIR B & 72 2 72 DIEHRE S PRI Z 1, Basilixi-
mab - Tacrolimus - Mycophenolate mofetil 7z £ O Sy i)
BEOREHHALERD D B,

iPS #ifa & {EM L /=B4ER

v PRSI, L Fa g VAR Y —%
A>T ES MBI R EVEIE T CdH 5 Oct3/4 - Sox2 - KIf4 -
c-Myc ZBATB I T, [ FITEBICHEL, N -4 -4
REZNZNADEEN %R T 5 b b iPS MIHEATAE L
7o, Z20%b, X IR iPS S OBIIENZE O B
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