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Pathology of early- vs late-onset TTR
Met30 familial amyloid polyneuropathy

H. Koike, MD, PhD; K. Misu, MD, PhD; M. Sugiura, MD; M. Iijima, MD; K. Mori, MD, PhD;
M. Yamamoto, MD, PhD; N. Hattori, MD, PhD; E. Mukai, MD, PhD; Y. Ando, MD, PhD;
S. Ikeda, MD, PhD; and G. Sobue, MD, PhD

Abstract—Background: Late-onset type I familial amyloid polyneuropathy (FAP TTR Met30) cases unrelated to endemic
foci in Japan show clinical features setting them apart from early-onset cases in endemic foci. Objective: To compare
pathologic features between the early- and late-onset types. Methods: Pathologic findings in FAP TTR Met30 with onset
before age 50 in relation to endemic foci (11 cases) were compared with those in 11 later-onset caseg unrelated to endemic
foci. Results: Sural nerve biopsy specimens showed predominantly small-fiber loss in early-onset cases; variable fiber size
distribution, axonal sprouting, and relatively preserved unmyelinated fibers characterized late-onset cases. Autopsy cases
representing both groups showed amyloid deposition throughout the length of nerves and in sympathetic and sensory
ganglia, but amounts were greater in early-onset cases. Amyloid deposition and neuronal cell loss were greater in
sympathetic than dorsal root ganglia in early-onset cases; the opposite was true in late-onset cases. Size assessment of
remaining neurons in these ganglia suggested predominant loss of small neurons in early-onset cases but loss of neurons
of all sizes in late-onset cases. Transthyretin-positive, Congo red-negative amorphous material was more conspicuous in
nerves from late- than early-onset cases. In extraneural sites, amyloid was more conspicuous in thyroid and kidney from
early-onset cases and in heart and hypophysis from late-onset cases. In early-onset cases, cardiac amyloid deposition was
prominent in the atrium and subendocardium but was conspicuous throughout the myocardium in late-onset cases.
Conclusion: The pathology of early- and late-onset FAP TTR Met30 correlated well with differences in clinical findings.

NEUROLOGY 2004;63:129-138

Familial amyloid polyneuropathy type I (transthyre-
tin Met30-associated familial amyloid polyneurop-
athy; FAP TTR Met30), in which methionine is
substituted for valine at position 30 of transthyretin,
is the most common type of FAP in Japan as well as
in Western countries.»® In Japan, cases have been
particularly concentrated in two geographic areas:
the village of Ogawa in Nagano Prefecture on the
island of Honshu and the city of Arao in Kumamoto
Prefecture on the island of Kyushu.?+ Although there
are exceptions, typical cases of FAP TTR Met30 in
these two endemic foci are characterized by early age
at onset (second or third decade), a high penetrance
rate, marked autonomic dysfunction, selective loss of
superficial sensation including nociception and ther-
mal sensation, atrioventricular conduction block re-
quiring pacemaker implantation, steady progression
of disease over 10 to 15 years, and presence of antic-
ipation concerning age at onset.>4™11

In contrast to these early-onset FAP TTR Met30
cases in endemic foci, we have reported the presence
of a late-onset type of FAP TTR Met30 in a wide
distribution throughout Japan.®%12 Features of
these cases were distinct from those of early-onset
cases related to endemic foci. These differences in-

cluded onset at ages over 50 years, a low penetrance
rate, relatively mild autonomic dysfunction, loss of

- all sensory modalities rather than sensory dissocia-

tion, frequent presence of cardiomegaly, extreme
male preponderance, and absence of anticipation
concerning age at onset.®™%1? These geographic and
clinical differences were confirmed in a subsequent
nationwide survey.! Similar geographic and clinical
contrasts between early- and late-onset types of FAP
TTR Met30 have been reported in Portugal,'5!? al-
though not in the form of a large-scale comparative
study.

The reasons for contrasting features in early- and
late-onset FAP with the same mutation in the tran-
sthyretin gene have not yet been determined. In the
current study, we investigated pathologic features of
Japanese patients with early- and late-onset FAP
TTR Met30, secking explanations for the clinical
differences.

Patients and methods. Pathologic findings were compared be-
tween consecutive patients with early- and late-onset FAP TTR
Met30 who attended the Nagoya University Graduate School of
Medicine for sural nerve biopsy or autopsy from 1989 to 2003.
Inclusion eriteria for early-onset cases were FAP TTR Met30 with
an onget age under 50 years and a relationship to one of the two
Japanese endemie foei within the two most recent prior genera-
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Table 1 Background and clinical features of early- and late-onset FAP TTR Met30

Cardiac involvement

Age at Duration of Relationship
Case onget/ illness until to endemic Family Initial Sensory - Pacemaker Cause of
no. Sex death, y biopsy, ¥ foei history symptom dissociation Cardiomegaly implantation death
Early-onset group
1 F 28/35 - + A + - + Sudden death
2 F 3751 —_ + A + - + Poeumonia
3 M 24/41 3 + A + - - Prneumonia
4 M 35 25 + ND* W + - -
5 F 33 6 + + P - - +
6 M 35 3 + + P + + -
7 M 36 2 + + A + - -
8 M 40 1 + + P + - -
9 M 28 1 + + P + - -
10 F 34 2 + ND* A + - +
11 F 41 3 + + A - - +
Late-onset group
12 M 64/67 2 - - P - - Lung cancer
13 M 62/68 3 —- - P + - Heart failure
4 M 52/62 3 - - P - + - Heart failure
15 M 67 2 - + P - - -
16 M K 0.5 - - P, HF - + -
17 M 56 1 - - w - + -
18 M 61 3 - - P - + -
19 M 56 3 . - ~ P - + -
20 M 58 0.6 - - P - + -
21 M 60 1.256 - - A - + -
22 M 61 & - - PW - - -

Cardiomegaly was assessed at the time of first referral to the hospital. No patient belonged to the same kindred as another.

* Fathers of Cases 4 and 10 were from QOgawa Village but died of nonneurologic disease when the patients were children. Statistical
significance (early-vs late-onset group) was present in the items of sex (p < 0.05), age at onset (p < 0.0001), relationship to endemie
foci (p < 0.0001), family history (p < 0.0001), sensory dissociation (p < 0.01), cardiomegaly (p < 0.01), and pacemaker implantation
(p < 0.05). Statistical analyses were performed using the xZ test or the Mann—Whitney I test as appropriate.

FAP = familial amyloid polyneuropathy; + = present; — =
paresthesia in the legs; HF = heart failure; ND = not determined.

tions. For late-onset cages, inclusion ¢riteria were FAP TTR Met30
with an onset age over 50 years and no relationship to the en-
demic foci within the two most recent prior generations. To con-
firm the diagnosis of FAP TTR Met30, DNA analyses for mutation
of the transthyretin gene were performed in all patients as de-
seribed previously.4¢:5 Informed consent was obtained, and all
aspects of the study were approved by the Ethics Committee of
Nagoya University Graduate School of Medicine.

Of the 22 patients included, 11 were in the early-onset group
and the other 11 belonged to the late-onset group (table 1). No
patient in the study belonged fo the same kindred as another. Age
at onset in the early-onset group was 33.9 * 5.4 years and in the
late-onset group 61.3 * 6.7 years. Duration from onset of neurop-
athy to sural nerve biopsy was 2.6 * 1.5 years in the early-onset
group and 2.2 + 1.4 years in the Iate-onget group (no significant
difference). Duration from onset to death in autopsy cases was
12.7 + 5.1 years for early-onset disease but only 6.3 * 3.5 years in
late-onset cases. Clinical features in the two groups of patients
agreed well with previous descriptions32! In the early-onset
group, halif of the patients initially had autonomic symptoms, and
most patients manifested more profound impairment of superficial
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absent; A = autonomic symptoms; W = weakness in the lower legs; P =

than deep sensation {i.e., sensory dissociation). Pacemaker im-
plantation was required in five patients, and the apparent cause
of death in one case wasg sudden cardiac arrest. In the late-onset
group, on the other hand, most patients initially manifested par-
esthesias or weakness in the legs rather than autonomic symp-
toms. Sensory dissociation was infrequent, and most patients
manifested cardiac hypertrophy evident by chest radiegraphy or
echocardiography as opposed to atrioventricular conduction block
in the early-onset group.

Sural nerve biopsy was performed in nine of the early-onset
cases and all of the late-onset cases as described previously.1s%
Specimens were divided into two portions. The first was fixed in
2.5% glutaraldehyde in 0.125 M cacodylate buffer (pH 7.4). Most
of this part was embedded in epoxy resin for morphometric and
ultrastructural study. Density of myelinated fibers was assessed
in toluidine blue-stained semithin sections using a computer-
assisted image analyzer (Luzex FS; Nikon, Tokyo, Japan); densi-
ties of small and large myelinated fibers were calculated as
deseribed previously.**? Clusters of two or more small myelinated
fibers enclosed by one bhasement membrane were considered an
instance of axonal sprouting.®* For electron microscopic¢ study,



Table 2 Pathologic findings in sural nerve biopsy specimens

MF density, no s s;::::::ig Segmental de/ Axonal Amyloid
of MF, UMF density, remyelination, degeneration, deposition,
Case no. Large Small Total Smallflarge  no/mm? noJ/mm? % % %
Early onset i
3 0 0 0 —* 0 0 ND§ NDt ND
4 13 13 26 —* 0 0 NDt NDY 7
5 11 22 33 —* 0 216 8 26 1
6 23 0 23 —* 0 212 NDt - NDf 2
7 711 395 1,106 0.56 ¢ 431 5 21 i
8 2,700 1,449 4,149 0.54 9 2,370 10 17 0+
9 2,015 1,515 3,530 0.75 18 3,663 6 26 0+
10 1,090 427 1,517 0.39 6 844 3 9 4
11 1,659 287 1,896 0.14 10 861 ND ND 0+
Mean = SD 914 = 1,018 451+ 608 1,364 = 1,583 0.48 = 0.23 5§x7 993 + 1,305 6427 156 = 6.9
Controls,n =3 3,495 =179 5,172 + 528 8,666 + 665 148 £ 0.11 30,104 + 1,116 3765 0.4 =03
Late onset '
12 79 487 566 6.16 79 2,370 17 20 . 0+
13 619 B627 1,146 0.85 40 7,973 1 a7 0
14 329 1,172 1,501 3.56 184 10,990 8 14 0+
15 66 13 79 —* i 1,293 18 25 1
16 92 250 342 3.30 53 2,156 2 15 0+
17 461 1,831 2,292 3.97 250 7,111 13 27 1
18 ] 2,423 2,423 —* 224 4,310 6 19 1]
19 132 132 264 1.00 13 2,686 6 24 0+
20 514 356 869 0.69 26 1,795 4 37
21 1,304 1,212 2,516 0.93 106 14,438 -] 26 [
22 66 277 3438 4.20 40 431 NDt NDf 1
Mean = SD 333 = 386 789+ 776 1,122t 926 2.74+195 9283 7,308 * 5,417 82=x61 244380
Controls,n =4 2,891 + 251 4,995 =333 7,886 + 334 1.74 £ 0,22 29,748 * 3,687 95+62 19£19

Control values for each group were age matched. Statistical significance (early-vs late-onset group) was present in the items of small/
large (p < 0.05), axonal sprouting of MF (p < 0.01), and UMF density (p < 0.01). Statistical analyses were performed using the Mann—

Whitney U test.

* Populations of myelinated fibers were too small to determine the ratio.
+ Teased fibers could not be obtained owing to depletion of myelinated fibers.

MF = myelinated fiber; UMF = unmyelinated fiber; ND = not determined; 0+ = <0.5%.

epoxy resin-embedded specimens were cut into ultrathin trans-
verse sections and stained with uranyl acetate and lead citrate. To
assess the density of unmyelinated fibers, electron microscopic
photographs were taken at 2 magnification of 4,000 in a random
fashion to cover the area of ultrathin sections as described previ-
ously."1*2 Density of unmyelinated fibers was estimated from
these electron micrographs. The remainder of the glutaraldehyde-
fixed sample was processed for teased fiber study, in which micro-
scopic observations were classified according to criteria described
previously.171822 The second portion of the specimen was fixed in
10% formalin solution and embedded in paraffin, Sections were
cut by routine methods and stained with hematoxylin and eosin,
Congo red, the Kliver-Barrera method, and the Masson
trichrome method. Seven sural nerve specimens were obtained
from subjects with nonneurologic diseases at autopsy and exam-
ined in the same manner as age-matched control subjects (three
cases for early-onset group, age 39.0 * 7.8 years; four cases for
late-onsei group, age 62.3 = 7.9 years).

Autopsy was performed in three early-onset cases and three

late-onset cases. The nervous system including brain, spinal cord,
ventral and dorsal roots, dorsal root ganglia from L3 to L5, and
sympathetic ganglia was removed, as were the visceral organs.
Tissues were fixed in 10% formalin solution, embedded in paraf-
fin, cut, and stained as described for sural nerve specimens, In
two of the early-onset and one of the late-onset cases, the median
nerve from the axilla to the wrist and the sciatic/tibial nerve from
the upper thigh to above the medial malleolus alao were removed
and fixed in 0.05 M phosphate buffer (pH 7.4) containing 1.5%
glutaraldehyde and 3% formalin. After fixation, samples were
taken every 4 cm along the nerves, embedded in paraffin or epoxy
resin, cut, and stained as described for sural nerve specimens.
Portions of the ventral and dorsal spinal rots were also fixed and
processed in the same manner. Some of the quantitative aspects of
the peripheral nervous system findings in Cases 2 and 3 were
previously published.’ Some descriptive pathologic findings in the
peripheral nervous system in Cases 12 to 14 also were roughly
described previously.?

Numbers and diameters of sympathetic ganglion neurons and
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dorsal root ganglion neurons were assessed using the image ana-
lyzer (Luzex FS). One hundred serial 10-pm-thick transverse sec-
tions at the middle portion of ganglia were prepared. Every tenth
section was stained with the Kliiver-Barrera method. Neurons
showing obvious nucleoli in the sections were counted and mea-
sured to avoid split cell error. Number of neurons and area of
ganglia on each section were assessed to calculate the density
{neurons/mm?), Values of neuronal cell density were expressed as
means + SD for these sections. For neuronal cell diameters, all
neurons counted on 10 sections were measured. Values of neuro-
nal cell diameter were expressed as means = SD for these neu-
rons. Control values for numbers and diameters of sympathetic
and dorsal root ganglion neurons were obtained from four autopsy
cases involving death from nonneurologic diseases.

Amounts of interstitial amyloid deposited in the parenchyma of
various organs also were assessed using the Luzex FS analyzer.
The proportion of area occupied by amyloid in each organ was
determined as the extent of areas showing Congo red staining
with emerald-green birefringence in polarized light and expressed
as a percentage of the total transverse area. The proportion was
assessed as the mean value for randomly selected areas covering
at least 1 cm? of >10 sections. For nerve specimens, the propor-
tion of area showing amyloid deposition to total endoneurial area
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Figure 1. Representative postmortem
findings in the peripheral nervous sys-
tem. Amyloid deposits are identified by
anti-human transthyretin antibody (A
to E) or Congo red (F). (A, B) Dorsal
root ganglia from early- and late-onset
cases, respectively. (C, D) Sympathetic
ganglia from early- and late-onset
cases, respectively. In the dorsal root
ganglia and sympathetic ganglia, amy-
loid deposition and neuronal cell loss
are conspicuous in early-onset cases (A
and C), whereas these are less severe in
late-onset cases (B and D). Arrowheads
indicate remaining neurons. (E, F} Con-
secutive specimens of the proximal part
of sciatic nerve from a late-onset case.
Amorphous material showing staining
for transthyretin (E) but not with Congo
WA red (F) is present in the subperineurial
: space (arrowheads). Bar = 40 pm.
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was calculated. For the gastrointestinal traet, the proportion of
area with amyloid deposition was assessed in the lamina muscu-
laris mucosa.

Immunohistochemical assessment was performed with a per-
oxidase—antiperoxidase method using anti-human transthyretin
antibody (Santa Cruz, CA) in consecutive deparaffinized sections,

Quantitative data, presented as means * SD, were compared
with control values, Statistical analyses were performed using the
x* test or the Mann-Whitney U test as appropriate. Values of p of
<0.05 were considered to indicate significance.

Results. Pathologic findings in sural nerve specimens.
In the early-onset cases, the density of large myelinated
fibers was 914 + 1,018 fibers/'mm?® (26% of age-matched
normal control values) and that of small myelinated fibers
was 451 = 608 fibers/'mm?® (9% of age-matched normal
control values), shown in table 2. Small myelinated fibers
showed greater depletion than large myelinated fibers
when myelinated fibers were not severely depleted overall
(Cases 7 to 11), In late-onset cases, fiber size distribution
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Figure 2. Amounts of interstitial amyloid deposited in the
parenchyma of nervous system (A) and visceral organs (B).
Hatched columns indicate mean values of early-onset cases
(Cases 1 to 3), whereas filled columns indicate those of
late-onset cases (Cases 12 to 14). Whiskers represent SDs.
(A) Amyloid deposits in the nervous system are conspicu-
ous in early-onset cases; these are less severe in late-onset
cases. Amyloid deposition is more severe in sympathetic
than dorsal root ganglia in early-onset cases, whereas the
reverse pattern is seen in late-onset cases. (B) In early-
onset cases, amyloid deposition is more prominent in the
thyroid gland, gastrointestinal tract, pancreas, adrenal
gland, and kidney than in late-onset cases. Amyloid depo-
sition in early-onset cases is especially prominent in the
thyroid gland and kidney, where deposition is scarce in
late-onset cases. On the other hand, in late-onset cases,
deposition is greater in the heart and anterior lobe of the
hypophysis than in early-onset cases. Amyloid is scarce or
absent in both groups in the posterior lobe of the pituitary
gland, liver, and skeletal muscle.

of myelinated fibers, as indicated by the ratio of small to
large myelinated fibers, was variable. Six cases (12, 14, 16
to 18, and 22) showed relative preservation of small my-
elinated fibers, whereas five cases (13, 15, 19 to 21) showed
predominantly small-fiber loss as in early-onset cases. On
average, density of large myelinated fibers was 333 * 386
fibera/mm? (12% of age-matched normal control values)
and that of small myelinated fibers was 789 * 776 fibers/
mm? (16% of age-matched normal control values). Axonal
sprouting was scarce or absent in the early-onset group (5
+ 7/mm?) but was relatively conspicuous in the late-onset
group (92 + 88/mm?). Unmyelinated fibers were depleted
more severely in the early- than the late-onset group (993
+ 1,305 vs 7,308 * 5,417 fibers/mm? p = 0.008).

Amyloid deposition was scarce or absent in most cases
in both groups, but relatively conspicuous depogition was
observed in two of the early-onset cases (4 and 10). In both
groups, amyloid was found in the endoneurium, both with
and without relationship to small vessels.

Postmortem findings in the nervous system. Central
nervous parenchyma was essentially intact in both groups,
except that a small-cell carcinoma of the lung had metas-
tasized to the cerebellum in Case 12, as previously de-
scribed.2® In the spinal cord, motor neurons as well as
neurons in the Clarke columns were well preserved, and
minimal to moderate myelinated fiber loss was observed in
the posterior columns in both groups. Central chromatoly-
gis was observed in spinal motor neurons in both groups.
Amyloid deposits were not found in spinal cord paren-
chyma in any case.

In the dorsal root ganglia, amyloid deposits and neuro-
nal cell loss were conspicuous in early-onset cases; these
were less severe in late-onset cases (figures 1, A and B,
and 2A). The mean diameter of remaining dorsal root gan-
glion neurons was larger in early-onset cases as compared
with normal controls, suggesting predominant loss of small
nearons (table 3). Mean neuronal cell diameters in late-
onset cases were not notably different from those in nor-
mal controls, suggesting loss of neurons of all sizes. In the
sympathetic ganglia, amyloid deposition and neuronal cell
loss were very prominent in early-onset cases but less so in
late-onset cases (see figures 1, C and D, and 2A). Size-
selective neuronal cell loss was likely to be observed as in
dorsal root ganglia (see table 3). Amyloid deposition and
neuronal cell loss were more severe in sympathetic than
dorsal root ganglia in early-onset cases, Whereas the re-
verse pattern was seen in late-onset cases (see figure 2A
and table 3). In the ventral spinal root, amyloid depogition
was not apparent or only minimally present in both
groups; likewise, myelinated fiber loss also was mild or not
apparent in both groups. In the dorsal spinal root, amyloid
deposition and myelinated fiber loss were moderately con-
spicuous in all early-onset cases but absent or minimal in
late-onset cases. In sciatic and tibial nerves, amyloid depo-
sition was more prominent in early-onset cases than the
late-onset case (figure 3A). However, the late-onset case
showed considerable myelinated fiber loss despite relative
paucity of amyloid deposition (see figure 3B). In the me-
dian nerve, amyloid deposition also was more severe n
early-onset cases than in the late-onset case, whereas my-
elinated fiber loss was more severe in the late-onset case
than in early-onset cases. Amorphous material showing
staining for transthyretin but not with Congo red was
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Table 3 Neuronal cell loss and diameter in sympathetic and sensory ganglic

Dorsal root ganglia

Sympathetic ganglia

Neurenal cell

Diameter of neurons in

Neuronal ceil Diameter of neurons in

Case no. density, no./mm? dorsal root ganglia, pm density, no/mm? sympathetic ganglia, pm
Early-onset group
1 4009 54.3 + 8.6 42+32 243+ 3.8
2 19x12 53.7+ 8.8 ' 40*16 23.7 + 4.2
3 2.6 +1.0 56.0 = 9.0 16x14 245+ 33
Late-onset group ‘
12 75186 46.2 x 114 462+ 74 229 + 46
13 48+12 454+ 91 48+62 19.8 * 4.6
14 5.8+ 1.3 499*114 ND ND
Controls,n = 4 10.2 + 3.2 48.3 * 16.3 60.4 £ 6.6 200+ 42

Values of neuronal cell density were expressed as means * SD for densities on 10 sections as described in Patients and Methods. Val-
ues of neuronal cell diameter were expressed as means = SD for all neurons counted on 10 sections. Control values were obtained from

four autopsied cases.

ND = not determined.

abundant in the subperineurial space of the nerve trunk in
the late-onset case (see figure 1, E and F), being less plen-
tiful in early-onset cases.

Pathologic findings in visceral organs. In early-onset
cases, amyloid deposition was more prominent in the thy-
roid gland, gastrointestinal tract, pancreas, adrenal gland,
and kidney than in late-onset cases (figures 2B and 4).
Amyloid deposition in early-onset cases was especially
prominent in the thyroid gland and kidney, where deposi-
tion was scarce in late-onset cases, On the other hand, in
late-onset cases, deposition was greater in the heart and
the anterior pituitary lobe than in early-onset cases. Amy-
loid was scarce or absent in both groups in the posterior
lobe of the pituitary gland, liver, and skeletal muscle. The
heart weighed 420, 440, and 450 g in early-onset cases,
whereas in late-onset patients dying of heart failure, it
was 690 and 700 g. In a late-onset patient who died of lung
cancer and had relatively short clinical duration of amyleid
nevropathy, the heart weight was 380 g. In early-onsei
cases, cardiac amyloid deposition was prominent in the
atrium and the subendocardial region. In the myocardium,
amyloid was observed mainly in relation to walls of vessels,
particularly arterioles. In the subendocardial layer, myocar-
dial cells showed atrophy, degeneration, and eventual cell
loss, producing a histologie picture of amyloid rings (see fig-
ure 4A). Among late-onset cases, amyloid was prominent
throughout myocardium in two cases (13 and 14), whereas
amyloid rings or atrophy of the myocardium was not appar-
ent in any case (see figure 4B), The anterior lobe of the
hypophysis showed scarce or no amyloid deposition in early-
onset cases, but marked parenchymal deposition was ob-
served in late-onset cases (see figure 4, C and D).

Discussion. In this study, we compared pathologic
features of early-onset FAP TTR Met30 cases from
endemic foci with those of late-onset cases from non-
endemic areas. In anecdotal report of pathologic find-
ings in FAP TTR Met30 patients presenting beyond
age 50, the distribution of amyloid deposition dif-
fered slightly from findings in the current study. Dif-
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ferences may be attributable to inclusion of late-
onset cases from endemic foci in that report; these
patients show clinical features similar to early-onset
cases in endemic foci.” The current study demon-
strated that pathologic features of the two groups
differed, as has been shown for clinical features, 1
The characteristic finding in early-onset cases was
predominant loss of small fibers, including unmyeli-
nated fibers; this agrees with previous reports.?6?’
On the other hand, fiber loss patterns in our late-
onset cases were variable; half of the cases showed
predominantly small-fiber loss as in early-onset
cases, whereas others showed relative preservation
of small myelinated fibers. As a whole, the total
number of myelinated fibers was more severely re-
duced in late- than early-onset cases. This difference
correlated well with the prominent sensory dissocia-
tion noted in early-onset cases in contrast to impair-
ment of all modalities in late-onset cases.?$* The
finding that amyloid deposition and neuronal cell
loss were more severe in sympathetic than sensory
ganglia in early-onset cases—with the reverse pat-
tern seen in late-onset cases—also correlated with
the severity of autonomic symptoms.>”*'? Further-
more, preferential loss of small neurons in the sen-
sory ganglia in early-onset cases and loss of neurons
of all sizes in late-onset cases, as suggested by the
mean diameter of remaining neurons, corresponded
to clinical differences in sensory involvement. Amy- '
loid deposition and atrophy of myocardial cells in the
atrium and subendocardial layer of the myocardium,
where the cardiac conduction system is located, ex-
plains a more frequent occurrence of cardiac conduc-
tion abnormalities and need for pacemaker
implantation in early- than late-onset cases.®!' On
the other hand, diffuse deposition of amyloid with
ventricular wall thickening agrees well with fre-
quent observations of cardiac hypertrophy and occur-
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rence of heart failure in late-onset cases.” Thus,
differences in clinical features reported between
early- and late-onset FAP TTR Met30 corresponded
well to pathologic differences. '

A question remains as to why the severity and
distribution pattern of amyloid deposition differ be-
tween early- and late-onset cases. A longer interval
from onset of neuropathic symptoms to autopsy in
the early-onset group may explain some of the patho-

12345678910
Proxime - distal site

logic differences. The peripheral nervous system,
thyroid gland, gastrointestinal tract, pancreas, adre-
nal gland, and kidney showed more severe amyloid
deposition in the early-onset group, consistent with a
longer duration of illness. However, the heart and
hypophysis showed more prominent deposition in the
late-onset group, which had a shorter clinical disease
duration. The diffuse amyloid deposition observed in
the ventricular myocardium in late-onset cases is
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similar to that of senile cardiac amyloidosis with
deposition of normal transthyretin protein.?® Age-
related accumulation of amyloid in the interstitium
of the anterior lobe of the pituitary gland also has
been reported.?% These observations suggest that
age-dependent changes in the microenvironment of
interstitial tissues in various organs determine the
severity and distribution pattern of amyloid deposi-
tion in each group. For example, properties of extra-
cellular matrix components including proteoglycans
and glycosaminoglycans, which may become compo-
nents of amyloid,*? show organ-specific changes with
age.®®3 Interestingly, the posterior lobe of the hy-
pophysis, the liver, and skeletal muscle did not show
detectable amyloid deposition in cases with either
age at onset., Mechanisms of underlying organ-
specific, age-related amyloid deposition still need to
be elucidated, but age at onset itself may influence
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T T Figure 4. Representative pathologic

. findings in the visceral organs from
early-onset cases {left) and late-onset
cases (right). Amyloid deposits are iden-
tified by anti-human transthyretin anti-
body. (A, B) The heart. In the
subendocardial layer of an early-onset
case (A), myocardial cells show atrophy
and amyloid rings are present. In late-
onset cases, amyloid is prominent
throughout myocardium (B). Amyloid
rings or atrophy of the myocardium is
nof apparent as in (A). (C, D)) Anterior
lobe of the pituitary gland. Amyloid
deposition s scarce in early-onset casges
(C), whereas it is conspicuous in late-
onset cases (D). (E, F) The thyroid
gland. Amyloid deposition was espe-
cially prominent in early-onset cases
(E), but it was scarce in [ate-onset cases
(F), Bar = 40 um. ‘

some of the organ-specific amyloid deposition
patterns.

Another guestion remaining is why size depen-
dence of axonal and neurcnal cell loss differed be-
tween early- and late-onset cases. Even after taking
axonal sprouting into account, small myelinated and
unmyelinated fibers seemed relatively well pre-
served in many late-onset cases. Although the patho-
genesis of peripheral neurcpathy in amyloidosis has
not yet been clarified, possibilities might include is-
chemia from obliteration or dysfunction of small ves-
sels supplying nerves,* nerve fiber compression or
infiltration by amyloid deposits,?7 or toxic effects of
amyloid precursors.?®*° Experiments in animals as
well as human studies suggest that the nonfibrillar
form of transthyretin is present in tissues and exerts
cytotoxicity, including oxidative stress,* before the
congophilic fibrillar form of amyloid can be seen.’#



The concept that a nonfibrillar precursor of amyloid
can exert toxic effects can be extended to other
pathologic conditions where amyloid is considered
pathogenetically important, including Alzheimer
disease. 24 In our study, amyloid was not deposited in
late-onset cases until patients had become elderly, con-
sidering that amyloid deposition was scarce or absent
in sural nerve biopsy specimens. Accumulation of amy-
loid may progress rapidly once initiated. Abundant
nerve fiber regeneration despite scarce amyloid deposi-
tion was observed in most sural nerve biopsy speci-
mens from our late-onset cases, indicating that axons
had been degenerating long before amyloid deposition
occurred in these cases. At autopsy, less amyloid depo-
sition but severe myelinated fiber loss in nerve trunks
from a late-onset case in comparison with early-onset
cases support this view, Furthermore, amorphous ma-
terial staining with anti-transthyretin antibody but not
with Congo red, indicating presence of the nonfibrillar
amyloid precursor, was more abundant in the late-
onset case. Taken together, these observations support
cytotoxicity from nonfibrillar transthyretin affecting all
sizes of axons and neurons prior to deposition of congo-
philic amyloid in late-onset cases. In early-onset cases,
amyloid deposition was likely to have been severe even
in early stages, judging from amounts of amyloid ob-
served. Nerve fiber compression by amyloid deposits
could cause predominantly small-fiber loss, as previ-
ously suggested.? Differential duration of exposure to a
toxic amyloid precursor may result in pathologically
different modes of axonal and neuronal cell loss.
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Dotfin prevents cell death by reducing mitochondrial localizing
mutant superoxide dismutase 1 in a neuronal cell model of familial

amyotrophic lateral sclerosis
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Abstract

Dorfin is a RING-finger type ubiquitin ligase for mutant
superoxide dismutase 1 (SOD1) that enhances its degrada-
tion. Mutant SOD1s cause familial amyotrophic lateral scler-
osis (FALS) through the gain of unelucidated toxic properties.
We previcusly showed that the accumulation of mutant SOD1
in the mitochondria triggered the release of cytochrome ¢,
followed by the activation of the caspase cascade and
induction of neuronal cell death, In the present study, there-
fore, we investigated whether Dorfin can modulate the level of
mutant SOD1 in the mitochondria and subsequent caspase
activation. We showed that Dorfin significantly reduced the

amount of mutant SOD1 in the mitochondria, the release of
cytochrome ¢ and the activation of the following caspase
cascade, thereby preventing eventual neuronal cell death in a
neurcnal cell model of FALS. These resulls suggest that
reducing the accumulation of mutant SOD1 in the mitochon-
dria may be a new therapeutic strategy for mutant SOD1-
assoclated FALS, and that Dorfin may play a significant role in
this.

Keywords: amyoctrophic lateral sclerosis, Dorfin, mitochon-
dria, neuronal cell death, supsroxide dismutase 1, ubiquitin
ligase. ‘
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Amyotrophic lateral sclerosis (ALS) is a fatal neurodegen-
erative disease caused by selective death of motor neurons.
Approximately 10% of ALS cases are familial (FALS).
Missense mutations in the gene coding superoxide dismutase
1 (SOD1) are responsible for approximately 20%.of FALS
cases (Rosen et al. 1993; Hirano 1996) through the gain of
unelucidated toxic properties (Yim et al. 1996).

Many reports have documented that the mitochondria are
involved in the pathogenic process in mutant SOD1-associ-
ated FALS. Mitochondrial degeneration, including swelling,
dilatation and vacuolization, is an early characteristic patho-
logical feature of FALS and FALS transgenic (Tg) mice
models with SOD1 mutations (Dal Canto and Gumey 1994;
Wong ef al. 1995; Hirano 1996; Kong and Xu 1998; Jaarsma
et al. 2000; Higgins ef al. 2003). Recently, it was demon-
strated that SOD1, considered to be a cytosolic enzyme,
exists in the mitochondria (Sturz ef al. 2001; Okado-
Matsumoto and Fridovich 2001; Higgins et al. 2002), and
that the mitochondrial vacuoles in mutant SOD1 Tg mice
were lined with mutant SOD1 (Jaarsma et al. 2001; Higgins
et al. 2003). Many studies have suggested that the pro-
grammed cell death (PCD) pathway contributes to motor

neuron death in FALS (Durham et al. 1997; Martin 1999; Li
et al. 2000; Pasinelli ef ol. 2000; Guégan et al. 2001; Kriz
et al. 2002; Raoul ef al. 2002; Zhu et al. 2002). Moreovet,
we previously reported that accumulation of mutant SOD1 in
the mitochondria triggered the release of mitochondrial
cytochrome ¢, which subsequently activated the caspase
cascade and induced neuronal cell death (Takeuchi ef al.
2002a). Taken together, these results suggest that the
accumulation of mutant SOD1 in the mitochondria is critical
in the pathogenesis of mutant SODI1-associated FALS,
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Dorfin iz the product of a gene that we cloned from the
anterior hom tissue of the human spinal cord (Niwa et al.
2001); it contains a RING-finger/IBR motif (Niwa ef al.
2001) at its N-terminus. It was reported that a distinct
subclass of RING-finger/in-beiween RING-fingers (IBR)
motif-containing proteins represents a new ubiquitin ligase
(E3) family that interacts specifically with distinct ubiquitin-
conjugating enzymes (Moynihan et al. 1999; Axdley ef al.
2001). Dorfin is a juxtanuclearly focated E3 that ubiquity-
lates various SOD1 mutapts derived from patients with
FALS, and enhances the degradation of mutant SOD1 (Niwa
et al. 2002). Whether Dorfin can modulate the protein level
of mutant SOD1 in the mitochondria, and the subsequent
activation of the mitochondrial caspase cascade, is an
important and interesting question.

Here we show that Dorfin significantly reduced the
amount of mutant SOD! in mitochondria, the release of
cytochrome ¢ from mitochondria into the cytosol and the
subsequent activation of the caspase cascade, thereby
preventing the eventual neuronal cell death in a neuronal
cell model of FALS. These results suggest that reducing
mutant SODI1 in the mitochondria may be a useful strategy
for the treatment of mutant SOD1-associated FALS, and that
Dorfin might play a significant role in this.

Materlals and methods

Plasmids

Non-organelle-oriented plasmids expressing the enhanced green
fluorescent protein (EGFP)-tagged human SOD1 (wild type, mutant
G93A, and G85R) were described previously (Takeuchi et al.
2002ab), These vectors express SODI-EGFP fusion proteins
ubiquitously in each organelle {Takeuchi ef al. 2002a). They were
designated Cyto-WT, Cyto-G93A and Cyto-GB5R respectively.
Mitochondria-oriented ‘plasmids expressing EGFP-tagged human
SOD1 (wil dtype, mutant G93A and G85R) with mitochondrial
localizing signals were generated as described previously (Takeuchi
et al. 2002a). These vectors express SOD1-EGFP fusion proteins
mainly in the mitochondria (Takeuchi et al. 2002a). They were
designated Mito-WT, Mito-G93A and Mito-G85R respectively. The
plasmid pcDNA3.1/HisMax-Dorfin, which expresses Xpress-tagged
Dotfin, was also described previously (Niwa ef al. 2001). As a
control, we used pCMV-B vector expressing LacZ (Clontech, Palo
Alto, CA, USA). All constructs used here were confirmed by DNA
sequence analysis.

Ceil cuiture

Mouse peuroblastoma cell line Newro2a cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM) (Invitrogen Corp.,
Carlsbad, CA, USA)} supplemented with 10% fetal calf serum
(Invirogen Corp.} as described previously (Takeuchi ef al. 2002b).
They were cultured on Laboratory-Tec II four-well chamber slides
(Nalge Nunc Intemational, Rochester, NY, USA) coated with poly-
L-lysine (Sigma, St Louis, MO, USA). Transient expression of
SOD1 plasmids (0.1 pg of DNA/well) and pcDNA3.1/His
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Max-Dorfin or pCMV-p (0.3 pg of DNA/well) in Neuro2a cells
2x 10* cells/well} was accomplished with LipofectAMINE PLUS
reagent (Invitrogen Cotp.). After incubation for 3 h with transfec-
tion reagents, transfected cells were cultured in differentiation
medium (DMEM supplemented with 1% fetal calf serum and 20 pm
retinoic acid), To detect Xpress-Dorfin fusion protein, 0.5 um
proteasome inhibitor MG132 (Sigma) was added 16 h before
collection, as described previously (Niwa et al. 2001).

Cell fractionation

At each time point (0, 24 and 48 h) after transfection, cells were
collected and gently homogenized with a Dounce homogenizer in
cold buffer {250 mm sucrose, 10 mm Tris-HCl pH 7.5, 5 mm
MgCl;, 2 mm EDTA and protease inhibitor cocktail (Complete
Mini EDTA-frce; Roche Diagnostics, Basel, Switzerland)]. Cell
fractionation was performed as described previously (Takeuchi et al.
2002a). To verify the fractionation, each fraction was subjected to
western blotting for cytochrome ¢ oxidase (COX) as a mitochondrial
marker using anti-COX subunit IV mouse monoclonal antibody
(1 : 1000; Molecular Probes, Eugene, OR, USA), and B-actin as a
cytosolic marker using anti-B-actin mouse monocional antibody
(1 : 5000; Sigma).

Western blot analysis

The protein concentration was determined with a DC protein assay
kit (Bio-Rad Laboratories, Hercules, CA, USA) and western blotting
was done as described previously (Takeuchi ef al. 2002b). To
evaluate the level of mitochondrially localized SOD1-EGFP fusion
proteins, 20 pg protein from the mitochondrial fraction was loaded.
For analyzing the release of cytochrome ¢ from the mitochondria
into the cytosol, 20 pg protein from the mitochondrial fraction or the
cytosolic fraction was loaded.

To assess the levels of SOD1-EGFP fusion proteins, Xpress--
Dorfin fusion proteins and the activation of caspase-9 and caspase-3,
cells were collected at each time point (0, 24 and 48 h) after
transfection, and lysed in TNES buffer (50 mm Tris-HCI pH 7.5,
150 mM NaCl, 1% NP-40, 2 mM EDTA, 0.1% sodium dodecyl
sulfate and protease inhibitor cocktail) as described previously
(Takeuchi ef al. 2002a). For the analysis, 20 pg protein from the
total lysate was loaded.

The primary antibodies used wete as follows: anti-SOD1 rabbit
polyclonal antibody (1 :10 000; StressGen Biotechnologics,
Victoria, BC, Canada), anti-Xpress mouse monoclonal antibody
(1 : 5000; Invitrogen Corp.), anti-caspase-3 rabbit polyclonal
antibody and anti-caspase-9 rabbit polyclonal antibody (1 : 1000;
Cell Signaling, Beverly, MA, USA) and anti-cytochrome ¢ mouse
monoclonal antibody (1 : 1000; Pharmingen, San Diego, CA,
USA). After overnight incubation with primary antibodies at 4°C,
each biot was probed with horseradish peroxidase-conjugated anti-
rabbit IgG and anti-mouse IgG (1 : 5000; Amersham Biosciences,
Piscataway, NJ, USA). Blots were then visualized with ECL Plus
westert blotting detection reagents (Amersham Biosciences). The
signal intensity was quantified by densitometry using NIH Image
1.63 software.

Immunocytochemisiry
At each time point (0, 24 and 48 h} after transfection, cells were
fixed with 4% paraformaldehyde for 30 min on ice and then
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permeabilized with 0.05% Triton X-100 at room temperature for
10 min. They were stained with the anti-Xpress mouse monoclo-
nal antibody (1 : 5000; Invirogen Corp.) at 4°C ovemnight. They
were subsequently stained with Alexa-568-conjugated secondary
antibedy (1 : 5000; Molecular Probes) at room temperature for
90 min. Then they were counterstained with 2 pg/mL TO-PRO-3
(Molecular Probes) at room temperature for 10 min, and
mounted in Gelvatol. A confocal laser scanning microscope
(MRC1024; Bio-Rad Laboratories) was used for the morpholo-
gical analysis.

Quantitative assessment of mitochondrial impairment and cell
death

To assess cell viability through mitochondrial impairment, we
used the 3-(4,5-dimethyl-thiazol-2yl)-5-(3-carboxymethoxyphenyl)-
2-(4-sulfophenyi)-2H-tetrazolium (MTS) assay with CellTiter 96
Aqueous one solution assay (Promega, Madison, WI, USA), as
described previously {Takeucht ef al. 2002a). At each time peint (0,

Fig. 1 Subcellular localization of SOD1-
EGFP and ¥press-Dorfin in Neurc2a cells.
(a-l) Confocal laser scanning microscopic
images at 48 h after translection. (m)
Fractionation analysis of Xpress-Dorfin
fusion protein. (a—c} Cyto-WT + Xpress-
Dorfin, (d-f) Cyto-G23A + Xpress-Dorfin,
{g-1) Cylo-G85R + Xpress-Dorfin; () Mito-
G93A + Xpress-Dorfin. SOD1-EGFP fusion
proteins (green; a, d and g) and Xpress-
Daorfin fusion proteins (red; b, e and h) were
abserved ubiquitously in the cells with Cyto-
SOD1 containing no organelle-ofiented
signals. SOD1-EGFP fusion proteins and
Xpress-Dorfin  fugion proteins  were
co-localized (yellow; ¢, f and i}. In contrast,
in the cells with Mito-SOD1, SOD1-EGFP
fusion proteins were observed in the mito-
chondria {green; j) and Xpress-Dorfin fusion
proteins (red; k) were observed mainly in
the cytoplasm. They were niot co-localized
in the cells with Mito-SOD1 ()). Cells were
counterstained with TO-PR(O-3  (blue).
Scale bars, 10 ym. Wastem blots also
revealed that Xpress-Dorfin fusion proteins
were abseni in the mitochondrial fraction
{m}.

24 and 48 h) after transfection, MTS assays were carried out in
six independent trials. Absorbance at 450 nm was measured in
a multiple plate reader as described previously (Ishigaki ef al.
2002).

Cell death was assessed by the dye exclusion method with
propidium iodide (PI; Molecular Probes) as described previously
(Takeuchi et al. 2002a). At each time point (0, 24 and 48 h} after
transfection, cells were incubated with 2 pg/mL PI in DMEM for
15 min at room temperature and rsounted in Gelvato]. More than
200 transfected cells in duplicate slides were assessed blindly in
three independent trials under a conventional fluorescent micro-
scope. The ratio of dead cells was calculated as a percentage of
Pl-positive cells among EGFP-positive cells.

Statistical analysis

All results were analyzed by two-way anova with Tukey-Kramer
post-hoe test, using Statview software version 5 (SAS Institute Inc.,
Cary, NC, USA).
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Dorfin reduces the leveis of total, cytosolic

and mitochondrial mutant SOD1

Confocal laser scanning microscopic images revealed that
expression of both non-organelle-oriented Cyto-SCD1
plasmid and pcDNA3.1/HisMax-Dorfin was diffusely pre-
sent in the cells. SODI-EGFP fusion proteins were
co-localized with Xpress-Dorfin fusion proteins (Figs 1a-i),
congistent with our previous study (Niwa ef al. 2002;
Takeuchi ef al. 2002a). In contrast, the expression of
mitochondria-oriented Mito-SOD! plasmid was observed in
the mitochondria, as in our previous report (Takeuchi et al.
~2002a), and was not co-localized with Xpress-Dorfin fusion
proteins (Figs 1j-1). Western blots also revealed that
Xpress-Dorfin fusion proteins were absent from the
mitochondrial fraction (Fig. 1m). At 48 h after transfection,
co-expression of Dorfin had reduced the total cell lysate
level of SOD1-EGFP fusion proteins expressed by Cyto-
G93A or Cyto-G85R by approximately 40%, whereas it
did not affect those expressed by Cyto-WT (Fig. 2). In
contrast, the amount of SODI1-EGFP fusion proteins
expressed by Mito-SOD1 did not show any reduction
even with co-expression of Dorfin (Fig. 2). In the cytosolic

Flg. 2 Level of total SOD1-EGFP fusion protein. {a) Levels of total
SOD1-EGFP fusion protein and Xpress-Dorfin fusion protein. (b)
Densitometric analysis of total SOD1-EGFP fusion protein expressed
as a ratio to actin. Dortin significantly reduced the level of total SOD1-
EGFP fusion profsin expressed by Cylo-G83A or Cylo-GS5R,
whereas it did nol reduce that expressed by Mito-SOD1. Values are
mean £ SD (n = 4). "p < 0.05 (two-way anova with Tukey-Kramer
post-hoc test). '
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fraction, co-expression of Dorfin also reduced the level of
SOD1-EGFP fusion proteins expressed by Cyto-G93A or
Cyto-G85R by approximately 40%, whercas it did not
affect those expressed by Cyto-WT (Fig.3). As we
described previously (Takeuchi ef al. 2002a), cells with
Mito-SOD1 showed very smail amounts of SOD1-EGFP
fusion proteins in the cytosolic fraction (Fig. 3). In the
mitochondrial fraction, co-expression of Dorfin also
reduced the level of SOD1-EGFP fusion proteins expressed
by Cyt0-G93A or Cyto-G85R by approximately 50%,
whereas it did not affect those expressed by Cyto-WT
(Fig. 4). This reduction in mitochondrial SOD1-EGFP was
observed from 24 h after transfection, earlier than that of
total or cytosolic SODI-EGFP. In contrast, in the cells
with Mito-SOD1, Dorfin did not reduce the amount of
mitochondrial SOD1-EGFP fusion proteins (Fig. 4). The
above results suggest that the mitochondrial accummiation
of mutant SOD1 without organelle-oriented sigunals might
be a result of mutant SOD1 in the cytosol, and we suggest
that Dorfin, a cytosolic E3, reduced the accumulation of
mutant SOD1 in the mitochondria by enhancing the
degradation of mutant SOD1 in the cytosol, not in the
mitochondria.

{a) Cyto Cyt Mito
WT  (GB3A GBS5R  WT GO3A GB5R

£ :
G

24h 48h 48h

(b)

t

nd
o

~

-

nd
o

Ratio of cytosolic SO01-EGFPlactin
b

Cyto Cyto Mito
24h 48h 48h

Fig. 3 Level of cytosolic SOD1-EGFP fusion protein. (a) Levels of
cytosolic SOD1-EGFP fusion protein. (b) Densitometric analysis of
cytosolic SOD1-EGFP fusion protein expressed as aratioto actin. Inthe
cytosolic fraction, Dorfin significantly reduced the levels of SOD1-EGFP
fusion protein expressed by Cyto-G93A or Cylo-GB85R. Mito-SOD1
showed very small amounts of SOD1-EGFP fusion proteins in the
cytosolic fraction. Values are mean + SD (n = 4). *p < 0.05 (two-way
anova with Tukey-Kramer post-hoc test).
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Fig. 4 Level of mitochondrial SOD1-EGFP fusion protein. (a) Levels
of mitochondrial SOD1-EGFP fusion protein. (b) Densitometric ana-
lysis of mitochondrial SOD1-EGFP fusion protein exprassed as a ratio
to COX. In the mitochondrial fraction, Dorfin significantly reduced the
|avel of SOD1-EGFP fusion protein expressed by Cyto-GB3A or Cyto-
GB5R, whereas it did not reduce that expressed by Mito-SOD1. Vak
ues are mean = SD (n = 4). *p < 0.05 (two-way anova with Tukey—
Kramer post-hoc test).

Dotfin protects neuronal cells from mutant SOD1-
mediated neurotexicity by reducing mitochondrial
mutant SOD1

As we demonstrated previously (Takeuchi et al. 2002a), the
cells with Cyto-G93A and Cyto-G85R underwent cell death
(Fig. 5a) and mitochondrial impairment (Fig. 5b), whereas
those with Cyto-WT did not. The cells with Mito-G93A
and Mito-GBSR exhibited significantly more cell death and
mitochondrial impairment than those with Cyto-G93A and
Cyto-G85R, whereas those with Mito-WT did not (Fig. 5).
Co-expression of Dorfin significantly ameliorated cell death and
mitochondrial impairment induced by Cyto-G93A and Cyto-
G85R (Fig. 5), as in our previous report (Niwa et al. 2002). In
contrast, Dorfin did not affect cell death and mitochondrial
impairment induced by Mito-SOD1 (Fig. 5), whose protein
level Dorfin did not reduce. These findings suggest that Dorfin
ameliorates mutant SOD1-mediated nevrotoxicity by reducing
the accumulation of mutant SOD1 in the mitochondria.

Dorfin reduces mitochondrial cytochrome c release

and sequential activation of caspase-9 and caspase-3

We next assessed whether Dorfin reduced the mitochondrial
death signal associated with the mutant SOD1-mediated
cytotoxicity. Western blots revealed that Cyto-G93A and
Cyto-G85R induced a gradual increase in the cytochrome ¢
released from the mitochondria into the cytosol, whereas
Cyto-WT did not (Fig. 6). The cells with Mito-G93A and

Dead colls %

® - . A—

Optical denaity at 430 nm

Cyto Cyto Mito
24h 48h 48h

Flg. 5 (a} Frequency of dead cells and (b) mitochondrial impaisment
analyzed by MTS assay. The celis with Mito-G83A and Mito-GBSR
exhibited a significantly higher level of celi death ard mitochondrial
impairment than those with Cyto-G93A and Cyto-G85R. Dorfin signi-
ficantly decreased cell death and mitochondrial impaimment induced by
Cyto-G93A and Cyto-GBER, whereas it did not affect those induced by
Mito-SOD1. Values are mean z SD (n = 6). “p < 0.05 (two-way ANOVA
with Tukey—Kramer post-hoc test).

Mito-G85R. also exhibited a higher level of cyto-
chrome ¢ release than those with Cyto-G93A and Cyto-
G85R, whereas those with Mito-WT did not (Fig. 6).
Co-expression of Dorfin significantly reduced the release of
cytochrome ¢ from the mitochondria into the cytosol
induced by Cyto-G93A and Cyto-GB5R (Fig. 6). In the
cells with Mito-G93A and Mito-G85R, howeves, Dorfin did
not reduce the cytochrome ¢ release from the mitochondria
into the cytosol (Fig. 6).

Next, we examined whether Dorfin affected the down-
stream signal cascade of the activation of caspase-9 and
caspase-3 following the release of mitochondrial cytochrome
¢. As we demonstrated previously (Takeuchi et al. 20022),
western blots revealed that Cyto-G93A and Cyto-G85R
induced gradual activation of caspase-9 and caspase-3,
whereas Cyto-WT did not (Figs 7 and 8). The cells with
Mito-G93A and Mito-G85R exhibited a higher level of
activation of caspase-9 and caspase-3 than those with Cyto-
G93A and Cyto-G85R, whereas those with Mito-WT did not
(Figs 7 and 8). Co-expression of Dorfin significantly reduced
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Fig. 8 Westem blot analysis of cytochrome crelease. (a) Time course
of mitochondrial cylochrome ¢ release into the cylosal. (b} Densito-
metric analysis of cytochrome ¢ release exprassed as a ratio to COX.
The cells with Miio-G93A and Mito-G85R exhibited significantly more
cyltochroma ¢ rolease than thase with Cyto-G93A and Cyto-GBSR.
Dorfin significantly reduced the amount of mitochondrial cytachrome ¢
released into the cytosol induced by Cyto-GS3A and Cyto-GSSR,
whereas it did not affect that induced by Mito-SOD1. Values are
mean + SD {n = 4). *p< 0.05 (two-way anova with Tukey-Kramer
post-hoe test).

the activation of caspase-9 and caspase-3 induced by Cyto-
G93A and Cyto-GR5R (Figs 7 and 8). However, Dotfin did
not reduce the activation of caspase-9 and caspase-3 induced
by Mito-G93A and Mito-G85R (Figs 7 and 8), as it did not
reduce the release of cytochrome ¢ induced by Mito-G93A
and Mito-G85R (Fig. 6). These findings combined with the
aforementioned observations suggest that the reduction in the
amount of mitochondrial mutant SOD1 due to Dorfin results
in attenuated activation of the mitochondrial PCD pathway
and prevents eventual cell death.

Discussion

In the present study, we first demonstrated that Dorfin, an E3
for mutant SOD1s, attenuated the activation of the mitoch-
ondrial PCD pathway and prevented eventual cell death in a
neuronal cell model of FALS by reducing the amount of
mufant SOD1 in the mitochondria. Dotfin reduced the levels
of both cytosolic and mitochondrial mutant SOD1-EGFP
fusion proteins that were expressed by Cyto-G93A and Cyto-
(385R without organelle-oriented signals, whereas Dorfin did
not affect the level of mutant SOD1-EGFP fusion protein that
was expressed by Mito-G93A and Mito-G85R with mitoch-
ondrial localizing signals. The reduction in the level of

Dorfin reduces mitochondrial mutant SOD1 69

(ﬂ) Cyto Cyto ity
WT. G93A GB5R

WT G934 G8SR  WT  G83a G85R

Fig. 7 Westem blot analysis of caspase-9 activation. (a} Time course
of the activation of caspase-9. (b) Densitometric analysis of caspase-9
activation. The ceils with Mito-G93A and Mito-G85R exhibitad signifi-
cantly more activation of caspase-9 than those with Cyto-G93A and
Cyto-G85R. Dorfin significantly reduced the activation of caspase-8
induced by Cylo-393A and Cylo-G85R, whereas it did not reduce that
induced by Mito-SOD1. Values are mean = SD (n=4). *p<0.05
(two-way anova with Tukey-Kramer post-hoc test).
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Flg. § Westorn blot analysis of caspase-3 activation. {a) Time course
of activation of caspase-3, (b} Densilometric analysis of caspase-3
activation. The tells with Mito-G93A and Mito-GA5R exhibited signifi-
cantly more activation of caspase-3 than those with Cyto-G93A and
Cyto-G8SR. Dorfin significantly reduced the activation of caspase-3
induced by Cylo-G93A and Cyto-G85R, whereas it did not reduce that
induced by Mito-SOD1. Values are mean + SD (n=4). *p < 0.05
(two-way anova with Tukey—Kramer post-hoc test).
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mitochondrial SOD1-EGFP was observed earlier than that of
total or cytosolic SOD1-EGFP. Moreover, Dorfin was present
in the cytosol, mot in the mitochondria. These findings
indicated that the mitochondral mutant SOD1 without
organelle-oriented signals (Cyto-G93A and Cyw-G85R)
might be translocated from the cytosol, and we suggest that
Dorfin reduces the mitochondrial accummulation of mutant
SODI1 by enhancing the degradation of mutant SODI in the
cytosol through the ubiquitin—proteasomal pathway, thereby
reducing the uptake of mutant SOD1 into the mitochondria.

Many reports have documented mitochondrial mvolve-
ment in ALS and FALS. Mitochondrial degeneration with
vacuolization or membrane disintegration in motor neurons
is one of the earliest pathological findings in FALS Tg mice
(Dal Canto and Gumey 1994; Wong ef al. 1995; Hirano
1996; Kong and Xu 1998; Jaarsma et al. 2000; Higgins et al.
2003). Moreover, mitochondrial dysfunction such as altered
calcium homeostasis (Cari ef al. 1997; Menzies et al.

2002b), decreased respiratory chain complex activity (Matt--

iazzi et al. 2002; Menzies ef al. 2002a), alteration of
mitochondria-related gene expression (Yoshihara et al.
2002) and an increase in reactive oxygen species (Beretta
et al. 2003) have been reported in in vitre and in vivo models
of FALS. Several studies have documented that SODI,
which has been considered a cytosolic enzyme, also exists in
the mitochondrial intermembrane space (Okado-Matsumota
and Fridovich 2001; Sturtz et ai. 2001; Higgins et al. 2002)
and that the mitochondrial vacuoles are lined with mutant
SOD1 in a FALS Tg mice model (Jaarsma et al. 2001;
Higgins ef al. 2003). Although the mitochondria-oriented
vector we used here is designed to localize proteins to the
mitochondrial matrix, we predict that SOD1-EGFP also
exists in the mitochondrial intermembrane space through the
process of its uptake into the mitochondrial matrix in our
model, although were not able to confirm this. Recent studies
also revealed that SOD! in the mitochondria originates from
the uptake of SOD1 in the cytosol (Sturtz et al. 2001;
Okado-Matsumoto and Fridovich 2002; Field et al. 2003).
At least our result provided enough evidence that Dorfin
interacts with mutant SOD1 in the cytosol, not in the
- mitochondria, Thus we suggest that Dorfin indirectly reduces
the mitochondrial accumulation of mutant SOD1 by reducing
the uptake of mutant SOD!1 into the mitochondria.

Previous studies demonstrated that the mitochondrial PCD

pathway, cytochrome ¢ release and subsequent caspase

activation, might contribute to the motor neuron cell death
in FALS (Durham ef al. 1997, Martin 1999; Li et al. 2000;
Pasinelli et al. 2000; Guégan et al. 2001; Kriz e al. 2002;
Zhu et al. 2002). Thus, inhibiting the activation of the
mitochondrial PCD pathway is potentially useful in the
treatment of FALS. Methods for this include inhibition
of cytochrome c release by minocycline (Zhu ef al. 2002;
Kriz et al. 2002), co-expression of bcl-2 (Lee et al. 2001)
or X-chromosome-linked inhibitor of apoptosis protein

(Ishigaki et al. 2002), and treatment with a broad caspase
inhibitor ZVAD-fimk (Pasinelli et al. 2000; Takeuchi ef al.
2002a) or a caspase-9 specific inhibitor zLEHD-fimk (Takeu-
chi et al. 2002a). In this study, we demonstrated that Dorfin
reduces the amount of mitochondrial mutant SOD1, attenu-
ates the activation of the mitochondrial PCD pathway and
prevents eventual neuronal cell death. It is therefore possible
that reducing the amount of mutant SOD1 in the mitochon-
dria may be adopted as a new therapeutic strategy for mutant
SOD!-associated FALS,

Recent studies have suggested that some E3s, including
Dorfin, act in a quality-control system to degrade cytosolic or
fransmembranous unfolded abnormal proteins (Moynihan
et al. 1999; Fang et al. 2001; Meacham ef al. 2001; Murata
et al. 2001; Yoshida et al. 2002). The mitochondria also
have a quality-control system that depends on mitochondria-
specific molecular chaperones and ATPases associated with
diverse cellular activities (AAA) proteases such as chapero-
nin 60 (Gottesman et al. 1997), mitochondrial heat-shock
protein 70 (Savel’ev ef al. 1998), and homologs of Lon,
Ymelp, CipP and ClpX (Wang et al. 1993; Suzuki et al.
1997; Langer 2000; Shah et al. 2000; Kang et al. 2002;
Rottgers ef al. 2003). A recent study documented that the
accumulation of unfolded abnormal proteins in the mito-
chondria itself up-regulated the nuclear gene expression
encoding mitochondrial-specific molecular chaperones (Zhao
et al. 2002). Even though the mitochondria are able to
dispose of abnormal proteins, they appear to have limited
capacity to do this. They also seem to release death signals
when abnormal proteins overflow their disposing capacity.

- Combination therapy such as Dorfin and mitochondria-

specific molecular chaperones or AAA proteases thus seems
more effective. Further investigations are needed to develop
this therapeutic avenue.

There remains the problem of how the mutant SGDI
induces the mitochondrial PCD pathway. One of our
previous studies revealed that bel-2 family pro-apoptotic
proteins, such as Bax, Bak, Bid, Bad and Bim, and other
mitochondrial death signals such as apoptosis-inducing
factor (AIF) and second mitochondria-derived activator of
caspase (Smac) were not involved in the neuronal cell death
in our model (Takeuchi ef al. 2002a). Other studies have
reported that translocation of Bax and cleavage of Bid were
associated with neuronal cell death in the FALS Tg mouse

- model (Guégan ez al. 2001; 2002), but there is a possibility
. that the surrounding environment of motor neurons such as

astrocytes, microglia or dying neurons might have been
affected in these models. Moreover, we have indicated that a
pon-apoptotic form of PCD might contribute to neuronal cell
death through the mitochondrial PCD pathway in our model
(Takeuchi ef al. 2002a). Another report also mentioned that a
pon-apoptotic type of PCD acting through the mitochondrial
PCD pathway might underlie mutant SOD1-related neuro-
toxicity (Guégan and Przedborski 2003). Further in vivo
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investigations are needed to shed light on the mechanism of
mutant SOD1-mediated neuronal cell death.

In this study we demonstrated that Dorfin, an E3 for
mutant SODIs, significantly reduced the level of mutant
SOD] in the mitochondria, attenuated the subsequent
activation of the mitochondrial PCD pathway and prevented
eventual neuronal cell death in a neuronal cell model of
FALS. Reducing the accumulation of mutant SOD1 in the
mitochondria may have an important place in the therapeutic
strategy for mutant SOD1-associated FALS, and Dorfin may
play a key role in this.
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