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Abstract

Hexanucleotide repeat expansions in C9orf72 are the most common genetic cause of amyotrophic
lateral sclerosis (C9 ALS). The main hypothesized pathogenic mechanisms are C9orf72
haploinsufficiency and/or toxicity from one or more of bi-directionally transcribed repeat RNAs
and their dipeptide repeat proteins (DPRs) poly-GP, poly-GA, poly-GR, poly-PR and poly-PA.
Recently, nuclear import and/or export defects especially caused by arginine-containing poly-GR
or poly-PR have been proposed as significant contributors to pathogenesis based on disease
models. We quantitatively studied and compared DPRs, nuclear pore proteins and C9orf72 protein
in clinically-related and clinically-unrelated regions of the central nervous system, and compared
them to phosphorylated TDP-43 (pTDP-43), the hallmark protein of ALS. Of the five DPRs, only
poly-GR was significantly abundant in clinically-related areas compared to unrelated areas
(p<0.001), and formed dendritic-like aggregates in the motor cortex that co-localized with
pTDP-43 (p<0.0001). While most poly-GR dendritic inclusions were pTDP-43-positive, only 4%
of pTDP-43 dendritic inclusions were poly-GR-positive. Staining for arginine-containing poly-GR
and poly-PR in nuclei of neurons produced signals that were not specific to C9 ALS. We could not
detect significant differences of nuclear markers RanGap, Lamin B1, and Importin 1 in C9 ALS,

TAddress correspondence: jravits@ucsd.edu.
Present address: Department of Pathology, Icahn School of Medicine at Mount Sinai, New York, 1 Gustave L. Levy Place Box 1194,
NY 10029, USA
Spresent address: Jackson Laboratory, 600 Main St, Bar Harbor, ME 04609, USA
Present address: NeuroPace, Inc., 455 N. Bernardo Ave, Mountain View, CA 94043, USA
Equal contributions



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Saberi et al. Page 2

although we observed subtle nuclear changes in ALS, both C9 and non-C9, compared to control.
The C90rf72 protein itself was diffusely expressed in cytoplasm of large neurons and glia, and
nearly 50% reduced, in both clinically-related frontal cortex and unrelated occipital cortex, but not
in cerebellum. In summary, sense-encoded poly-GR DPR was unique, and localized to neurites
and pTDP43 in motor regions of C9 ALS CNS. This is consistent with new emerging ideas about
TDP-43 functions in dendrites.
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Introduction

Hexanucleotide repeat expansions of GGGGCC in chromosome 9 open reading frame 72
(C90rf72) are the most common genetic cause of amyotrophic lateral sclerosis (ALS) and
frontotemporal dementia (FTD) [11, 41]. The repeat is bi-directionally transcribed and
translated through a repeat-associated non-AUG dependent (RAN) translation mechanism,
giving rise to sense and antisense RNA foci and five different sense- and antisense-encoded
dipeptide repeat proteins (DPRSs): poly-Gly-Ala (GA), poly-Gly-Arg (GR), poly-Pro-Arg
(PR), poly-Pro-Ala (PA), and poly-Gly-Pro (GP) (Fig. 1) [3, 14, 35, 36, 60]. The main
pathogenic mechanisms are likely to relate to a gain of toxicity from one or more of the
RNA or DPR products, or from C9orf72 protein haploinsufficiency. Of particular interest are
the arginine-containing DPRs poly-GR and poly-PR, which are positively charged,
hydrophilic, and have been reported to be active inside nuclei and are able to disturb phase
transition of proteins with low complexity domains [24] and impair nucleocytoplasmic
trafficking [22, 24, 26, 29, 56]. Several nuclear pore related proteins including RanGap,
Lamin B1, and Nup205 can enhance or protect against such neurotoxicity caused by the
repeat expansions in different disease models [13, 19, 57]. Models of loss of C9orf72
function in mice have mainly shown peripheral immune-related phenotypes, but no apparent
neurodegeneration [4, 7, 18, 21, 23, 39, 47], while gain of function models using cells [12,
22, 25, 33,42, 45, 52, 59, 60], yeast [19], flies [13, 34, 49, 54, 57], and mice [8, 18, 28, 38,
40, 44, 58] have indeed shown neurodegeneration. Currently, the most active debates in the
field relate to the contributions of haploinsufficiency, relative contributions to toxicity of
repeat expanded RNAs and their DPR protein products, toxicity of arginine-containing
DPRs, and contributions to toxicity from sense and antisense strands. The answers to these
questions are key to future therapy development, since gain of function mechanisms can be
targeted by antisense oligonucleotides (ASO), small molecules or therapeutic antibodies to
reduce toxic products, but these therapies might worsen disease if loss of C9orf72 function
is a significant contributor.

While cellular and animal models have enabled study of molecular mechanisms, it is critical
to study actual patient nervous systems. Several studies of human tissues of C9 ALS have
been performed. C9 ALS neuropathology is clearly in the spectrum of TDP-43
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proteinopathies [1, 5, 20]. C9orf72 haploinsufficiency is supported by evidence showing
decreased expression of C9orf72 mRNAs [15, 50] and abnormalities of C9orf72 protein [51,
53]. Aggregations of all five DPR proteins have been observed in C9 ALS nervous systems
[3, 14, 36, 60]. However, several studies have shown that TDP-43 pathology rather than
DPR pathology correlates to neurodegeneration [9, 30, 31, 45]. Neuropathological evidence
of intra-nuclear accumulation such as dot-like aggregates of arginine-containing poly-GR or
poly-PR DPRs that would support their nuclear toxicity has been controversial, with some
reports supporting their presence [32, 45, 52], and others suggesting non-specificity [9, 31,
36]. Using RanGap and Nup205, one study reported abnormalities that consisted of
discontinuous nuclear membranes and diffuse nuclear protein deposition consistent with
defective nuclear cytoplasmic transport [57]. Another group showed lack of nuclear
membrane staining of Importin 1 and Ran-GTPase as markers for nucleocytoplasmic
transport proteins in C9-ALS [53]. Neuropathological confirmation of these nuclear markers
has not been established.

To study these critical neuropathological aspects of C9 ALS, we systematically evaluated all
the main neuropathological proteins—C9orf72 protein, all five DPRs, and nuclear
membrane markers RanGap, Lamin B1, Importin f1, Ran-GTPase and Nup205—in our
short postmortem-interval ALS brain and spinal cord biorepository. We compared the
accumulation of these proteins to one other, compared clinically-related to unrelated
neuroanatomical regions, and compared them to pTDP-43, the signature protein in both C9
ALS and sporadic ALS (SALS). We find that of all the features, sense-encoded arginine-
containing poly-GR aggregates are uniquely correlated with disease and that this association
was especially apparent in neurites.

Materials and methods

CNS Tissues

Human tissues were obtained using a short-postmortem interval acquisition protocol that
followed HIPAA-compliant informed consent procedures and were approved by Institutional
Review Board (Benaroya Research Institute, Seattle, WA IRB# 10058 and University of
California San Diego, San Diego, CA IRB# 120056). The ALS tissues were from patients
who presented with ALS as their clinical phenotype, with or without FTD, and all had
progressed and died from their motor impairment. All C9-ALS cases showed mislocalization
of pTDP-43 in frontal and motor cortex and in the spinal anterior horn (Supplemental Table
1). We evaluated five C9 ALS cases (confirmation by repeat-primed PCR and Southern
blotting), three sporadic ALS (SALS) cases, and three non-neurological controls (Table 1).

CNS regions, cell types, and relationships to disease

In brain, we studied the following regions: frontal cortex, motor cortex, parietal cortex,
occipital cortex, retrosplenial granular cortex (RSGC), hippocampus, cerebellum, and
olfactory bulb. In spinal cord, we examined anterior and posterior horns and white matter
tracks at cervical, thoracic, and lumbosacral levels. We examined all layers of brain with
special attention to layer 5 of the motor cortex and its Betz cells, and all regions of the spinal
cord with special attention to Rexed lamina 1X in the anterior horn and its spinal motor
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neurons. Cell classification to neuron or glia was based on morphology. To classify a cell as
neuronal, at least three of the following four criteria were met: cytoplasm was large, there
was lipofuscin, nuclear diameter was greater than 10 um, and there was a single prominent
nucleolus. To classify a cell as glial, nuclei were small, cytoplasm was scant and compact,
and there was no lipofuscin and no prominent nucleolus. In our analysis, we regarded the
following regions as clinically-related: motor cortex, frontal cortex and anterior horn of
spinal cord; the following regions as clinically-unrelated: parietal cortex, occipital cortex
and posterior horn of spinal cord; and the following regions as of uncertain clinical
relationship: hippocampus, cerebellum, RSGC, and olfactory bulb.

Chromogenic in situ hybridization (CISH)

Transcription of C9orf72 leads to three separate transcripts that share homology in the 5°
region. Two of the transcripts, NM_18325.4 and NM_1256054.2 are significantly longer
[3261 base pairs (bp) and 3356 bp respectively] compared to the shorter isoform
NM_145005.5, which is 1957 bp and has a unique 3" untranslated region. The two longer
isoforms encode identical proteins (54.3 kDa) as they only differ in their 5° non-coding
region. The short isoform mRNA lacks multiple exons in the central and 3" coding regions,
and is predicted to encode a smaller protein (24.7 kDa). The 3" terminal exon of the short
isoform mRNA extends beyond a splice site resulting in a novel 3° UTR, compared to both
longer isoforms. Probes were designed choosing unique regions to specifically identify
either the long or short isoforms. To specifically target the short isoform, the novel 3° UTR
region from bp 859-1932 (NM_145005.5) was used allowing for the generation of 13 zz-
pairs for hybridization. For the longer isoforms, bp 774-2109 (NM_18325.4) was used as it
is shared between both of the longer isoforms and yielded 20 zz-pairs. Due to the shorter
sequence of the short isoform and thus the shorter number of zz-pairs, this probe was
expected to have a lower overall signal compared to the longer isoform.

Immunoblotting

For antibodies against DPR proteins, peptide antigens (C-Ahx-(GA)g-amide, C-Ahx-(GR)g-
amide, C-Ahx-(PR)g-amide, C-Ahx-(GP)g-amide and C-Ahx-(PA)g-amide) were used to
immunize rabbits. Antibodies specific for each DPR protein are herein annotated for Rb4333
as poly(GA), Rb4335 as poly(GP), Rb4996 as poly(GR), Rb15989 as poly(PA) and
Rb15986 as poly(PR). The specificity of these antibodies was tested by sodium dodecyl
sulfate (SDS) polyacrylamide gel electrophoresis and immunoblotting. Briefly, 100 ng of
recombinant GST-(GA)19, GST-(GR)1g, GST-(GP)19, GST-(PR)g and GST-(PA)4¢ proteins
were separated by 12% SDS-PAGE and were transferred to nitrocellulose membrane. While
it has been suggested that poly-GP translated by sense repeat-containing RNA may be
different from the one by antisense RNA with unique C-terminal peptides [60], we could not
distinguish between the two with our poly-GP antibody. For detecting C9orf72, human or
mouse tissues were homogenized in standard RIPA lysis buffer and 30ug of total protein
lysate was resolved on a 10% SDS-PAGE. Proteins were transferred to nitrocellulose
membranes and probed with antibodies against C9orf72 (Proteintech #22637-1-AP, 1:1000)
and GADPH (Millipore #CB1001, 1:1000). The membranes were washed in PBST and
blotted with primary antibodies. After the membrane was incubated with HRP conjugated
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secondary antibody, bands were visualized by the ECL plus Western Blotting Detection
System (Pierce).

Immunohistochemistry (IHC) and immunofluorescence (IF)

For IHC, we used formalin fixed paraffin embedded sections with 6 um thickness. On day 1,
sections were deparaffinized with Citrisolv (Fisher Scientific #04-355-121) and hydrated
with different dilutions of alcohol. Endogenous peroxidase activity was quenched with
0.06% H,0, for 15 minutes. Antigen retrieval was performed in a high pH solution (Vector
#H-3301) in a pressure cooker for 20 minutes at a temperature of 120°C. For each antibody,
we optimized antigen retrieval at pH=6 and pH=9, we chose the pH with stronger signal
and/or lower background. Following antigen retrieval, sections were blocked with 1% FBS
(Atlanta Biologicals #511150) and 0.1% Triton X-100 (Sigma #65H2616) in PBS for 25
minutes. The sections were incubated with primary antibodies overnight as follow: In-house
generated (please see description from immunoblotting) rabbit primary antibodies for DPRs
(poly-GA: 1/1000, poly-GP, poly-GR, poly-PR and poly-AP: 1/5000), RanGap (Santa Cruz
#sc-28322 1:500), Lamin B1 (Abcam #16048 1:500), Importin p1 (BD Biosciences #610559
1:50.), Ran-GTPase (BD Biosciences #610340 1:50), Nup205 (Novus #NBP1-91247 1:50),
and C9orf72 (Proteintech #66140-1-1g, 1:1000). On the second day, after 60-minute
incubation with secondary antibody (Immpress reagent kit, anti-Rabbit, \ector) in room
temperature, signals were detected using NovaRed (Vector #sk-4800) for 1 to 5 minutes.
Counterstaining was performed with hematoxylin (Fisher #HHS128).

For single IF of RanGap or co-IF of DPRs with pTDP-43 or RanGap, the protocol on first
day was identical to IHC except that the DPR primary antibodies were mixed with mouse
phospho-TDP-43 (Cosmo Bio #TIP-PTD-01, 1/5000) or mouse RanGap (Santa Cruz
#sc-28322, 1/500) for overnight incubation. On the second day, mixed donkey anti-rabbit
(Jackson Immuno Research, Alex Flow 488 #126601: 1/500) and donkey anti-mouse
(Jackson Immuno Research, Cy3 #125797: 1/500) secondary antibodies were added for 60
minutes in room temperature. After 10 minutes staining with DAPI (Life tech, #D21490) we
quenched CNS auto-fluorescence with 0.1% Sudan Black dissolved in 70% ethanol for 10—
30 seconds. Slides were cover-slipped using prolong Gold anti-fade mounting reagent (Life
tech, #1681269). For quenching of poly-GR antibody, a mixture of poly-GR antibody with
20 times more concentrated poly-GR1g recombinant protein was incubated for 2 hours in
room temperature before starting the same IHC protocol for DPRs.

Visualization and quantification

For IHC visualization, all slides were scanned with Hamamatsu Nanozoomer 2.0HT Slide
scanner. With the use of NDP. view 2 viewing software, scanned slides were evaluated at
40X magnification. We selected multiple random fields to have at least 100 neurons and
glial cells for each layer of selected areas. For Betz cells and neurons of anterior and
posterior horn of spinal cord we evaluated at least 20 neurons and determined the percentage
of neurons and glial cells that contain at least one cytoplasmic aggregate. For visualization
by IF, we used an inverted Olympus FVV1000 laser scanning confocal microscope. Maximum
projections of z-stacks were compiled using Fiji [43].
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For DPRs, we studied 5 C9 ALS, 3 SALS and 3 control nervous systems (Table 1). For each
case we evaluated at least 100 neurons of different layers of cortex, hippocampus,
cerebellum, and olfactory bulb, while for Betz cells of layer 5 of motor cortex and anterior
and posterior horn of spinal cord at least 20 neurons were evaluated per case. We examined
percent of neurons with aggregates and in addition devised a quasi-logarithmic scale from 0
to 6 to rate the abundance of DPRs aggregations to capture the harmonic range of
abnormalities: 0, no aggregation; 1, 0.1% to 1%; 2, 2% to 5%; 3, 6% to 10%; 4, 11% to
30%; 5, 31% to 60%; 6, more than 60%. For co-localization of pTDP-43 and DPRs, we
examined 5 C9 ALS, 3 SALS, and 3 controls and examined at least 10 dendritic and
perinuclear aggregations for each region, and calculated percentage of DPRs aggregations
that co-localized with pTDP-43.

For RanGap, Lamin B1, Importin B1, and Nup205, we studied 5 C9 ALS, 3 SALS, and 3
controls using IF and IHC. We randomly selected 50 neurons in layer 5 of motor cortex of
each case and all the remaining spinal motor neurons in lumbar spinal cord were evaluated
of each case. For RanGap and Lamin B1 we divided the pattern of staining into four
categories: ring (signals around the circumference), diffuse (uniform signal), folded
(displaying creases), and punctate (spotted around the nucleus). For RanGap, we also
evaluated nuclear shape as being normal (round or slightly oval shaped nuclei, with or
without diffuse RanGap), moderately abnormal (oval or elongated shape, with one or two
visible deep folds in it), or severely abnormal (misshapen or with very folded membrane).
For Importin p1, we divided the pattern of staining into three categories: smooth (diffuse
nuclear signal with absence of nucleolar staining), intermediate (some folding of nuclear
envelope visible, or with irregular borders), and irregular (no visible nuclear borders).
Nup205 appeared diffuse throughout the cytoplasm in all neurons and Ran-GTPase (using
the only commercially available antibody validated for human IHC) did not give signal and
therefore these could not be evaluated for nuclear signal.

For co-localization of poly-GR and RanGap, we counted 20 neurons containing poly-GR
and 20 neurons without poly-GR in layer 5 of motor cortex of each of 5 C9 ALS cases with
double IF to determine whether the presence of poly-GR staining correlated with the
expression pattern of RanGap.

For analysis of datasets with 2 variables, we employed a two-tailed Wilcoxon matched-pairs
signed rank test, a test for comparing non-parametric data. For analyses of datasets with 3 or
more variables, we employed the Kuskal-Wallis test (or one-way ANOVA on ranks), a non-
parametric method for testing two or more independent samples. Error bars are presented as
s.e.m.. All data analysis and graphing was performed using the GraphPad Prism version 6.00
for Windows (GraphPad Software, La Jolla, CA).
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Results

DPRs were distinctly seen in cytoplasm of neurons, but not in axons, glia or white matter

Inclusions of unconventionally translated DPRs from both sense (poly-GP, poly-GA, and
poly-GR) and antisense (poly-GP, poly-PA and poly-PR) strand RNA repeats are well-
known neuropathological hallmarks of C9 ALS [3, 9, 14, 30, 31, 36, 45, 60]. We assessed
the five unique DPRs in C9 ALS nervous system using DPR-specific antibodies (Fig. 2a and
Table 2). We observed three different morphologies of inclusions: (1) perinuclear
cytoplasmic aggregations that were star-shaped or amorphous (Fig. 2b, d—f), (2) dendritic
aggregations (Fig. 2¢), and (3) diffuse cytoplasmic staining (Fig. 2g). The aggregations
ranged in size from 1-20 um, and larger aggregates were generally seen in larger neurons.
Aggregations were 1-10 pm in cortex, 1-6 um in olfactory bulb, 6-8 um in spinal cord, and
up to 20 um in large neurons of hippocampus (Table 2). Most DPR aggregations were
perinuclear in location and star or amorphous in shape (Fig. 2b, d—f). Poly-GA, poly-GP and
poly-GR also had occasional dendritic aggregations. Dendritic aggregates from poly-GR
were only observed in motor cortex. Poly-GP and poly-GA had diffuse cytoplasmic staining
but these were rare. Poly-PA and poly-PR were rare (Fig. 2e-f).

In the brain, we found aggregations of all the DPRs and these were more abundant in layers
2-6, the layers with prominent neurons, than in layer 1, which mainly has glial cells and
neuronal fibers, or in subcortical white matter, which is comprised mainly of axons and glial
cells, especially oligodendrocytes (Supplemental Fig. 1a—e, and Supplemental Data). In the
olfactory bulb, we observed poly-GA and poly-GP but no other DPRs in all layers except
glomerular layer (Supplemental Fig. 1f). In the cerebellum, we observed all DPRs and we
found these in molecular, granular and Purkinje cells (Supplemental Fig. 1g). In
hippocampus, we observed all DPRs and we found them in layers with prominent neurons—
hilus, dentate granule, and pyramidal cell layers—but not elsewhere, where there are mainly
glial cells and neuron fibers (Supplemental Fig. 1h). In the spinal cord, by contrast, we saw
only few poly-GA, poly-GP, and poly-GR, and no poly-PA or poly-PR (Supplemental Data).
We observed these in neurons of both anterior and posterior horns, and did not observe them
in the tracts, which similar to subcortical white matter, are comprised mainly of axons and
glial cells, especially oligodendrocytes (Supplemental Fig. 1i).

Thus, DPRs were in neurons and grey matter, not in axons, glia, or white matter.

DPRs were widely distributed, but only poly-GR correlated to clinically-related regions and
had unique co-localization with pTDP-43 especially in neurites

To better understand the significance of DPRs in C9 ALS pathogenesis, we determined
whether there is correlation between DPR and regions of clinical involvement. As stated
above, we regarded motor cortex, frontal cortex and anterior horn of spinal cord as
clinically-related regions, and parietal cortex, occipital cortex and posterior horn of spinal
cord as clinically-unrelated regions. When we compared neuroanatomical distributions in
clinically-related regions to unrelated regions, only poly-GR was significantly more
abundant in areas related to disease (p-value<0.001) (Fig. 2h—I, Supplement Fig. 1k-I, and
Supplemental Data). We verified specificity of poly-GR aggregation detection by quenching
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antibody with recombinant GST-(GR);q proteins (Supplemental Figure 1j). The effect of
poly-GR was so robust in fact that when considering all DPRs together, there seemed to be
an overall significant difference (p-value=0.003), although all of the effect was attributable
to poly-GR alone. We verified such correlation between poly-GR and region of degeneration
by replicating the experiment on 3 different sections from the same regions in three different
IHC trials.

We further compared the correlation of DPRs and pTDP-43 by co-localizing poly-GR, poly-
GA and poly-GP with pTDP-43. The low abundance of poly-PR and poly-PA did not permit
similar analysis. We separately scored dendritic and perinuclear aggregations (Fig 2j—0). We
observed dendritic type poly-GR inclusions only in motor cortex of C9 ALS nervous
systems and, more strikingly, 22 of 26 dendritic type poly-GR inclusions co-localized with
pTDP-43 (Fig. 2p and Supplemental Table 2). By contrast, 0 of 20 dendritic type poly-GA
inclusions and 0 of 20 poly-GP dendritic inclusions co-localized with pTDP-43 (Fig. 2p).
We also found 17 of 100 perinuclear poly-GR inclusions co-localized with pTDP-43 in
motor cortex of C9 ALS nervous systems, and this compared to 1 of 100 poly-GA inclusions
and 5 of 60 inclusions poly-GP (Fig. 2q). Although most dendritic type poly-GR inclusions
co-localized with pTDP-43, only 4 of 100 dendritic pTDP-43 inclusions co-localized with
poly-GR (none of 100 involved poly-GA or poly-GP), showing the overall complexity of
TDP-43 proteinopathy in C9 ALS.

Therefore, poly-GR was localized in neurites and cytoplasm and was uniquely correlated
with disease in C9 ALS in terms of both neuroanatomical and cellular pathology.

Arginine-containing DPR immunoreactivity in nuclei was not disease-specific

In model systems, short arginine-containing DPRs were shown to be able to accumulate in
nucleoli and cause cell death by affecting RNA biogenesis [22] and protein translation [52].
Nuclear inclusions of the poly-GR and poly-PR in patient tissues have also been identified
[32, 45, 52], but disputed [9, 31, 36]. We specifically evaluated nuclear DPR pathology in
neurons in layer 5 of motor cortex and spinal motor neurons in Rexed lamina 1X of spinal
cord. Indeed, we detected signals from both poly-GR and poly-PR binding antibodies in
nuclei of C9 ALS nervous systems, but we also observed these in sporadic ALS and
controls, using both IHC and IF (Fig. 3a—g) and there were no quantitative differences
among the groups (Fig. 3h). To test this further, we quenched poly-GR antibody with 20
times purified recombinant GST-GR1 antigen and still observed nuclear signals while
cytoplasmic perinuclear signals were indeed masked, indicating non-specificity of the
immunostaining (Fig. 3c insert).

Therefore, arginine-containing DPR signals in nuclei of neurons appeared to be non-
specific.

Nuclei and nuclear membrane morphology revealed by markers RanGap, Lamin B1, and
Importin B1 were not abnormal in C9 ALS

Deficits in nucleocytoplasmic transport have recently been proposed to contribute to C9
ALS pathogenesis [13, 57]. However, only a few studies have determined whether nuclear
membrane morphological abnormalities are seen in C9 ALS patients [13, 57]. We thus
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sought nuclear membrane proteins RanGap, Lamin B1, and Nup205 in neurons of layer 5 of
motor and frontal cortex, spinal motor neurons, and Purkinje cells of cerebellum, and
additionally Importin p1 and Ran-GTPase in spinal motor neurons. For RanGap and Lamin
B1 we graded nuclear marker expression pattern as ring, diffuse nuclear, folded, and
punctate around the nucleus (Fig. 4a-h). Using either RanGap or Lamin B1 as readouts, we
could not find any differences among C9 ALS, SALS, and controls in either motor cortex or
anterior horn of the spinal cord (Fig. 4i—j and Supplement Fig. 2a—h and m-n, respectively).
Additionally, we evaluated the expression of the nuclear envelope protein Importin g1 in
spinal motor neurons, graded as smooth, irregular, or intermediate (Supplemental Fig. 20).
While variation in staining pattern was demonstrated within individual spinal cords, we
found no statistically significant differences among C9-ALS, SALS, and controls
(Supplemental Fig. 2p). We were unable to assess potential nuclear changes using Nup205
since signals were without specific nuclear staining (Supplementary Fig. 2i-l) or using Ran-
GTPase since there was no signal from the only commercially available antibody validated
for human IHC. When we compared images taken by confocal microscopy using either a
single section or z-stack, we found that diffuse nuclear staining of RanGap observed using
IHC might in fact be a 3-dimensional effect (Fig. 4k—I and Supplemental Fig. 3). For
completeness, we also evaluated nuclear shape using RanGap—as stated, we graded as
normal, moderately abnormal, or severely abnormal. We found nuclear morphologies were
slightly aberrant (not statistically significant) in both C9 ALS and SALS motor neurons
(Supplemental Fig. 4) and consistent with changes from neurodegeneration. Since we had
identified poly-GR was relevant to disease, we also sought correlation between poly-GR and
alterations in nucleocytoplasmic transport using RanGap as readout. The burden of ring,
folded, diffuse nuclear, and punctate RanGap expression was similar in neurons with and
without poly-GR (p=0.7, 0.6, 0.8, and 0.9 respectively) (Fig. 4m-o).

Thus, we could not detect nuclei abnormalities that were unique in C9 ALS.

C9orf72 protein was reduced in frontal and occipital cortex of C9-ALS, but not in

cerebellum

Reduced C9orf72 expression in patients with GGGGCC repeat expansions have been
reported at the mRNA [15, 50] and protein [51, 53] levels. The evidence for loss of C9orf72
protein has been difficult due to the quality of antibodies against C9orf72 [10]. We first
characterized the specificity of our C9orf72 antibody in C9orf72 knock-out mice (Fig. 5a—b)
and by using antibody quenching with purified recombinant C9orf72 proteins (Supplement
Fig. 5a—b). Using immunohistochemistry staining, we found that C9orf72 protein was
mainly cytoplasmic in neurons and glia in frontal cortex, motor cortex, cerebellum, and
spinal cord (Fig. 5¢c—I). However, we did not see significant difference in intensity,
distribution or morphology of C9orf72 staining between control, SALS and C9 ALS
patients. To further quantitatively assess the level of C9orf72 protein, we extracted proteins
from tissues acquired by a short-postmortem interval acquisition protocol and determined
that the 54kDa C9orf72 protein expression was significantly decreased not only in frontal
cortex (disease related), but also in occipital cortex (disease unrelated) of C9orf72 nervous
systems compared to healthy control or sporadic patients (Fig. 5m—p). Interestingly, we did
not observe similar reduction of C90rf72 expression in cerebellum (Supplement Fig 5¢). The
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C9orf72 antibody used here is raised using amino acid 1-169 and should recognize both the
full length and the predicted “short isoform” of C9orf72 protein. However, we were unable
to detect the 25kDa short isoform C9orf72 protein even though we detected strong signals of
short and long mRNAs in human tonsillar epithelium by CISH (Supplement Fig. 5d-f).

Thus, repeat expansions in C9orf72 lead to reduced C9orf72 protein expression in frontal
and occipital cortex, but not in cerebellum.

Discussion

With the advent of exquisite fundamental therapeutic approaches such as offered by ASOs,
therapeutic small molecules, and therapeutic antibodies, precise dissection of pathogenic
mechanisms of neurodegeneration caused by GGGGCC repeat expansions in C9orf72 ALS
is critical for identification of therapeutic targets. Of the two major hypotheses for
pathogenic mechanisms—C9orf72 haploinsufficiency and gain of function from generation
of one or more toxic product(s)—the gain of function mechanisms are amenable to such
therapies while loss of function mechanisms could actually worsen disease. Two
confounders make gain of function mechanisms especially difficult to unravel. One is that
the repeat expansions are both transcriptionally and translationally active, generating both
RNAs and DPRs. The other is that repeat expansions are bi-directionally active, generating
essentially twice as many products. While experimental models have enabled dissection of
these mechanisms, one critical measure is human neuropathology and in this study, we
pursued this to characterize and compare various neuropathological hallmarks at the protein
level.

The biological importance of DPRs is critically debated in C9 ALS pathogenesis. We found
DPRs were neuron-specific, distributed widely in the CNS, more in brain than spinal cord,
and sense-encoded much more than antisense-encoded, findings consistent with many other
previously reported neuropathological studies [31, 32, 45, 60]. Most studies found DPR
pathology did not correlate to disease-related regions, whereas critical studies have shown
that TDP-43 aggregation does [31, 32, 45, 60]. However, importantly, in our analysis, we
found that DPR pathology did correlate to disease-related regions, and when we sub-
stratified by each individual DPR, we found this effect was entirely attributable to poly-GR.
The different studies of poly-GR are compared and contrasted in Table 3. The most likely
explanation for the different findings between our study and the others may have as much to
do with definitions of clinically-related and clinically-unrelated regions of the nervous
system as it does with different antibodies, short postmortem-intervals, and different
quantification methods. We sought to define relationship to clinical disease in the clearest,
strictest, and most direct manner so that we could identify a surest association (or lack of
association). Since all of our nervous systems were from patients who presented clinically
with an ALS-motor phenotype often with suspected FTD, we therefore strictly evaluated
motor cortex, frontal cortex, and anterior horn of the spinal cord for disease-related regions;
and occipital cortex, parietal cortex and posterior horn of the spinal cord for disease-
unrelated regions. In the brain, we averaged two areas for analysis—frontal and motor, and
occipital and parietal. In the spinal cord, we could only quantify neurons in the horns.
Importantly, we defined regions such as hippocampus, cerebellum, RSGC, and olfactory
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bulb as having uncertain disease-relation given their complexities, the heterogeneities of
clinical phenotypes, and the changing views of their involvement in disease, and these were
not included in our quantitative analysis.

Poly-GR aggregations also had significant co-localization with pTDP-43. Most DPR
aggregations are in the perinuclear cytoplasm and either star-shaped or amorphous, and only
5-10% are localized in dendrites. But of the poly-GR dendritic deposits, 80% co-localized
with pTDP-43—none of the other DPR dendritic deposits did this. Poly-GR aggregates in
dendrites have been noted in different parts of cortex and spinal cord by some reports [45],
but not others [30]. To a lesser extent, poly-GR perinuclear deposits also co-localized with
pTDP-43. Of the poly-GR deposits that were perinuclear, 20% co-localized with pTDP-43,
compared to 1-10% of the other DPR perinuclear aggregates. Co-localization of dendritic
poly-GR with pTDP-43 raises the possibility that poly-GR and pTDP-43 might interact
indirectly though dendritic proteins binding both. We do not believe this is the case, since
only small number of dendrites have pTDP-43, and of these, only 4% also have poly-GR
aggregations. Current classifications of ALS are based on TDP-43 neuropathology, and
based either on morphology [6, 37, 48], or anatomy [6]. It has already been shown that
occasionally TDP-43 surrounds perinuclear poly-GA aggregations [36] and there are
perinuclear poly-GR and poly-PA aggregations in spinal cord that co-localized with
pTDP-43 [16]. Interestingly, we could not find GR dendritic type aggregation in other parts
of cortex in CNS and the majority of perinuclear aggregations of poly-GR, poly-GA and
poly-GP were negative for pTDP-43 in other parts of CNS. TDP-43 is increasingly known to
be involved in many neuritic functions including an essential role of MRNA transport into
distal neurites [2, 17], endosomal trafficking and signaling in dendrites [46], and RNA
granules in dendritic arbors [27]. Additional research will be required to find why poly-GR
DPRs uniquely co-localize with pTDP-43 in dendrites.

Many disease models have implicated the toxicity of arginine-containing DPRs [29, 34, 52,
55, 56]. Arginine bestows unique biophysical properties and is thought to have greater toxic
potential than alanine-containing DPRs (poly-GA and poly-PA) or than poly-GP, and a
nuclear site of action has been proposed [22, 52]. They have been proposed to cause
neurodegeneration by one or more of several mechanisms including compromise of
nucleocytoplasmic transport, DNA damage, oxidative stress, inhibition of splicing,
disruption spliceosome assembly, nucleolar stress, and dysfunction of membrane-less
organelles [24]. While our neuropathological studies uniquely identified poly-GR consistent
with these studies, ironically, they suggested the site of action was in the cytoplasm,
especially neurites, and not the nucleus, where we could not identify significant pathological
abnormality in C9 ALS cases. What we did observe in the nucleus was non-specific
immunostaining that did not quench with antibody masking and changes were as prevalent
in SALS and control as in C9 ALS, findings that have also been shown by others [9, 31, 36].

Specific defects of nucleocytoplasmic transport in motor neuron degeneration are implicated
in disease models, including yeast [19], flies [13, 57], and cells [57]. Thus far, two
neuropathological studies have identified nuclear abnormalities in C9 ALS motor cortex,
specifically mislocalized, diffuse nuclear, discontinuous, and large punctate RanGAP1 and
Nup205 signals compared to smooth perinuclear staining observed in controls [57] and
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abnormalities of nuclear pore proteins Importin 1 and Ran-GTPase [53]. We sought to
validate these findings by evaluating RanGap, Lamin B1, Importin p1, RanGTPase, and
Nup205 with IHC and IF in neurons in different regions of the nervous system including
disease-related and disease-unrelated areas. We examined both nuclear morphology and
nuclear shape and found no differences between C9 ALS, SALS and controls. We found that
diffuse nuclear staining that has been reported in abnormally high numbers in C9 ALS may
be due to three-dimensional effects by z-stacking confocal images. RanGap, Lamin B1, and
Importin B1 are nuclear membrane proteins and expressed in relatively similar patterns.
Nup205 was diffusely cytoplasmic and we could not detect any nuclear signal [57] and we
cannot comment on Ran-GTPase since the antibody previously used is no longer available,
and the one that is available does not give signal. We also created another criterion using
shape of the nucleus with RanGap immunostaining and while there seemed to be more
aberrantly shaped nuclei in C9 ALS cases compared to controls, it seemed even stronger in
SALS. This is further demonstrated by the staining pattern observed with Importin p1.
While previous studies have implicated fragmentation of the nuclear envelope as a function
of C9-ALS [53] we found significant variation of staining pattern in all patients including
controls, with the greatest degree of disruption visualized in SALS, which ultimately was
not significant statistically, suggesting that what trends we observed might be related to
general cell degeneration. Because we had identified uniqueness of poly-GR, we performed
double-1F using RanGap and poly-GR antibodies in motor cortex and lumbar spinal cord,
but we were unable to see differences in patterns of RanGap staining between neurons
containing poly-GR and neurons without poly-GR, and thus the presence of poly-GR
aggregation in neurons did not alter the pattern of RanGap. The reasons for the differences
between our study and the previous reports remain unclear.

We found C9orf72 protein was prominent in the cytoplasm of both neurons and glia in
different areas of CNS and we could not detect unique differences in C9 ALS compared to
SALS and controls in terms of intensity, distribution or morphology of staining. IHC lacks
sensitivity for quantitation of expression and decreased C9orf72 expression has been
reported both at the mRNA [15, 22] and protein [51, 53] levels. Using immunoblotting, we
too found evidence suggestive of decreased expression of C9orf72 protein in disease-related
frontal lobe areas, but we also found this in disease-unrelated occipital lobe regions.
However, no reduction in C90orf72 protein was observed in cerebellum. This finding is
probably consistent with that of Waite et al [51], who also found reduced C9orf72 in cortex,
but not in cerebellum. C90rf72 RNA abundance is highest in cerebellum [41], thus, it is
possible that the decreased expression level of cerebellar C9orf72 mRNA might not be
sufficient to cause a change at the protein level [51]. A puzzle in the field is that although
cerebellum does not produce clinical symptoms in C9 ALS patients, it does curiously
display significant neuropathology in terms of RNA foci and DPR protein aggregation.
Importantly, three different isoforms of C90rf72 mRNAs have been characterized in C9 ALS
and they can encode either a full length (54kDa) or a short-isoform (25kDa) protein.
Previously reported was the existence of the short-isoform C9orf72 protein that normally
was in the nuclear membrane but in C9 ALS and surprisingly also in SALS mislocalized to
the plasma membrane [53]. We were not able to detect the 25kD short-isoform C9orf72
protein using an antibody generated with amino acid 1-169 that should detect both the full
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length and predicted short-isoform proteins. Overall, while there are a number of lines of
evidence showing decreased C9orf72 expression, we think that the lack of anatomic
correlation to disease related regions and evidence emerging from disease models [4, 7, 18,
21, 23, 39, 47] support that haploinsufficiency is not the major contributor to
neurodegeneration.

In summary, we found poly-GR is unique among the DPRs in that it is more clearly
associated with disease anatomy and pTDP-43 deposition. Further, our findings suggest that
dendritic subcellular localization and presumably dendritic functions rather than nuclear
ones are important to its role in pathogenesis.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Proposed disease mechanisms of ALS/FTD caused by hexanucleotide repeat expansions

in C9orf72

The GGGGCC hexanucleotide repeat in intron 1 of C9orf72 is bi-directionally transcribed
and translated into seven potentially toxic products: sense (GGGGCC) RNA foci, antisense
(GGCCCC) RNA foci, and 5 unique poly-dipeptide repeat proteins: poly-GA, poly-GP,

poly-GR, poly-PA, and poly-PR.
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Figure 2. All five polydipeptide repeat proteins (DPRs) are seen in neurons but not glia or axons
throughout the CNS, but only poly-GR correlates with disease anatomy and cellular pathology

(a) Antibodies specifically recognize poly-GA, poly-GR, poly-GP, poly-PR, and poly-PA
using SDS polyacrylamide gel electrophoresis and immunoblotting.

(b—g) Immunohistochemistry (IHC) staining identifies that the main morphologies of the
DPR aggregates are star-shaped or amorphous cytoplasmic perinuclear aggregations (d, e,
and f) but occasionally dendritic aggregations (c) and diffuse cytoplasmic staining are seen
(9). DPRs rarely seen in anterior horn of spinal cord, including poly-GR (b, insert).

(h) DPRs especially poly-GA, poly-GP and poly GR are widely distributed throughout the
CNS.

(i) Only poly-GR is significantly more prevalent in disease-related regions than in disease-
unrelated areas (p < 0.001).

(i-1) immunofluorescence (IF) staining shows dendritic poly-GR inclusions co-localize with
pTDP-43

(m—0) IF staining shows perinuclear poly-GR inclusions co-localize with pTDP-43

(p) Most of the dendritic-type poly-GR (22/26) and none of the dendritic type poly-GA
(0/20) and poly-GP (0/20) co-localize with pTDP-43 in motor cortex.

(g) Occasionally star-shaped or amorphous poly-GR (17/100), poly-GA (1/100), and poly-
GP (5/100) aggregates are co-localized with pTDP-43 in motor cortex and it is significantly
more in poly-GR than in poly-GA (p=0.005).
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Figure 3. Immunostaining for arginine-containing DPRs is non-specific
(a—g) Immunostaining for poly-GR and poly-PR are as strong in controls and SALS as C9

ALS in term of intra-nuclear staining. (c, insert) Quenching poly-GR primary antibody with
poly-GR1 antigen does not mask nuclear signal.

(h) There are no differences comparing controls, SALS, and C9 ALS in the percentage of
cells with poly-GR nuclear staining in spinal motor neurons and Betz cells in layer 5 of
motor cortex.
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Figure 4. Patterns of RanGap distribution are not altered in C9 AL'S cases even in neurons
containing poly-GR aggregates

(a—h) Similar patterns of RanGap staining are observed using IF staining (a—d) and IHC (e-
h)—we categorized patterns as diffuse (a and e), ring (b and f), folded (c and g), and
punctate (d and h).

(i-j) There is no significant difference among controls, SALS, and C9 ALS cases in term of
patterns of RanGap distribution in spinal motor neurons as well as motor neurons of motor
cortex

(k=1) Confocal microscopy shows diffuse nuclear (k) and ring patterns are a three-
dimensional effect.

(m-0) Presence or absence of poly-GR inclusions do not alter the pattern of RanGap
distribution.
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Figure 5. C9orf72 protein iswidely distributed in cytoplasm of neuronsand glia throughout the
CNS, but isreduced in both disease-related and disease-unrelated regions

(a—b) IF staining show C9orf72 protein is present in neurons of granular, molecular and
Purkinje layer of cerebellum of wildtype mice, which is absent in C9 knockout mice.

(c—d) IHC staining of C9or72 of Betz cells in layer 5 of motor cortex (c, insert) and motor
neurons of anterior horn of spinal cord (d, insert) of C9 ALS case show diffuse cytoplasmic
staining with C9orf72 antibody.

(e=I) C9orf72 IHC staining shows no significant differences in diffuse cytoplasmic staining
in Betz cells of motor cortex (layer 5), big neurons of frontal cortex (layer 5), Purkinje cells
of cerebellum, and spinal motor neurons of anterior horn of spinal cord between C9 ALS
and SALS.

(m—p) Western blotting shows that C9orf72 protein expression is decreased in frontal cortex
(m-n) and in occipital cortex (0—p) of C9 ALS compared to control and SALS cases.
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