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Abstract

would be suitable for miRNA profiling.

frozen spinal cord from ALS patients.

disorders.

specimen, MicroRNA

Background: MicroRNAs (miRNAs) are noncoding small RNAs that regulate gene expression. This study investigated
whether formalin-fixed paraffin-embedded (FFPE) specimens from postmortem cases of neurodegenerative disorders

Results: Ten FFPE samples from 6 cases of amyotrophic lateral sclerosis (ALS) and 4 neurologically normal controls
were selected for miRNA analysis on the basis of the following criteria for RNA quality: () a postmortem interval of less
than 6 hours, (i) a formalin fixation time of less than 4 weeks, (i) an RNA vyield per sample of more than 500 ng, and
(iv) sufficient quality of the RNA agarose gel image. An overall RNA extraction success rate was 46.2%. For ALS, a total of
364 miRNAs were identified in the motor cortex, 91 being up-regulated and 233 down-regulated. Target genes were
predicted using miRNA bioinformatics software, and the data applied to ontology analysis. This indicated that one of
the miRNAs up-regulated in ALS (miR-338-3p) had already been identified in leukocytes, serum, cerebrospinal fluid and

Conclusion: Although analysis was possible for just under half of the specimens examined, we were able to show that
informative miRNA data can be derived from archived FFPE samples from postmortem cases of neurodegenerative

Keywords: AMBRA1, Amyotrophic lateral sclerosis, Autophagy, Bioinformatics, Formalin-fixed paraffin-embedded

Introduction

MicroRNAs (miRNAs) are small, single-stranded, non-
coding RNAs that regulate gene expression at the tran-
scriptional and translational levels in both plants and
animals [1]. A single miRNA may bind to as many as
200 target genes [2]. miRNAs are of great interest be-
cause they can regulate approximately 30% of human
genes [3] and have a huge impact on a wide range of
basic biological processes including developmental tim-
ing, cell death, cell proliferation, hematopoiesis and pat-
terning of the nervous system [4]. The implications of
miRNA network dysregulation have already been well
demonstrated in the field of cancer research, suggesting
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that miRNAs may be good biomarkers for cancer diag-
nosis and prognosis [5]. The role of miRNAs has also
been studied in neurodegenerative conditions such as
Alzheimers disease [6-22], Parkinsons disease [19,23-27],
Huntingtons disease [28-30], multiple system atrophy [31]
and amyotrophic lateral sclerosis (ALS) [19,32-36], post-
mortem frozen brain tissue having been employed in most
cases [6-22,26,28,30,31]. Several investigators have also an-
alyzed miRNAs from cerebrospinal fluid (CSF) [6,34,37],
peripheral blood [33,34,37-39] and skeletal muscle [32,35].

Although the yield, quality and integrity of RNA can
be reduced through cross-linking with proteins, enzyme
degradation as well as chemical degradation during the
fixation process [40-44], the expression of miRNAs in
formalin-fixed paraffin-embedded (FFPE) samples is
known to be well correlated with that in fresh frozen
samples [45]. Moreover, the expression of miRNAs is
preserved after routine fixation in formalin (up to 5 days)

? 2014 Wakabayashi et al; licensee BioMed Central. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (httpy//creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly credited. The Creative Commons Public Domain

Dedication waiver (http//creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article,

unless otherwise stated.
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and long-term storage in paraffin (up to 10 years) [45].
Therefore, FFPE samples have recently been used for
studies of miRNA in cancer [46-51]. However, the stabil-
ity and expression of miRNAs in FFPE specimens ob-
tained postmortem and fixed for longer time periods
(weeks or months) have not been investigated.

In the present study, we isolated RNAs from archived
FFPE brain specimens of postmortem cases of ALS and
neurologically normal controls. Although miRNA ana-
lysis was possible for only a minority of FFPE blocks, we
were able to show that informative data can be derived
from selected FFPE postmortem specimens of human
brain.

Materials and methods

Subjects

To investigate the effect of postmortem interval, forma-
lin fixation and storage period on the stability of RNA,
we selected 10 samples (Table 1) that had been obtained
at autopsy from 1 to 10 hours after death. The brains
from which the specimens had been obtained had been
immersed in 10% or 20% formalin or 10% phosphate-
buffered formalin for 3 16 weeks. After fixation, the
cerebrum had been cut into slices 10 mm thick in the
coronal plane. Samples had then been removed from
each slice and subjected to tissue processing (dehydra-
tion, clearing and impregnation) on an automated in-
strument (Tissue-Tek VIP 5 Jr., Sakura Finetek Japan,
Tokyo, Japan) that employed seven steps of 100% etha-
nol, three steps of xylene, and four steps of paraffin, with
8 hours at each step. The instrument was operated
under vacuum and heated to 37C for the ethanol and
xylene steps and 60C for the paraffin steps. After tissue
processing, each specimen had been embedded in paraf-
fin, and the paraffin blocks had been stored for 10 86
months at room temperature protected from air and
sunlight.

Page 2 of 11

On the basis of the criteria reported by Osawa et al.
[50], four criteria were adopted for establishing the suit-
ability of the samples for RNA analysis: (i) a postmortem
interval of less than 6 hours, (ii) a formalin fixation time
of less than 4 weeks, (iii) a total RNA vyield per sample
of more than 500 ng, and (iv) sufficient quality of the
RNA electrophoresis pattern.

We further evaluated an additional 16 samples (8 cases
of ALS and 8 cases of normal controls) for which the
postmortem interval had been less than 6 hours and the
formalin fixation time had been less than 4 weeks. Thus,
we evaluated a total of 26 samples. On this basis, 10
FFPE samples were selected for miRNA analysis, compris-
ing 6 cases of sporadic ALS and 4 neurologically normal
controls (Table 2). The FFPE specimens employed were
from the motor cortex of patients with ALS and normal
subjects. All the diagnoses had been confirmed by neuro-
pathological examination using immunohistochemistry
for TDP-43 and ubiquitin. This study was approved by
the Institutional Ethics Committee of Hirosaki University
Graduate School of Medicine, Japan.

RNA extraction

Two 5-um-thick sections were cut from each block and
placed in sterile 1.5-mL centrifuge tubes ready for ex-
traction. Tubes containing cut FFPE sections for RNA
purification were stored at —80C until use. Total RNA
including small RNAs was extracted using an Arcturus
Paradise PLUS FFPE RNA Isolation Kit (Life Technolo-
gies Corporation, Carlsbad, CA, USA) with the following
modifications. Paraffin was removed by xylene treatment
and the tissues were washed with ethanol twice to re-
move the xylene. The tissues were then treated with pro-
teinase K at 37C overnight, as proteinase K enables
extraction of almost the same amount of RNA from
FFPE specimens as from fresh frozen samples [52]. After
centrifugation, the supernatant was processed with a

Table 1 Summary of fixed paraffin-embedded samples used for RNA isolation

Sample no. Pathological Postmortem interval Fixation time Fixative Storage period Sample size RNA yield
diagnosis (hours) (weeks) (months) (mm) (ng)
1 ALS 1 4 20% F 24 30?40 3198
2 ALS 2 4 10% BF 49 30740 4178
3 ALS 9 8 20% F 56 30750 9
4 ALS 9 12 20% F 10 30750 601
5 ALS 9 16 20% F 86 25735 515
6 ALS 4 9 10% BF 24 20725 594
7 ALS 4 10 10% BF 12 20720 251
8 Control 4 4 10% F 38 30740 2769
9 Control 10 3 10% F 86 25740 1414
10 Control 10 4 10% F 64 30745 765

ALS, amyotrophic lateral sclerosis, F, formalin, BF, buffered formalin.
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Table 2 Characteristics of postmortem cases in microRNA study

Case no. Pathological Age/gender Disease duration Postmortem interval Fixation time Storage period
diagnosis (months) (hours) (weeks) {months)
1 ALS 68/M 12 1 4 24
2 ALS 60/M 108 2 4 49
3 ALS 59/M 36 9 8 56
4 ALS 75/M " 4 4 36
5 ALS 73/M 9 1.5 4 60
6 ALS 72/M 120 2 4 60
7 Control 67/F 4 4 38
8 Control 71/F 10 3 86
9 Control 84/M 10 4 64
10 Control 60/F 2 4 12

silica-based spin column (Toray Industries Inc., Tokyo,
Japan) in order to obtain purified total RNA. The de-
grees of RNA cross-linking and RNA degradation were
analyzed by agarose gel electrophoresis using an Agilent
2100 Bioanalyzer (Agilent Technologies, Santa Clara,
CA, USA). RNA vyield was determined from the Axso/A2s0
absorbance ratio using a NanoDrop ND-1000 spectropho-
tometer (Thermo Fisher Scientific, Waltham, MA, USA).

To assess the feasibility of analyzing RNA extracted
from FFPE samples, we applied the selection criteria for
RNA quality reported by Osawa et al. [50], as described
above. The RNA electrophoresis pattern was found to be
crucial for estimation of RNA quality. When the major-
ity of RNAs were >4000 nucleotides (nt) in size due to
cross-linking or when almost all of the RNAs were frag-
mented (e.g., <1000 nt), the RNA quality was considered
unsuitable for miRNA analysis.

miRNA expression profiling

Extracted samples of total RNA that satisfied our criteria
were labeled with Hy5 using a miRCURY LNA Array miR
labeling kit (Exiqon, Vedbaek, Denmark). The labeled
RNAs were then hybridized onto a 3D-Gene human
miRNA oligo chip (Toray Industries Inc.). The annotation
and oligonucleotide sequences of the probes conformed to
the miRBase miRNA database Release 17v1.0.0 (http://
www.mirbase.org/). After stringent washing, the fluores-
cent signals were scanned with a 3D-Gene Scanner (Toray
Industries Inc.) and analyzed using 3D-Gene Extraction
software (Toray Industries Inc.).

The raw data for each spot were normalized by sub-
traction of the mean intensity of the background signal
determined from the signal intensities of all blank spots
with 95% confidence intervals. Measurements for spots
with signal intensities greater than 2 standard deviations
(SD) of the background signal intensity were considered
to be valid. The relative level of expression for a given
miRNA was calculated by comparing the signal intensities

of the valid spots throughout the microarray experiments.
The normalized data were globally normalized per array,
adjusting the median of the signal intensity to 25.

Any signal intensity level over 50 was considered to be
significant. The signal was considered to be up-regulated
when log,X was increased by 0.1 or more (2log,X = +0.1)
compared with the control signal level, and down-
regulated when log,X was decreased by -0.1 or less
(glogyX = —0.1) compared with the control signal level.

miRNA targets and pathway analysis

Bioinformatics prediction of target genes and miRNA
binding sites was performed using miRmap web-based
open source software (http://mirmap.ezlab.org/) [53]. Ca-
nonical function and ontology analyses for candidate
miRNA targets were performed using MetaCore Func-
tional Analysis (ver.6.19, Thomson Reuter/GeneGo, http://
Isresearch.thomsonreuters.com/) which is an integrated
knowledge base and pathway analysis tool based on a
proprietary manually curated database of human protein
protein, protein DNA and protein compound interac-
tions, and metabolic and signaling pathways, all supported
by proprietary ontologies. Gene ontology enrichment ana-
lysis was also performed with Gene Ontology Consortium
(GOC) web tool (http://geneontology.org/) to confirm
standard GO term on the coincidences.

Immunohistochemistry

Since SOGAI (suppressor of glucose by autophagy) [54]
was identified as one of the candidate target genes of both
up-regulated and down-regulated miRNAs, we evaluated
the protein expression levels of autophagy-related genes
such as AMBRA1 [55], Beclin 1 [56], ULK1l [57] and
ULK2 [57] using immunohistochemistry. Serial 4-pm-
thick FFPE sections from the motor cortex and spinal cord
(7th cervical, 8th thoracic and 4th lumbar segments) of
ALS patients (n =13) were employed. We also examined
neurologically normal individuals (normal control) (n = 6)
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and patients with various neurological diseases affecting
the spinal anterior horn (diseased control) (n=6). Three
sections 40 pm apart were subjected to immunohisto-
chemistry using the avidin-biotin-peroxidase complex
method with a Vectastain ABC kit (Vector, Burlingame,
CA, USA). The sections were subjected to heat retrieval
using an autoclave for 10 min at 121C in 10 mM citrate
buffer (pH 6.0), and then immunostained with rabbit poly-
clonal antibodies against AMBRA1 (NOVUS USA, Little-
ton, CO, USA; 1:1000), Beclin 1 (NOVUS USA; 1:200),
ULK1 (Thermo Scientific, Rockford, IL, USA; 1:100) and
ULK2 (Thermo Scientific; 1:500). Diaminobenzidine was
used as the chromogen, and the sections were counter-
stained with hematoxylin.

Semi-quantitative analysis

Since AMBRA1 immunoreactivity was decreased in the
spinal anterior horn cells in ALS, we assessed the num-
ber of AMBRAI-immunoreactive neurons in the spinal
anterior horn of control subjects and patients with ALS
using a semi-quantitative rating scale, as reported previ-
ously [58]: -, unstained; +, weakly stained; ++, moder-
ately or intensely stained. In each case, the numbers of
neurons were counted in Rexeds laminae VIII and IX of
the lumbar spinal cord. Counting was performed at an
original magnification of x200 using an eyepiece grati-
cule and parallel sweeps of the microscope stage.

Statistical analysis

Calculations were performed using Statcel software (OMS
Publishing, Tokorozawa, Japan). Repeated measures ana-
lysis of variance and Students or Welchs ¢ test were used
to evaluate possible differences in staining intensity be-
tween normal controls, diseased controls and ALS. Values
were expressed as mean standard error of the mean.
Correlations at p < 0.05 were considered to be significant.

Results

Stability of RNA in postmortem samples

The RNA yield was not correlated with the period of
storage of FFPE blocks. However, the RNA yield was in-
fluenced by the period of formalin fixation (Table 1), be-
ing significantly higher in samples that had been fixed
for a short period (3 4 weeks; mean 2465 ng) than in
those that have been fixed for a long period (8 16
weeks; mean 574 ng) (p <0.05). The RNA yield did not
appear to be affected by the type of fixative employed.
Postmortem interval could be also relevant. Samples
with higher RNA vyield (samples 1, 2 and 8) were the
cases in whom postmortem interval was within 4 hours.
The rest with lower RNA vyield (samples 3 7, 9 and 10)
had a combination of longer postmortem interval (9 10
hours) and/or fixation (8 16 weeks). RNA integrity was
checked by electrophoresis, and a representative RNA

Page 4 of 11

agarose gel image is shown in Figure 1. A band of
5000 nt corresponding to 28S ribosomal RNA was
slightly shifted toward a higher molecular weight in all
cases, indicating overfixation with formalin and the pres-
ence of chemical modifications of the RNA such as co-
valently linked residual amino acids [59]. A band of
2000 nt corresponding to 18S ribosomal RNA was seen
in some cases (Figure 1), suggesting that the extracted
RNA was of good quality. These bands were not only
shifted, but also appeared more diffuse and less focused.
The bands of 100 200 nt corresponded to degraded
RNA, as reported previously [60]. On the basis of these

[nt]

4000

2000

I

1000

500
200

|

1

Figure 1 Effect of formalin fixation on RNA expression.
Representative RNA agarose gel image showing a band of 2000 nt
corresponding to 18S ribosomal RNA in lane 1. A faint band of 2000 nt
is also seen in lanes 2 and 3. Lane 1, sample 2; lane 2, sample 1; lane 3,
sample 8.
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initial analyses, we adopted four criteria to indicate that
RNA would be of sufficient quality for analysis, based on
Osawa et al. [50]: (i) a postmortem interval of less than
6 hours, (ii) a formalin fixation time of less than 4 weeks,
(iii) a total RNA yield per sample of more than 500 ng,
and (iv) a RNA electrophoresis pattern of good quality.

We evaluated an additional 16 samples (8 cases of
ALS and 8 cases of normal controls) for which the post-
mortem interval had been less than 6 hours and the for-
malin fixation time had been less than 4 weeks. The
RNA yield was more than 500 ng for 12 of these sam-
ples, and the RNA agarose gel image was of sufficient
quality in 4. As a result, we evaluated a total of 26 sam-
ples. The RNA yield was more than 500 ng in 20 of the
26 samples, and the RNA agarose gel image was of suffi-
cient quality in 12. Thus, the success rate for analysis of
RNA from FFPE samples of the human postmortem
brain was 46.2% (12 of 26).

Based on the above step, 10 cases were selected for
miRNA analysis; these included cases of sporadic ALS
(n = 6) and neurologically normal controls (n = 4) (Table 2).
In case 3, although the fixation time had been 8 weeks, it
was included in the present analysis, because the RNA
yield was more than 500 ng and the RNA agarose gel
image was of sufficient quality.

miRNA analysis and candidate target genes in ALS

A total of 364 miRNAs were isolated from the motor
cortex of patients with ALS. Forty miRNAs showed no
change (-0.1 <log,X < +0.1), and 91 were up-regulated
(logoX2 +0.1) and 233 were down-regulated (log,X< —
0.1) relative to the controls. Top 20 microRNAs up- or
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down-regulated in ALS are shown in Additional file 1:
Table S1. miR-494 was found to be the most highly dif-
ferentially up-regulated miRNA (+4.99-fold change),
followed in order by miR-4257, miR-24-3p, miR-4299,
and miR-1973 as the top 5 up-regulated miRNAs. On
the other hand, miR-4740-5p (+0.19-fold change), miR-
1290, miR-3619-3p, miR-1246, and miR-3180-3p were
the top 5 down-regulated miRNAs.

Scatter plot of all 364 miRNAs comparing signal in-
tensity versus log, fold-change of ALS/control ratio is
shown in Figure 2. We selected 6 up-regulated miRNAs
(miR-494, miR-4257, miR-24-3p, miR-4299, miR-1973
and miR-4485) and 8 down-regulated miRNAs (miR-
4740-5p, miR-1290, miR-3619-3p, miR-1246, miR-3180-
3p, miR-4648, miR-4716-3p and miR-663) in ALS. The
candidate target genes of the 6 up-regulated and 8
down-regulated miRNAs in ALS were identified using
miRmap web-based open source software.

Top 50 candidate target genes of each of the 6 up-
regulated miRNAs in ALS were selected according to
the miRmap score. Of the 300 target candidates identi-
fied for each of the 6 miRNAs, there was an overlap of
13 genes (Additional file 2: Table S2). These 13 genes
have been reported to be involved in muscular cell prolif-
eration (FOXK1 [61], MEF2D [62]), synaptic transmission
(ITSN1 [63], RAB3B [64], SLC6A5 [65]), mitochondrial
regulation (IBA57 [66], PPARGC1B [67]) and autophagy
(MEF2D [68], SOGA1 [54]). These genes may be down-
regulated by the 6 up-regulated miRNAs in affected brain
regions of ALS. In addition, miR-24-3p showed the most
matching frequency (7 overlapped in 50 targets) in up-
regulated miRNAs.
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Figure 2 Scatter plot of all 364 miRNAs comparing signal intensity (X-axis) versus log, fold-change of amyotrophic lateral sclerosis
(ALS)/control ratio (Y-axis). Based on the size of variation, 6 up-regulated and 8 down-regulated miRNAs were selected in ALS.
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Top 50 candidate target genes of each of the 8 down-
regulated miRNAs in ALS were also selected. Of the
400 target candidates identified for each of the 8 miR-
NAs, there was an overlap of 34 genes (Additional file 3:
Table S3). These 34 genes have been reported to play a
role in neurogenesis (ONECUT2 [69], KDM5A [70],
NATSL [71], NFIX [72]), mitochondrial regulation (IBA57
[66]) and autophagy (PRLA [73], SNCB [74], SOGA1
[54]). In addition, miR-3180-3p showed the most match-
ing frequency (14 overlapped in 50 targets) in down-
regulated miRNAs.

It is important to note that 3 genes (/BA57, RAB3B and
SOGA1I) were identified as candidate target genes of both
up-regulated and down-regulated miRNAs (Additional
file 2: Table S2, Additional file 3: Table S3). IBAS57 is
known to be involved in the biosynthesis of mitochon-
drial [4Fe-4S] proteins [66]. Mutation of IBA57 causes se-
vere myopathy and encephalopathy [66]. Rab3B is a
synaptic vesicle protein that interacts with the Rab3-
interacting molecule isoforms as effector proteins in a
GTP-dependent manner [64]. The search for an inhibitor
of autophagy in the adiponectin signaling pathway led to
the discovery of the Suppressor of Glucose from Autoph-
agy (SOGA) [54]. These findings suggest that mitochon-
drial regulation, synaptic transmission and autophagy
may be affected in ALS. Considering that the expression
level of up-regulated miRNAs is higher than that of
down-regulated miRNAs (Figure 2), these 3 genes may
be down-regulated in the motor cortex of ALS.

Gene ontology analysis of predicted target genes for
disease-specific miRNAs

A total of 300 candidates for 6 up-regulated miRNAs and
400 candidates for 8 down-regulated miRNAs were nomi-
nated as targets for gene ontology enrichment analysis
(biological process). Additional file 4: Table S4 (A, B)
shows top 10 GO terms with MetaCore analysis and
Additional file 4: Table S4 (C, D) shows top 10 GO terms
with GOC analysis for standard GO terms. Two GO ana-
lyses suggested essentially similar biological process in up-
regulated and down-regulated miRNA target genes.

The biological processes in ALS altered by these target
genes were shown to be related to protein transport,
synaptic vesicle-mediated transport, and localization for
up-regulated miRNAs and nervous system development
for down-regulated miRNAs, as shown in Additional file 4:
Table S4.

Decrease of AMBRA1 immunoreactivity in ALS

Since SOGAI was identified as one of the overlapped
target genes predicted by 6 up-regulated and 8 down-
regulated miRNAs, we hypothesized that alteration of
autophagy is involved in the disease process of ALS.
This may be supported by the findings that abnormal
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autophagy is involved in various neurodegenerative disor-
ders, including ALS [75-79]. Therefore, we evaluated the
protein expression levels of autophagy-related genes such
as AMBRA1 [55], Beclin 1 [56], ULK1 [57] and ULK2 [57]
by immunohistochemical examination of FFPE tissue.

In specimens from normal control subjects, anti-
AMBRAL antibody strongly immunolabeled the cyto-
plasm of upper and lower motor neurons in a diffuse
granular pattern (Figure 3A-C), consistent with a previ-
ous study [80]. In ALS, AMBRA1 immunoreactivity was
decreased in the majority of spinal anterior horn cells
(Figure 3D-F), but not in the motor cortex (data not
shown), in comparison with controls.

Semi-quantitative analysis of normal controls showed
that 30.2% of anterior horn cells were moderately or in-
tensely immunolabeled, 48.5% were weakly immunola-
beled, and 21.3% were unstained (Figure 4). Similarly, in
diseased controls, 20% of anterior horn cells were mod-
erately or intensely immunolabeled and 33.7% were
weakly immunolabeled (Figure 4). The differences in
staining intensity between normal and diseased controls
were not statistically significant. In ALS, a small propor-
tion of anterior horn cells (5.2%) showed moderate or
intense immunoreactivity, whereas the majority (83.5%)
were unstained (Figure 4). The differences in staining in-
tensity between normal control and ALS cases and be-
tween diseased control and ALS cases were significant.

Immunoreactivity for Beclin 1, ULK1 and ULK2 was
observed in the neuronal cytoplasm in normal controls.
No significant difference was found in the staining inten-
sity of these proteins between ALS and normal controls
(data not shown).

Discussion

It has been reported that the formalin fixation and paraf-
fin embedding process results in a marked reduction of
detectable mRNA [81]. This process causes enzymatic
degradation and chemical modification of RNA giving
rise to cross-links with proteins and making RNA ex-
traction difficult [52]. Therefore, a digestion step with
proteinase K is required to eliminate cross-links and fa-
cilitate RNA extraction from FFPE samples [52]. The
longer an RNA molecule is, the more likely cross-links
will remain after proteinase K digestion, hence small
RNA molecules will be easier to extract from FFPE sam-
ples and fragments larger than 200 nt will be harder to
recover from FFPE samples. In addition, electrophoretic
profiles of total RNA from frozen samples show three
characteristic peaks: 40 80 nt, 90 nt and 150 nt, prob-
ably corresponding to tRNAs, rRNAs and snoRNAs, re-
spectively. On the other hand, FFPE sample shows an
accumulation of RNA fragments smaller than 200 nt
[82]. These findings suggest that the amount of total
RNA that can be extracted from a FFPE tissue sample is
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Control ALS

Figure 3 AMBRA1 immunoreactivity in the anterior horn of the lumbar cord in 3 normal controls (A-C) and 3 cases of ALS (D-F).
AMBRA1 immunoreactivity is decreased in ALS relative to the controls. Bars = 100 pm.
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Figure 4 AMBRA1 immunoreactivity in anterior horn cells from normal and diseased controls and patients with ALS. The proportions of
neurons showing intense/moderate (++, black column), weak (+, gray column), or no immunostaining for AMBRAT (-, white column) relative to
the total number of neurons in the anterior horn are indicated.
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only a fraction of what can be extracted from its corre-
sponding frozen tissue [81].

Although the number of subjects was small, we dem-
onstrated for the first time that miRNAs extracted from
FFPE samples of postmortem brain tissue from patients
with neurodegenerative disorder (ALS) and neurologic-
ally normal controls were relatively well preserved; 12 of
26 samples (46.2%), for which the longest storage period
was more than 7 years, provided RNA of sufficient qual-
ity. Thus, miRNAs appear to be relatively stable in FFPE
samples, even those from postmortem specimens. It has
been suggested that miRNAs are too small to be de-
graded [83]. However, this hypothesis has not been sup-
ported by any reported data. It is now known that active,
mature miRNAs are processed and function via binding
to Argonaute family proteins [84,85]. These protein-
miRNA complexes may protect the functional popula-
tion of miRNA from degradation, especially during the
process of formalin fixation and storage in paraffin [49].
Peir-Chova et al. [82] have shown that the quantity of
miRNAs from FFPE samples was higher than that ob-
tained from frozen samples, since degradation of total
RNA can produce fragments in the small RNA size
range that could cause an overestimation in the propor-
tion of its small sized fragments.

ALS is characterized by loss of upper and lower motor
neurons. TDP-43 is now known to be a major compo-
nent of ubiquitinated inclusions in ALS and frontotem-
poral lobar degeneration with ubiquitinated inclusions
(FTLD-U, since renamed FTLD-TDP) [86,87]. Thus, these
neurodegenerative disorders comprise a new disease con-
cept: TDP-43 proteinopathy . Up- or down-regulated
miRNAs in ALS in the present study and previously re-
ported results are shown in Additional file 5: Table S5.
Williams et al. [36] compared miRNA expression in skel-
etal muscle of normal and ALS model mice (G93A-SOD1
transgenic mice) and demonstrated that miR-206, a skel-
etal muscle-specific miRNA in humans and mice, delays
disease progression in SOD1 transgenic mice. miR-206 is
up-regulated in the skeletal muscle of ALS patients [32].
Shioya et al. [19] studied the miRNA expression profile in
frozen samples of frontal cortex from three ALS patients
using microarray analysis and found that miR-29a, miR-
29b and miR-338-3p were up-regulated. Up-regulation of
miR-29b has also been reported in skeletal muscle of ALS
patients [35]. De Felice et al. [33] evaluated miRNA ex-
pression in leukocytes obtained from ALS patients and
healthy controls and demonstrated that miR-338-3p was
also up-regulated in ALS. Seven miRNAs (miR-451, miR-
1275, miR-328, miR-638, miR-149, miR-665 and miR-583)
were also down-regulated in ALS. Importantly, in our
present study, three miRNAs (miR-29a, miR-29b and
miR-338-3p) were also up-regulated and four miRNAs
(miR-328, miR-451, miR-638 and miR-665) were down-
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regulated in FFPE samples of the motor cortex in ALS. Re-
cently, De Felice et al. [34] further demonstrated that
miR-338-3p was over-expressed in leukocytes, serum, CSF
and frozen samples of spinal cord in patients with ALS,
and that miR-338-3p expression in leukocytes was corre-
lated with disease duration, suggesting that miR-338-3p
may be a relevant clinical biomarker of ALS. It is likely
that some miRNAs are systemically dysregulated in ALS
and that miRNAs remain stable even in FFPE postmortem
samples that have been stored for a long period.

We further demonstrated that AMBRAL was signifi-
cantly down-regulated in the lower motor neurons in
ALS. This is in line with the results of our miRNA ana-
lysis that AMBRA1 is most possibly regulated by miR-
24-3p according to miRmap prediction (the rank 1 in ca-
nonical miRNAs of miRmap score=97.37) and that
miR-24-3p is one of the highly up-regulated miRNAs in
ALS (Additional file 1: Table S1). AMBRA1 is widely
expressed in neurons in the normal mouse brain and is
localized to the endoplasmic reticulum, perinuclear cister-
nae and outer mitochondrial membrane [80]. AMBRA1
interacts with Beclin 1, promoting its binding to lipid kin-
ase Vps34, thus mediating autophagosome nucleation
[55]. AMBRAL is also known to be a Parkin-binding pro-
tein involved in mitophagy [88]. Abnormal autophagy is
involved in various neurodegenerative disorders, including
Alzheimers disease [75,76], Parkinsons disease [78], mul-
tiple system atrophy [79] and ALS [77]. A recent study has
shown that administration of rapamycin, an MTOR-
dependent autophagy activator, ameliorates neuronal de-
generation in FTLD-TDP model mice [89]. By contrast,
rapamycin also aggravates neuronal death in a mouse
model of ALS [90]. Thus, induction or repression of au-
tophagy should be taken into account when considering
novel therapeutic approaches for TDP-43 proteinopathy.

Conclusion

In conclusion, we have utilized FFPE brain samples from
postmortem cases of ALS and neurologically normal
controls and found that miRNAs extracted from these
samples were relatively well preserved. Although further
studies with a larger sample size are necessary, it is likely
that archived FFPE postmortem samples can be a valu-
able source for miRNA profiling in neurodegenerative
disorders.

Additional files

Additional file 1: Table S1. Top 20 microRNAs up- or down-regulated
in the motor cortex in ALS.

Additional file 2: Table S2. Predicted target genes for ALS-specific
up-regulated miRNAs identified by miRmap web-based open source
software.
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Additional file 3: Table S3. Predicted target genes for ALS-specific
down-regulated miRNAs identified by miRmap web-based open source
software,

Additional file 4: Table S4. Gene ontology enrichment analysis
(bilogical process) of predicted target genes for disease-specific miRNAs.

Additional file 5: Table S5. Summary of up- or down-regulated
miRNAs in ALS.
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Bunina bodies in motor and non-motor neurons
revisited: A pathological study of an ALS patient
after long-term survival on a respirator
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Bunina bodies (BBs) are small eosinophilic neuronal cyto-
plasmic inclusions (NCIs) found in the remaining lower
motor neurons (LMNs) of patients with sporadic amyo-
trophic lateral sclerosis (SALS), being a specific feature of
the cellular pathology. We examined a case of SALS,
unassociated with TDP-43 or C9ORF72 mutation, of 12
years duration in a 75-year-old man, who had received
artificial respiratory support for 9 years, and showed wide-
spread multisystem degeneration with TDP-43 pathology.
Interestingly, in this patient, many NCIs reminiscent of
BBs were observed in the oculomotor nucleus, medullary
reticular formation and cerebellar dentate nucleus. As
BBs in the cerebellar dentate nucleus have not been pre-
viously described, we performed ultrastructural and immu-
nohistochemical studies of these NCIs to gain further
insight into the nature of BBs. In each region, the
ultrastructural features of these NCIs were shown to be
identical to those of BBs previously described in LMNs.
These three regions and the relatively well preserved
sacral anterior horns (S1 and S2) and facial motor nucleus
were immunostained with antibodies against cystatin C
(CC) and TDP-43. Importantly, it was revealed that BBs
exhibiting immunoreactivity for CC were a feature of
LMN:s, but not of non-motor neurons, and that in the cer-
ebellar dentate nucleus, the ratio of neurons with BBs and
TDP-43 inclusions/neurons with BBs was significantly
lower than in other regions. These findings suggest that the
occurrence of BBs with CC immunoreactivity is intrinsi-
cally associated with the particular cellular properties of
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LMNSs, and that the mechanism responsible for the forma-
tion of BBs is distinct from that for TDP-43 inclusions.

Key words: amyotrophic lateral sclerosis, Bunina body,
cystatin C, non-motor neuron, TDP-43.

INTRODUCTION

Bunina bodies (BBs), which are small eosinophilic
neuronal cytoplasmic inclusions (NCIs), are considered to
be a specific feature of the cellular pathology in sporadic
amyotrophic lateral sclerosis (SALS). BBs are found in
lower motor neurons (LMNs) in the spinal cord and
brainstem;! Piao ef al. reported that they were observed in
88 (86.3%) of 102 cases of SALS.?2 However, BBs are very
rare in the brainstem and in sacral LMNs innervating the
striated muscles of the eye and the rectum and urethral
sphincter.*# Electron microscopy and immunohistochemi-
cal studies are important for identifying BBs in patients
with SALS: they consist of electron-dense amorphous
material often with inner clear areas containing cell orga-
nelles, such as filaments (neurofilaments) and vesicles,*?
and are immunoreactive for cystatin C (CC), a protein
inhibitor of lysosomal cysteine proteases.™

In SALS, NClIs indistinguishable from BBs may also
occur in non-motor neurons,' including those in the med-
ullary reticular formation.® The ultrastructural features
of such NCIs in non-motor neurons have been shown
to be identical to those of BBs seen in LMNs!
However, no reported studies have yet investigated the
immunoreactivity of BBs for CC or their relationship
to trans-activation response DNA protein 43 (TDP-43)
inclusions.

Recently, we encountered a patient with SALS who had
survived for a long period on respirator support. In this
patient, many small eosinophilic NCIs reminiscent of BBs,
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which were confirmed in the affected LMNs (described
below), were observed in the oculomotor nucleus, medul-
lary reticular formation and cerebellar dentate nucleus.
Therefore we performed ultrastructural and immuno-
histochemical studies of these NCIs to gain further
insight into the nature of BBs. Here we describe the
clinicopathological features of this patient with new obser-
vations on Bunina bodies.

CASE REPORT

The present study was conducted with approval from the
Institutional Review Board of the University of Niigata.
Written informed consent was obtained from the patient’s
family prior to these genetic studies of the TDP-43 and
C9ORF72 genes.

Clinical summary and pathological findings

A 63-year-old man became aware of muscle weakness in
the right hand, and over the next 2 years, the muscle
weakness extended to all of his extremities. On examina-
tion, fasciculation was evident in the tongue and deep
tendon reflexes were increased; on this basis he was diag-
nosed as having ALS. About 3 years after onset, at the
age of 66 years, he became bedridden with dysphagia
and dyspnea, necessitating tube feeding and artificial
respiratory support. Thereafter, ocular movement became
limited in all directions, making communication impos-
sible. The patient died of bronchopneumonia at the age of
75 years, about 12 years after disease onset. A general
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autopsy was performed 3 h after death, at which time
the brain weighed 830 g, showing marked frontotemporal
atrophy (frontal > temporal) (Fig. 1A).

The brain and spinal cord were fixed in 20% buffered
formalin and multiple tissue blocks were embedded in par-
affin. Histological examination was performed on 4-pum-
thick sections using several stains, including HE, KB and
Holzer. Selected sections were also immunostained with
antibodies against phosphorylated TDP-43 (pTDP-43)
(monoclonal, clone S409/410; Cosmo Bio, Tokyo, Japan;
1:3000, heat/autoclaving) and cystatin C (polyclonal, Dako,
Glostrup, Denmark; 1:3000).

The entire spinal cord was markedly atrophic (Fig. 1B)
and there was severe wasting in the anterior nerve roots.
Histopathological examination revealed that except for the
absence of Lewy body-like hyaline inclusions, the entire
pathological picture was very similar to that shown in a
case of SALS in a 71-year-old woman after long-term sur-
vival on a respirator, which we had previously reported.”
With regard to the motor neuron system, almost complete
loss of LMNs was observed in the spinal anterior horns at
the levels of the cervical, thoracic and lumbar segments.
The sacral anterior horns (S1 and S2), including Onuf’s
nucleus, contained a number of LMNs (Fig. 1C). In the
brainstem, almost complete loss of LMNs was evident in
the hypoglossal nucleus. The facial motor nucleus and ocu-
lomotor nucleus were relatively well preserved. BBs were
found in the remaining LMNs in the sacral anterior horns,
including Onuf’s nucleus and the facial motor nucleus
(Fig. 1D); immunostaining revealed that these BBs were

Fig. 1 Neuropathological findings in the brain and spinal cord. Sections stained by the KB method (B), HE (C,D,F) and immunostained
with antibodies against cystatin C (CC) (E) and phosphorylated trans-activation response DNA protein 43 (pTDP43) (G). (A) Marked
atrophy is evident in the frontal lobe, including the precentral gyrus. (B) The thoracic segment (T2), showing myelin pallor in the white
matter except for the posterior columns. (C) Loss of lower motor neurons (LMNSs) with gliosis is evident in the sacral (S1) anterior horn.
Note that Onuf’s nucleus contains a number of LMNs (lower). (D,E) Sequential staining of the same section, showing two facial motor
neurons with Bunina bodies (BBs) (D) positive for CC (E). (F) Severe neuronal loss with gliosis is evident in the motor cortex. (G) Here,
pTDP-43-positive neuronal cytoplasmic inclusions (NCIs) in layers II-III are shown. Scale bars = 1 mm for (B), 100 pm for (C,G), 20 um

for (D,E) and 200 um for (F).
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positive for CC (Fig. 1E). In the motor cortex, severe
neuronal loss was also evident and no Betz cells
were found (Fig. 1F); immunostaining revealed pTDP-43-
positive NCIs mainly in layers II-III and V-VI (Fig. 1G).
The histological findings are summarized in Table 1.
Diffuse loss of cerebellar Purkinje cells appeared to be
attributable to brain ischemia (Table 1).

Table 1 Pathological findings in the present case

Regions Loss of pTDP-43-
neuron positive NClIs
Cerebral cortex
Frontal +++ +++
Motor +++ +++
Parietal ++ +4++
Cingulate -+ bt
Insular 4+ +++
Entorhinal ++ ot
Hippocampus (DG/Sub) +H+++ ++H A+
Subcortical area
Amygdala ++ +++
Basal nucleus of Mynert + +
Caudate nuclei A+t +++++
Globus pallidus + +++
Thalamus (medial/lateral) [+ 4+
Subthalamic nucleus nd nd
Midbrain
Midbrain tectum et et
Reticular formation et oo
Oculomotor nucleus + +
Red nucleus + +
Substance nigra +++ +
Pons
Locus celreus ++ +
Reticular formation ++ +++
Facial nucleus (motor) + ++
Vestibular nucleus + +
Pontine nucleus + ++
Superior olivary nucleus - -
Medulla oblongata
Hypoglossal nucleus +4++ -
Dorsal vagal nucleus + ot
Reticular formation ++ ++
Nucleus ambiguus nd nd
Inferior olivary nucleus + +
Cerebellum
Purkinje cell +++ -
Granule cell ~ -
Dentate nucleus + ++
Spinal cord
Anterior horn +++ +
Intermediate lateral nucleus ++ ++
Clarke’s nucleus +++ -
Posterior horn ++ ++
Anterior olfactory nucleus ++ ++
Dorsal root ganglia + +

Loss of neurons: +, mild; ++, moderate; +++, severe. The numbers
of pTDP-43-positive neuronal cytoplasmic inclusions (NCIs) were
assessed using a semi-quantitative rating scale: —, absent or nearly
absent; +, sparse; ++, moderate; +++, numerous. Hippocampus: DG,
dentate gyrus (granule cells); Sub, subiculum. nd, not determined.

© 2014 Japanese Society of Neuropathology

TDP-43 mutation and CIORF72 repeat
expansion analyses

Genomic DNA was prepared from a frozen sample of
cerebral cortex from the patient, and then examinations for
TDP-43 mutation and C9ORF72 repeat expansion were
carried out as previously described;®” however, neither of
these features was found to be present.

Bunina bodies in motor and non-motor neurons

In addition, the occurrence of many eosinophilic NCIs
indistinguishable from BBs in the oculomotor nucleus,
medullary reticular formation and cerebellar dentate
nucleus was a feature of the present patient. Some repre-
sentative inclusions in the oculomotor nucleus and
medullary reticular formation were recycled for electron
microscopy, and small tissue blocks from the formalin-fixed
cerebellar dentate nucleus were also processed for ordi-
nary electron microscopy. All of the studied NClIs, 2-3 in
each region (Fig. 2A-C), were identified as BBs from their
characteristic ultrastructural features (Fig. 2D-F). In the
medullary reticular formation, the BB-containing neurons
were distributed more widely than previously recorded.®
We then investigated the presence or absence of CC
immunoreactivity in the BBs, as well as the correlation
between the occurrence of BBs and that of pTDP-43-
positive inclusions. Four-micrometer-thick paraffin sections
that contained the bilateral oculomotor nuclei and
medullary reticular formation, and unilateral cerebellar
dentate nucleus were prepared, and then stained with
HE, observed and photographed (Fig. 3A-C,G-I). They
were then destained in absolute ethanol and finally
immunostained for CC (Fig. 3D-F) or pTDP-43 (Fig. 3J-
L). For comparison, the bilateral sacral anterior horns (S1
and S2) and facial motor nuclei were also similarly exam-
ined. The degrees of cytoplasmic staining intensity for CC
were generally decreased in the LMNs containing BBs
(Fig. 1E,3D-F). pTDP-43-positive NCIs appeared as fine
to coarse granular (Fig. 3J), linear wisp-like, large irregular
(Fig. 3K) or small round-to-oval inclusions (Fig.3L);
the small round-to-oval inclusions were often observed in
neurons in the cerebellar dentate nucleus (Fig. 3L). In each
region, the ratio of neurons containing CC-positive BBs to
the total cell count of neurons containing BBs was calcu-
lated in one section. Similarly, the ratio of neurons contain-
ing both BBs and pTDP-43-positive inclusions to the total
cell count of neurons containing BBs was calculated in one
section. The results obtained are shown in Table 2.

DISCUSSION

Based on the distribution and severity of neuron loss and
TDP-43 inclusions, the present case was considered to be
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an additional example of SALS whose course had been
extended by artificial respiratory support, showing wide-
spread multisystem degeneration with TDP-43 pathology
(Table 1) (Nishihira ef al., Type 2;*° frontotemporal lobar
degeneration — TDP pathology, Type B!). We reviewed
seven cases in which artificial respiratory support had been
used (disease duration, >10 years; Type 1 = 5, Type 2 = 219
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Fig.2 Ultrastructural profiles of Bunina
bodies (BBs) in neurons from the oculomo-
tor nucleus (A), medullary reticular forma-
tion (B) and cerebellar dentate nucleus (C).
Two paraffin sections stained with HE (A,B)
and one Epon section stained with toluidine
blue (C). Electron microscopy shows that all
the BBs (A-C; arrowheads) have essentially
the same ultrastructural profiles, appearing
as electron-dense amorphous material with
inner clear areas, in which filamentous struc-
tures are evident (D-F). In a Bunina body
shown in (C), some of the filamentous struc-
tures can be identified as neurofilaments, or
short fragments of the rough endoplasmic

" reticulum (F). Scale bars =20 um for A-C
and 1 um for D-F.

Fig.3 Immunohistochemical profiles of
Bunina bodies (BBs) in neurons from the
oculomotor nucleus (A,G), medullary reticu-
lar formation (B,H) and cerebellar dentate
nucleus (CJI). Sequential staining of the
same sections with HE (A-C) and anti-
cystatin C (CC) antibody (D-F), as well as
with HE (G-I) and anti-phosphorylated
trans-activation response DNA protein
43 (pTDP43) antibody (J-L). (A-F) BBs
(arrowheads) seen in one lower motor
neuron (A) and two non-motor neurons
(B,C) are positive (D) and negative (E,F) for
CC, respectively. (G-L) In all of the neurons,
coexistence of BBs (arrowheads) and pTDP-
43-positive neuronal cytoplasmic inclusions
(NCIs) is evident; BBs themselves are nega-
tive for pTDP-43 (G,J; H,K; L,L). Arrow indi-
cates cytoplasm of a glial cell positive for
pTDP-43 (J). Scale bar = 20 um for (A-L).

and found no NCIs indistinguishable from BBs in the ocu-
lomotor nucleus, medullary reticular formation or cerebel-
lar dentate nucleus. In the case (disease duration = 8%
years) reported by Nishihira ez al.,” only one BB, which was
confirmed by electron microscopy of recycled material,
was found in the medullary reticular formation (data not
shown). Therefore, the present case, which lacked 7D P-43

© 2014 Japanese Society of Neuropathology



Bunina bodies in sporadic ALS

Table 2 Summary of pathological findings for Bunina bodies
(BBs)

Region Ratio Ratio
(cystatin C) (pTDP-43)
Sacral anterior horn 0.88 (7/8) 1.00 (5/5)
Facial motor nucleus 1.00 (8/8) 0.90 (9/10)
Oculomotor nucleus 1.00 (10/10) 1.00 (13/13)
Medullary reticular formation  0.17 (2%/12)"  0.77 (10/13)
Cerebellar dentate nucleus 0.00 (0/36)* 0.33 (12//36)'*

Ratio (cystatin C): neurons with cystatin C-positive BBs/neurons
with BBs; Ratio (pTDP-43): neurons with BBs and pTDP-43-
positive inclusions/neurons with BBs. *Regarded as weakly positive.
TP < 0.01 versus. sacral anterior horn, facial motor nucleus or oculo-
motor nucleus. TP < 0.05 versus sacral anterior horn, and P <0.01
versus facial motor nucleus, versus oculomotor nucleus or versus
medullary reticular formation. Statistical analyses were performed by
Ryan’s multiple comparison tests using R software (http:/www.r-
project.org/).

or C9OLF72 mutation, appeared to be very unusual in
terms of the occurrence of BBs even among cases of SALS
whose course had been extended by artificial respiratory
support.

At present, TDP-43 is widely recognized to be the
pathological protein in SALS.?* BBs have been reported
to be negative for TDP-43, which was also confirmed in
the present study using a monoclonal antibody against
pTDP-43. However, the presence of both BBs and TDP-
43-positive NCIs has also been shown to be a characteristic
feature of ALS with TDP-43 mutations,*? emphasizing
anew the significance of BBs as a specific feature of the
cellular pathology of ALS.

Importantly, the present case is the first reported
example in which the presence of BBs exhibiting
immunoreactivity for CC was a feature of LMNs, but not of
non-motor neurons (Table 2). At the ultrastructural level,
it is noteworthy that in LMNs, the electron-dense material
considered to represent BBs themselves is negative for
CC;*# it has been reported that CC immunoreactivity is
markedly decreased in the spinal LMNs in SALS, and that
the formation of TDP-43 inclusions, but not BBs, may be
linked to the CC content of these LMNs.”* Based on the
present findings, we consider that the occurrence of BBs
showing CC immunoreactivity is a phenomenon confined
almost exclusively to LMNs, and that this must be associ-
ated with the particular cellular properties that character-
ize the LMNs themselves.

The present case is also the first reported to have dem-
onstrated BBs in neurons in the cerebellar dentate nucleus.
It has been reported that there is a significant positive
correlation between the occurrence of BBs and that of
TDP-43 inclusions in spinal and brainstem LMNs.!"*!® This
also appears to be the case in the medullary reticular for-
mation (Table 2). However, the ratio (pTDP-43) was sig-
nificantly lower in the cerebellar dentate nucleus than in
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other regions (Table 2), indicating that the mechanism
responsible for the formation of BBs is distinct from that
for TDP-43 inclusions.

Finally, even though the present study involved only
a single case and revealed negativity for BBs, as in
other similar cases of SALS mentioned above, the results
obtained are of considerable interest. In conclusion, the
nature and origin of BBs still remain uncertain. When con-
sidering why LMNs are generally most vulnerable in ALS,
further studies on the formation of BBs in association with
the cellular molecular properties of LMNs are needed to
elucidate the pathomechanism underlying the disease.
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C90RF72 repeat-associated
non-ATG-translated polypeptides are
distributed independently of TDP-43 in a
Japanese patient with c9ALS

Hexanucleotide (GGGGCC) repeat expansion in a
noncoding region of C9ORF72 is the major genetic
cause of frontotemporal dementia and amyotrophic
lateral sclerosis (c9FTD/ALS) in the Caucasian popula-
tion [1], but it is very rare in the Japanese population,
possibly because of the difference in genetic background
[2,3]. TDP-43 pathology indistinguishable from that of
non-mutational ALS/FTLD-TDP has been observed in
c9FTD/ALS [4]. In addition, the presence of p62-,
ubiquitin- and ubiquilin-positive, and TDP-43-negative
inclusions in the cerebellar cortex and hippocampus has
been reported to be a unique and consistent feature in
Caucasian patients with c9FTD/ALS [5,6]. Recently, it
was demonstrated that these TDP-43-negative inclusions
are derived from aggregated dipeptide repeat (DPR) pro-
teins bidirectionally translated from the expanded repeat
in C90RF72 by repeat associated non-ATG (RAN) trans-
lation, and that such DPR protein pathology is widely
distributed in the central nervous system (CNS) [7,8].
However, it still remains unknown whether these distinct
neuropathological features are also reproduced in Japa-
nese patients with c9FTD/ALS. In the present study, we
performed an immunohistochemical analysis focusing
especially on DPR proteins in a Japanese patient with
C90RF72 repeat expansion (c9ALS) [2], who to our
knowledge represents the only autopsy case of this
genetic disease to have been reported in the Japanese
population so far.

The present study was conducted with approval from
the Institutional Review Board of Niigata University. The
clinical and pathological findings in this case have been
reported previously (case 4 [9]). Briefly, the patient had a
sibling who had also been diagnosed as having ALS. At the
age of 61, he noticed hand clumsiness, and progressively
developed bulbar palsy and limb weakness. He died 20
months after disease onset due to respiratory failure. He
had no clinical features suggestive of dementia. The pres-
ence of CIORF72 repeat expansion was confirmed by
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repeat-primed PCR using the frozen cerebellar tissue [2].
The accurate hexanucleotide repeat length was unknown,
because we could not perform Southern blot analysis due
to lack of the amount of genomic DNA. Histologically,
neuronal loss and gliosis were evident in the spinal ante-
rior horns, brainstem motor nuclei and motor cortex, as
well as degeneration in the anterior and lateral columns of
the spinal cord. Bunina bodies and ubiquitin-positive
skein-like inclusions were observed in the remaining lower
motor neurones. Neuronal and glial (oligodendrocytic)
cytoplasmic inclusions (NCIs and GCIs) recognized with
anti-TDP-43 (polyclonal, Protein Tec Group, Chicago, IL,
USA; 1:4000) were present in the lower motor nuclei and
motor cortex, and much less frequently in the subcortical
non-motor nuclei, such as the basal ganglia, whereas no
such NCIs or GCIs were observed in the cerebellar cortex
and hippocampus [9]. There were p62-positive and TDP-
43-negative NCIs in the cerebellar granule cells and in
the granule cells and pyramidal CA4-CA2 neurones
of the hippocampus; at that time, we failed to show
phosphorylated TDP-43 (pTDP-43)-positive NCIs in the
lower motor nuclei and motor cortex [2].

In the present study, we confirmed that NCIs and GCIs
recognized with a ‘polyclonal’ antibody against pTDP-43
(pS409/410; Cosmo Bio, Tokyo, Japan; 1: 1000) were
present with the same distribution pattern as that of
TDP-43 mentioned above (Figure 1a,c). Immunostaining
with an antibody against another RNA-binding protein,
RNA-binding motif 45 (RBM45) (polyclonal, Sigma-
Aldrich, St. Louis, MO, USA; 1:50), which has been
known to accumulate in inclusions in ALS [10], also
revealed a distribution of positive inclusions strikingly
similar to that of TDP-43-positive inclusions, although
such NCIs and GCIs were comparatively small in number.
The characteristic morphologies of NCIs and GCIs were
shared by both anti-TDP-43/anti-pTDP-43 and anti-
RBM45 (Figure 1a—d).

We generated polyclonal antibodies against putative
DPR proteins from the GGGGCC repeat by RAN transla-
tion [11]. Although immunostaining with three antibod-
ies against different polypeptides, poly Gly-Ala (GA), poly
Gly-Pro and poly Gly-Arg, arising from RAN translation
revealed similar DPR protein pathology, abundant positive
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Figure 1. Immunohistochemical study. (a—d) Skein-like cytoplasmic inclusions positive for phosphorylated TDP-43 (pTDP-43) (a) and
RBM45 (b) in the cervical anterior horn cells. C-like or fibrillary tangle-like glial cytoplasmic inclusions positive for pTDP-43 (c) and RBM45
(d) in the motor cortex. Note glial cytoplasmic inclusions indicated by arrows (c,d). (e-h) Numerous poly Gly-Ala (GA)-positive neuronal
cytoplasmic and intranuclear inclusions (arrowheads) are observed widely beyond the regions showing TDP-43-positive inclusions [(e)
hippocampal dentate gyrus, (f) temporal cortex, (g) cerebellar granular-Purkinje layer, (h) cerebellar molecular layer; also see Table 1]. A
Purkinje cell also contains a positive cytoplasmic inclusion (g). Punctate or linear inclusions in the neuropil of the cerebellar molecular layer
are also evident (h). (i) Here, an oligodendroglial cytoplasmic inclusion is shown in the precentral subcortical white matter. (j—m) In the
cerebellar granular layer, it is evident that GA-positive neuronal cytoplasmic inclusions (j) are also positive for ubiquilin (k), ubiquitin (I) and
p62 (m). Note GA-positive intranuclear inclusions indicated by arrowheads (j). Bars: 10 pm (a—m).

inclusions were recognized most clearly with anti-poly GA
(1:1000). The distribution pattern of DPR protein-positive
NCIs was apparently different from that of TDP-43-
positive NCIs, the latter being clearly associated with
neuronal loss in the lower and upper motor neurones
systems. DPR protein-positive NCIs were widely distrib-
uted in the brain (Figure le-h,j), with the highest fre-
quency in the hippocampal dentate gyrus (Figure le) and
cerebellar granular layer (Figure 1g,j), and were distrib-
uted almost evenly in the cerebral neocortex examined
(Figure 1f). DPR protein-positive GCIs were comparatively
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rare (Figure 1i), although TDP-43- and RBM45-positive
GClIs were observed frequently (Figure 1c,d). Neuronal
intranuclear inclusions were frequently associated with
anti-DPR proteins (Figure le,gh,j), but not with anti-
TDP-43. DPR protein-positive punctate or filamentous
structures were also encountered in the neuropil of the
cerebellar molecular layer (Figure 1h), which were never
recognized with anti-TDP-43, and only rarely with anti-
ubiquilin (monoclonal, clone 5F5, Abnova, Walnut, CA,
USA; 1:10 000). DPR protein-positive NCIs appeared
as irregular dot-like, granular or star-like inclusions
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