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Spliceosome integrity is defective in the
motor neuron diseases ALS and SMA
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Two motor neuron diseases, amyotrophic lateral sclerosis (ALS) and spinal
muscular atrophy (SMA), are caused by distinct genes involved in RNA metab-
olism, TDP-43 and FUS/TLS, and SMN, respectively. However, whether there is a
shared defective mechanism in RNA metabolism common to these two diseases
remains unclear. Here, we show that TDP-43 and FUS/TLS localize in nuclear
Gems through an association with SMN, and that all three proteins function in
spliceosome maintenance. We also show that in ALS, Gems are lost, U snRNA
levels are up-regulated and spliceosomal U snRNPs abnormally and extensively
accumulate in motor neuron nuclei, but not in the temporal lobe of FTLD with
TDP-43 pathology. This aberrant accumulation of U snRNAs in ALS motor neurons
is in direct contrast to SMA motor neurons, which show reduced amounts of
U snRNAs, while both have defects in the spliceosome. These findings indicate
that a profound loss of spliceosome integrity is a critical mechanism common
to neurodegeneration in ALS and SMA, and may explain cell-type specific
vulnerability of motor neurons.
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INTRODUCTION

are often caused by mutations in ubiquitously expressed genes.
Spinal muscular atrophy (SMA) is caused by deletion or

Defects in RNA metabolism are implicated in many diseases
such as cancer, muscular dystrophy and neurodegenerative
diseases (Cooper et al, 2009). Those neurodegenerative diseases
are characterized by the death of specific types of neurons, and
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mutations in survival of motor neuron 1 (SMN1), amyotrophic
lateral sclerosis (ALS) is caused by mutations in superoxide
dismutase 1 (SODI), TAR DNA binding protein (TARDBP),
fused in sarcoma (FUS/TLS), or other genes and Huntington’s
disease is caused by an expansion of CAG repeats in Huntingtin
(Ule, 2008). ALS is a progressive adult onset neurodegenerative
disorder, affecting both the upper and lower motor neurons,
whereas SMA is a common genetic cause of death in young
children, and affects only lower motor neurons (Andersen &
Al-Chalabi, 2011; Burghes & Beattie, 2009; Dion et al, 2009;
Lemmens et al, 2010). Since the SMN, TDP-43 (coded by
TARDBP), and FUS/TLS proteins are all involved in RNA
metabolism, a common dysregulation of some aspect of RNA
metabolism in motor neurons may underlie these disorders.
Both familial ALS caused by TARDBP mutations and sporadic
ALS have distinguishing features of clinical pathology in the
affected motor neurons, which include the loss of TDP-43 from
the nucleus and abnormal formation of cytoplasmic aggrega-
tions containing hyper-phosphorylated and ubiquitinated
TDP-43 (Arai et al, 2006; Chen-Plotkin et al, 2010; Neumann
et al, 2006). Therefore, loss of normal TDP-43 functions and/or
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gain of toxic cytoplasmic aggregations could be key causative
processes of sporadic ALS (Lagier-Tourenne & Cleveland, 2009;
Lee et al, 2012). TDP-43 pathology is also seen in a subtype of
frontotemporal lobar degeneration (FTLD-TDP), which is a
neurodegenerative disease affecting the frontal and temporal
lobes (Arai et al, 2006; Chen-Plotkin et al, 2010; Neumann et al,
2006). Therefore, dysfunctions of TDP-43 in distinct neuronal
populations can result in different neurodegenerative diseases.
However, the mechanisms that underlie neuronal death caused
by TDP-43 dysfunctions are not understood for either neurons in
spinal cords or in fronto-temporal cortex.

The best characterized function of TDP-43 is in the regulation
of pre-mRNA splicing, including the cystic fibrosis trans-
membrane conductance regulator (Buratti et al, 2001). TDP-
43 is believed to regulate many other pre-mRNAs through
binding to cis-elements in long introns and is also thought to
regulate mRNA stability (including its own mRNA; Ayala et al,
2011; Polymenidou et al, 2011). Similarly, FUS/TLS, dominant
mutations of which are causative for familial ALS, is a protein
possessing multiple functions including regulation in transcrip-
tion and splicing (Lagier-Tourenne & Cleveland, 2009). Mean-
while, SMN is critical for the assembly of U-rich small nuclear
ribonucleoproteins (U snRNPs), which are central components
of the spliceosome, and is indispensable to form a nuclear body
called Gem in the nucleus (Boulisfane et al, 2011; Burghes &
Beattie, 2009; Ebert et al, 2009; Gabanella et al, 2007; Kolb et al,
2007; Talbot & Davies, 2008; Wahl et al, 2009; Wan et al, 2005;
Zhang et al, 2008). Therefore, these proteins are involved in
RNA metabolism, but whether there are common defects in
motor neurons of ALS and SMA patients remains unknown.

In this study, we aimed to determine whether TDP-43 has a
similar molecular function to SMN. We also asked whether there
are any defects in RNA metabolism common to three distinct
neurodegenerative diseases caused by SMN and TDP-43/FUS
dysregulation, namely SMA, ALS and FTLD-TDP. We show that
TDP-43 and FUS localize in nuclear Gems through association
with the SMN complex, and are involved in maintenance of
the spliceosome by controlling levels of U snRNAs. We also
found abnormal spliceosome accumulation in spinal cord
motor neurons from ALS patients but not in the temporal lobe
of FTLD-TDP, suggesting that the abnormal splicing caused
by collapse of spliceosome integrity is the common process
resulting in motor neuron death in ALS and SMA.

RESULTS

TDP-43 and FUS interact with the SMN complex in nuclear
Gems, and are required for Gem formation

TDP-43 is an RNA-binding protein that predominantly localizes
to the nucleus and regulates pre-mRNA splicing together
with SR proteins or with other RNA-binding proteins such
as hnRNPA2. The regulation of pre-mRNA is spatially and
temporally controlled by splicing factors such as SR proteins
that concentrate in nuclear speckles (Kumaran et al, 2008),
suggesting that TDP-43 localizes to nuclear speckles as well as
nucleoplasm. However, sub-nuclear localization of TDP-43 has

© 2013 The Authors. Published by john Wiley and Sons, Ltd on behalf of EMBO.
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been debated (Casafont et al, 2009; Fiesel et al, 2010; Shan et al,
2010; Wang et al, 2002). Our detailed analysis of sub-nuclear
TDP-43 distribution revealed that TDP-43 was concentrated in
Gems, which are marked by survival of motor neuron (SMN;
Fig 1A, arrows) or Gemin8 (Fig 1B, arrows); Cajal bodies, which
are marked by Coilin (Fig 1C, arrows); and paraspeckles,
which are marked by p54™® (Supporting Information Fig S1A,
arrows). TDP-43 was partially overlapped with the SR protein
SRSF2/SC35 in nuclear speckles (Supporting Information
Fig S1B, arrows), and was not concentrated in PML bodies,
the nucleolus, or SAM bodies (Supporting Information Fig S1C-
E). TDP-43 was also localized to Gems in the neuronal cell
line SH-SY5Y and in primary cultured neurons from mouse
hippocampus (Fig 1D and E). FUS/TLS, an ALS-causative
protein, was also localized to Gems in Hela cells (data not
shown) and in primary cultured neurons from mouse
hippocampus (Fig 1F). This is consistent given the known
interaction of TDP-43 and FUS. Therefore, it is evident that both
TDP-43 and FUS, RNA binding proteins of which mutations
cause ALS, colocalize to Gems along with SMN.

To test whether TDP-43 is required for Gem formation, Hela
cells were treated with either siRNAs that targeted TDP-43 or
with control siRNAs, and were then immunostained for SMN.
By Western blot analysis, we determined that TDP-43 protein
levels in siRNA-treated cells were downregulated to about 10%
of the control levels (Supporting Information Fig S2B), but the
percentage of downregulation varied among cells (Supporting
Information Fig S2A). Gems were abolished in cells that had no
detectable TDP-43 expression (indicated as KD), but remained
in cells that had low TDP-43 expression levels (indicated as mild
KD; Fig 1G and H and Supporting Information Fig S2A).
To assess the importance of FUS for Gem formation, we
utilized FUS knockout mice. Gems are lost in primary cultured
hippocampus neurons (at 21 days in vitro) from FUS knockout
mice (Fig 1I and J), whereas total SMN protein levels are
unaffected in FUS knockout cells (Supporting Information
Fig S2C). These results indicate that TDP-43, FUS and SMN
(Ebert et al, 2009) are all required for formation of nuclear
Gems.

To identify the region within TDP-43 that is required for
localization to Gems, we performed domain analysis using
deletion mutants of TDP-43 (Fig 2A). Our analysis revealed that
the C-terminus of TDP-43, where several known ALS-linked
mutations are located, was responsible for the proper localiza-
tion to Gems (Fig 2B and Supporting Information Fig S3).
More specifically, amino acids 321-366 of the C-terminus,
which interact with hnRNP A2 (D’Ambrogio et al, 2009), were
important for localization to Gems (Fig 2B). Furthermore,
the RNA-binding activity of TDP-43 is partially required, as
both RNA-recognition motif 1 (RRM1) deletion mutants and
F147L/F149L double point mutants had reduced localizations to
Gems (Fig 2B). These results indicate that protein-protein
interactions mediated by the latter half of the C-terminal region
and the RNA binding activity play critical roles in the proper
localization of TDP-43 to Gems.

We next asked whether TDP-43 or FUS/TLS associate
with protein complexes that contain SMN. An interaction of
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Figure 1. TDP-43 and FUS/TLS interact with the SMN complex in nuclear Gems, and are required for Gem formation.

A-C. Hela cells were immunostained with antibodies against TDP-43 and nuclear domain markers. Magnified images showing colocalization of TDP-43 and
nuclear markers (upper right). (A,B) Costaining of TDP-43 and components of Gems. TDP-43 was extensively concentrated in Gems marked by SMN
(A, arrows) or Geming (B, arrows). (C) Costaining of Coilin, a Cajal body marker, and TDP-43. TDP-43 was concentrated in Cajal bodies marked by Coilin
(arrows). Bars: 10 pm.

D,E. TDP-43 localized in Gems of neuronal cell line SH-SYSY (D, arrows) and primary cultured mouse hippocampal neurons (E, arrows). Bars: 10 um.

F. Costaining of FUS/TLS and Gemin8 in primary cultured mouse hippocampal neurons. FUS/TLS localized in Gem (arrows). Bars: 10 um.

Hela cells were treated with siRNAs for TDP-43 or control to deplete TDP-43, and immunostained for SMN and TDP-43. Gems are lost in celis with no TDP-43
expression (arrows), whereas they remain in cells with low TDP-43 expression (arrowheads). Bars: 10 um.

H.  Quantification of Gem numbers in Hela cells treated with siRNAs shown in G. Cells with no TDP-43 expression in immunostaining were shown as knockdown
(KD), whereas cells with low TDP-43 expression level in immunostaining were shown as mild KD. Means for number of Gems are 2.857 (Control, n=21),
2.947 (mild KD, n=19) and 0.1 (KD, n = 20) (Control us KD: p < 0.0001).

I DIV 21 hippocampal neurons form FUS™~ mice or littermates were stained for SMN to analyze the requirement of FUS/TLS for Gem formation. Bars: 10 wm.

IR Quantification of Gems positive for SMN. Means for number of Gems are 0.4026 (FUS™*, n=77) and 0.02667 (FUS™'~, n=75) (p < 0.0001).
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TDP-43 with endogenous SMN/Gemin8 and other spliceosome
components was confirmed by immunoprecipitation, and
this interaction was dependent on both the C-terminus of
TDP-43 and the RNA binding activity of TDP-43 (Fig 2C and D).
Strikingly, these were the same regions that were required

@g Disease mutations
e
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for localization of TDP-43 to Gems (Fig 2B), indicating that
TDP-43 and SMN components may be recruited to Gems
together. We also assessed which regions of FUS/TLS were
important for interactions with SMN containing protein
complexes. We found that the C-terminal RGG rich region of
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FUS/TLS was important for the interaction with SMN complexes
and TDP-43 (Fig 2E and F). Furthermore, while FUS/TLS and
TDP-43 proteins interacted with overexpressed HA-tagged
SMN, they did not interact with SMN proteins that contained
mutations in the tudor domain (W92S, G95R and E134K). These
mutations are known to reduce affinity to RG repeats of Sm
proteins and cause SMA (Tripsianes et al, 2011; Fig 2G). These
results indicate that SMN associates with FUS/TLS and TDP-43
through an interaction between the tudor domain of SMN and
the RGG domain of FUS. Therefore, three proteins implicated
in motor neuron disease, TDP-43, FUS/TLS and SMN, interact
with each other.

Loss of gems in motor neurons from ALS patients
Considering that Gems in human motor neurons differentiated
from SMA patient-derived iPS cells are decreased compared
with control (Ebert et al, 2009), it is very important to ask
whether Gems are present in motor neurons of human spinal
cords, and whether Gems are TDP-43-immunopositive. Post-
mortem lumbar spinal cord tissues from ALS and non-ALS
patients were stained. The accumulations that we observed of
SMN and Gemin8, the two principal components of Gems in
nuclei, indicated the presence of Gems in motor neurons from
non-ALS human spinal cords (Fig 3A, arrows). Moreover, we
found that TDP-43 localized to Gems in human motor neurons
(Fig 3B, arrows). We quantified the number of Gems by double-
staining for SMN and Gemin8, resulting in an average of
2.5 Gems per -spinal cord motor neuron in control patients
(Fig 3D). The average number of TDP-43-immunopositive
Gems was 1.9 per spinal cord motor neuron in control patients
(Fig 3E). Intriguingly, in motor neurons from ALS patients,
with abnormal TDP-43 accumulation, Gemin8 was distributed
uniformly throughout the nucleus and cytoplasm (Fig 3C).
The quantification of numbers of Gems and TDP-43-positive
Gems (0.08 and 0.06, respectively) revealed a significant loss
of Gems in motor neurons from ALS patients (Fig 3D and E).
The loss of Gems is also a feature of motor neurons from SMA
patients, implicating the importance of Gem formation for motor
neurons.
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Alteration of U snRNA levels with TDP-43 depletion
The association and localization of TDP-43, FUS/TLS and
SMN in Gems imply a functional convergence of three
proteins. SMN is well known to assist in assembly of U
snRNPs, which is central to splicing, in the cytoplasm and
to recruit U snRNPs into the nucleus (Pellizzoni et al, 2002).
In SMA mice and SMN-depleted cells, the levels of U snRNAs
and components of U snRNPs are unbalanced, resulting in
aberrant splicing (Gabanella et al, 2007; Zhang et al, 2008).
Therefore, we hypothesized that TDP-43 might have a function
in U snRNP biogenesis and alterations in U snRNPs may
be also responsible for ALS. To test this hypothesis, we
first analysed if TDP-43 associated with U snRNPs. TDP-43
distribution was similar to U snRNPs, which were marked
by the anti-dimethylated Sm proteins antibody (Y12), and
both TDP-43 and U snRNPs were concentrated to same
nuclear bodies in Hela cells and primary cultured mouse
hippocampal neurons (Fig 4A, arrows), suggesting the interac-
tion of TDP-43 and snRNPs. Since C-terminus of TDP-43
is required for TDP-43-containing foci in nuclei (Fig 2B,
Supporting Information Fig S3C), we identified proteins
interacting with C-terminus of TDP-43. Comparison of proteins
immunoprecipitated with wild type FLAG-tagged TDP-43 or
deletion mutant of C-terminal domain, followed by LC-MS/MS,
revealed many proteins associated with a TDP-43 C-terminus
including U snRNP components such as PRPF3 (Supporting
Information Fig S4A and B). The association of TDP-43 with
U snRNP components PRPF3 and U1-70K was confirmed by
[P-Western blotting (Supporting Information Fig S4C). To
investigate the association between U snRNPs and TDP-43,
U snRNPs were immunoprecipitated with the anti-Sm proteins
antibody (Y12) (Supporting Information Fig S4D). Subsequent
immunoblotting confirmed that TDP-43 was co-immunopreci-
pitated with U snRNPs although at a relatively low level. These
results suggest a possible involvement of TDP-43 in maintaining
the integrity of U snRNPs.

Next, we measured levels of U-rich small nuclear RNAs
(U snRNAs), the major components of U snRNPs, following
TDP-43 knockdown (Gabanella et al, 2007; Zhang et al,

Figure 2. Determination of domains required for association of TDP-43, FUS/TLS and SMN complex.
A. A schematic diagram of C-terminal 3XFLAG-tagged expression constructs for TDP-43 used in this study.

B. The latter half of the C-terminal glycine-rich region of TDP-43 was important for the proper localization to Gems. Hela cells were transfected with TDP-43-
3XFLAG or indicated mutants, and stained with anti-SMN and anti-FLAG antibodies. Co-localization of TDP-43 and SMN was assessed by confocal
microscope, numbers of TDP-43-positive Gems and -negative Gems were counted. More than 100 Gems were counted for each construct, and the
localization to Gem (%) was defined as TDP-43-postive Gems per total Gems (%). To eliminate variation in the number of Gems per nucleus, cloned Hela cells
were used. The average and error bars from three independent experiments were plotted.

C,D. The SMN/Gemin8/FUS interactions with TDP-43 were dependent on the TDP-43 C-terminus. TDP-43-3xFLAG mutants were expressed in Hela cells, and the
TDP-43 interacting proteins were immunoprecipitated using an anti-FLAG antibody and identified by Western blot analysis using the specific antibodies as
indicated. Asterisks indicate degraded FLAG-tagged TDP-43 proteins.

E. A schematic diagram of N-terminal 3XFLAG-tagged expression constructs for FUS/TLS used in this study.

F.  3XFLAG-FUS/TLS mutants were expressed in Hela cells, and the FUS/TLS interacting proteins were immunoprecipitated using an anti-FLAG antibody and
identified by Western blot analysis using the specific antibodies as indicated.

G.

EMBO Mol Med (2013) 5, 221-234

Mutations in Tudor domain of SMN1 decreased association of TDP-43 and FUS/TLS. HA-tagged human SMN1 and its mutants were expressed in Hela cells,
and SMN interacting proteins were immunoprecipitated using an anti-HA antibody and identified by Western blot analysis using the specific antibodies as
indicated.
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Figure 3. TDP-43-positive Gems are decreased in motor neurons from ALS

patients.

A. Immunostaining of Gems in human spinal cord motor neurons. Paraffin-
fixed post-mortem spinal cords from patients with neurological diseases
other than ALS were analysed under a confocal microscope for the
presence of Gems with antibodies against SMN and Gemin8 (Gem8)
(arrows). Note that autofluorescence derived from lipofuscin was observed
in the cytoplasm (asterisks). Bars: 10 pm.

B. Coimmunostaining of TDP-43 and SMN indicating the presence of TDP-43-
positive Gems in human spinal cord motor neurons (arrows). Bars: 10 pm.

C. Coimmunostaining of TDP-43 and Gemin8 in remaining motor neurons of
ALS spinal cords. TDP-43 is localized in the nucleus. Bars: 10 pm.

D. Nuclear foci with a significant concentration with Gemin8 and SMN were
defined as Gem, and numbers of Gems in motor neurons from three control
patients (N = 21) or three ALS patients (N = 25) were counted. Means are
2.476 and 0.08, respectively (p < 0.0001).

E. Nuclear foci with a significant concentration with Gemin8 as determined
in (D) were defined as Gem, and numbers of TDP-43-positive Gems in
motor neurons of spinal cords with control disease (N = 19) or ALS
(N =18). Means are 1.895 and 0.056, respectively (p < 0.0001).

2008). Surprisingly, despite the lack of Gems, up-regulation of U
snRNAs was observed in TDP-43 depleted cells. U2
snRNA levels were up-regulated in TDP-43 depleted Hela
cells (Fig 4B), and U4, U5 and U6 snRNAs were up-regulated
in TDP-43-depleted neuronal SH-SYSY cells (Fig 4C). These
results show that the dysfunction of TDP-43 causes mis-
regulation of U snRNAs, although misregulated U snRNAs
were different between these neuronal and non-neuronal
cells. This is intriguing, because SMN-dysfunction causes cell-
type specific misregulation of repertoires of U snRNAs, with
decrease of distinct subsets of U snRNAs in different cell
types (Gabanella et al, 2007; Zhang et al, 2008). We also
measured levels of U snRNAs that are associated with
mature U snRNPs in the nuclei of TDP-43 depleted cells, by
immunopurification of U snRNPs from nuclei with the anti-Sm
proteins antibody (Y12). The pattern of changes seen in
U snRNA levels from mature U snRNP fraction (Fig 4D)
was similar to that seen when U snRNAs were extracted
from whole cells (Fig 4B). Therefore, the levels of U snRNAs
associated with Sm proteins were up-regulated in the nuclei
of TDP-43 depleted cells. Taken together, these data indicated
that TDP-43 is important for maintaining the proper levels of
U snRNAs.

U snRNA levels are aberrantly upregulated in ALS, but not in
FTLD

Since an abnormal disappearance of TDP-43 from nuclei was
observed in motor neurons from sporadic ALS patients and
Gems were lost in these neurons (Fig 3) and TDP-43 was
important for maintaining the proper integrity of spliceosome
U snRNPs (Fig 4), we thought it would be of high interest to
investigate whether U snRNA and U snRNP misregulation
occurs in affected regions of ALS patients. Frozen cervical spinal
cords from four sporadic ALS patients, with spinal cords from
five other neurological disease patients serving as controls,
were analysed for levels of U snRNAs and other mRNAs.
Detailed clinical information is listed in Supporting Information

© 2013 The Authors. Published by John Wiley and Sons, Ltd on behalf of EMBO.
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Table S1. Almost all U snRNAs were upregulated in the
spinal cords of ALS patients when compared with the control
spinal cords (Fig SA and B). This result confirms that the
misregulation of U snRNA levels occurs in the affected region of
ALS patients.

We next investigated whether this dysregulation occurs
specifically in affected motor neurons in spinal cords of ALS
patients. To this end, we stained spinal cords with an anti-2,2,7-
trimethylguanosine (TMG) antibody that recognized the 5 cap
structure of U snRNAs. This staining revealed strong accumula-
tions of U snRNAs in motor neurons from ALS patients. TMG
staining was higher in motor neuron nuclei from ALS spinal
cords than in nuclei from control spinal cords (Fig 5C and D).
These results demonstrate that U snRNAs are upregulated in
affected motor neurons from ALS patients.

We further asked whether these alternations in U snRNA
levels would be seen in the affected regions of patients with
other diseases with TDP-43 dysfunction, such as FTLD-TDP.
Expression levels of U snRNAs in the temporal lobes of FTLD-
TDP patients were analysed by both quantitative RT-PCR and
immunohistochemistry using anti-TMG antibody. We found
that they were not significantly altered compared with those in
control patients (Supporting Information Fig SSA-C). Aberrant
strong TMG staining was not observed in neuronal nuclei in
FTLD-TDP temporal lobes, despite TDP-43 pathology. More-
over, analyses of long non-coding RNA (Inc RNA) levels

EMBO Mol Med (2013) 5, 221~234
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demonstrated that NEATI1, which is the most upregulated
RNA substrate of TDP-43 in FTLD-TDP affected regions
(Tollervey et al, 2011), was not upregulated in ALS spinal
cords (Supporting Information Fig S6A-D). These results
indicate that the patterns of snRNA/IncRNA dysregulation in
neurons with TDP-43 depositions differ among distinct neuronal
cell types, and the strong up-regulation of U snRNAs in nuclei
is prominent in motor neurons from ALS spinal cords but not
in FTLD-TDP temporal lobes.

Abnormal accumulation of U snRNPs in motor neuron nuclei
of ALS spinal cords

We further investigated whether protein components of U
snRNPs were also altered in motor neurons from ALS patients’
spinal cords as well as snRNAs, the RNA components of
snRNPs. The detailed analysis using immunofluorescent
staining with anti-TDP-43 and anti-Sm proteins (Y12) antibodies
reveals the accumulation of TDP-43 and snRNPs in the same

A U snRNPs

TDP-43  (Sm proteins) Merge/DNA

Hela

tw Hippocampal
neuron {nuclei)
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nuclear body in nuclei of some motor neurons (Fig 6A, arrow)
as seen in cultured cells; however, the staining intensity of
the anti-Sm proteins (Y12) antibody in nuclei was very weak
compared with that seen in cultured cells (Fig 4A). In ALS
motor neurons, U snRNPs were extensively accumulated
and formed aberrant aggregates in nuclei (Fig 6B-D, and
Supporting Information Fig S7), as seen with anti-TMG
antibody (Fig 5C and D). Immunohistochemistry also confirmed
striking accumulation of U snRNPs in ALS motor neuron nuclei
(Fig 6E), but not in nuclei of hippocampal neurons from
FTLD-TDP patients (Supporting Information Fig SS5D-F). The
quantification analysis of the Y12 staining in motor neurons
from four control patients and three ALS patients revealed that
aberrant U snRNPs accumulation was highly specific to ALS
motor neurons (Fig 6F). This abnormal nuclear accumulation
of spliceosomal U snRNPs as well as snRNAs could lead to
abnormal splicing in ALS motor neurons, resulting in neuro-
degeneration (Fig 6G).

Figure 4. TDP-43 is associated with U snRNPs and is
required for maintaining proper expression levels of U
snRNAs.

A. TDP-43 colocalized with U snRNPs that were marked
with an anti-dimethylated Sm proteins antibody (Y12) in
the nuclei of Hela cells and primary cultured mouse
hippocampal neurons. Note that U snRNPs and TDP-43
were concentrated in the same nuclear bodies (arrows).
Bar: 10 pm.

B,C. U snRNA levels in Hela celis (B) or SH-SY5Y cells (C)
treated with siRNAs for TDP-43 or control were deter-
mined by quantitative RT-PCR. Average from three
independent experiments with transfections performed
in triplicate were plotted (Bars: standard errors,

“p < 0.05, "p < 0.01, Student’s t-test).

D. Mature U snRNP-associated U snRNA levels in Hela cells

treated with siRNAs for TDP-43 or control. U snRNA levels

E CINC were determined by quantitative RT-PCR from the RNAs
f% BTDP-43 siRNA isolated from mature U snRNP complex which was
pd . immunopurified using anti-Sm proteins antibody (Y12)
% BTDP-43 siRNA2 as described in Materials and Methods.
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Figure 5. Expression levels of U snRNAs are up-regulated in cervical spinal cords of ALS patients.

A. The RNAs were isolated from cervical spinal cords of four ALS patients (ALS-1 to ALS-4) or five control patients with other neurological disease (C-1 to C-5), and
U SnRNA levels were determined by quantitative RT-PCR as in Fig 4. Detailed clinical information is listed in Supporting Information Table S1.

B. Mean U snRNA levels of control and ALS patients determined in A were plotted. Average amounts of U snRNAs from the five control patients were used for
normalization. Robust U snRNA misregulation was observed in ALS patients. (Bars: standard errors, “p < 0.05, *'p < 0.01, Student’s t-test).

C. Immunohistochemistry of spinal cords from patients with control disease or ALS using an anti-2,2,7-trimethylguanosine (TMG) antibody, which recognized the
5 cap structure of snRNA. Boxed areas were shown as the magnified images (Right panels). Bars: 500 pm (left), 20 pm (right).

D. Immunofluorescence staining of spinal motor neurons using anti-TMG and anti-TDP-43 antibodies. Note that strong accumulation of U snRNAs in nucleus of
motor neurons from ALS patients (arrowheads). Asterisks show autofluorescence derived from lipofuscin in the cytoplasm. Bars: 10 um.

DISCUSSION

In this study, we show that TDP-43 localizes to Gems through an
association with an SMN/FUS complex and is critically involved
in Gem formation and spliceosome maintenance by controlling
U snRNA levels. Dysfunction of these proteins impairs the
spliceosome resulting in abnormal splicing in motor neurons
and neurodegeneration (Fig 6G). We also show that TDP-43 and
SMN-dependent spliceosome dysregulation is common to the
motor neuron diseases ALS and SMA, respectively, but not
FTLD-TDP. In tissue from sporadic ALS patients, or following
TDP-43 knockdown in cells, nuclear Gems collapsed and
expression levels of U snRNAs spliceosome components were
aberrantly up-regulated. Furthermore, U snRNPs aberrantly
accumulated in motor neuron nuclei from ALS patients, but
not in temporal cortex neurons from FTLD-TDP patients. Our
findings strongly indicate that abnormal U snRNP level, which

© 2013 The Authors. Published by John Wiley and Sons, Ltd on behalf of EMBO.

can cause abnormal RNA splicing and/or isoform expression
(Berg et al, 2012), is an important mechanism resulting in
neurodegeneration common to the motor neuron diseases ALS
and SMA (Fig 6G).

The most provocative findings in our study revealed that U
snRNA misregulation was observed in several distinct contexts:
cells with a decreased expression of TDP-43 (Fig 4B-D) and
spinal cord tissue samples of ALS patients (Fig 5), but not in the
affected brain regions of FTLD-TDP (Supporting Information
Fig S5A and B). Cell type- or tissue- specific alterations in
U snRNA repertoires were identified in cells with low levels
of SMN and in SMA mouse tissues (Gabanella et al, 2007;
Zhang et al, 2008). Similarly, we observed that different sets
of U snRNAs were misregulated in neuronal and non-neuronal
cells following TDP-43 depletion. Although the direction of
U snRNAs misregulation is different between the two diseases;
upregulated U snRNAs in ALS, and downregulated U snRNAs

EMBO Mol Med (2013) 5, 221~234
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Figure 6. Abnormal accumulation of U snRNPs in motor neuron nuclei of ALS patients.
A-D. Immunofiuorescent staining of TDP-43 and U snRNPs using an anti-Sm proteins antibody (Y12) in spinal cord motor neurons from patients with control

E.

G.

diseases (A) or ALS (B-D). Arrow shows colocalization of the Y12 antigen and TDP-43 (A). The Y12 antigen accumulated in nuclei of ALS motor neurons with
TDP-43 mislocalization (B-D). Arrowheads (B-D) show accumulated U snRNPs in motor neuron nuclei from ALS patients. Asterisks show autofluorescence
derived from lipofuscin in the cytoplasm. Bars: 10 um.

Immunohistochemistry of U snRNPs using an anti-Sm proteins antibody (Y12) in spinal cord motor neurons from patients with control diseases or ALS. Boxed
areas in the left and middle panels were shown as the magnified images in the middle and right panels, respectively. Bars: 500 um (left), 100 pm (middle),
20 pm (right).

Quantification of U snRNP immunofluorescence levels in motor neuron nuclei. Motor neurons from four control patients (blue, N=35) and three ALS
patients (red, N = 105) were analysed for U snRNP fluorescence intensity in their nuclei. The level of fluorescence intensity of U snRNPs in nuclei compared
with cytoplasm were classified as low (nuclear U snRNP level is lower than cytosol), intermediate (nuclear U snRNP level is equal to cytosol), or high (nuclear
U snRNP level is higher than cytosol), and plotted. Representative images of motor neurons showing low, intermediate or high nuclear U snRNP levels are
shown in Supporting Information Fig S7.

Model for mechanism underlying neurodegeneration in ALS with dysfunction of TDP-43 in comparison to SMA. In this study, we show that TDP-43 localizes
in nuclear Gem through association with SMN complex, and is involved in maintenance of spliceosome through controlling the levels of U snRNAs. In ALS
patients and SMA mice, U snRNA levels are misregulated in spinal cord. Intriguingly, accumulation of U snRNA is seen in ALS, while loss of U snRNAs is
reported in SMA. Moreover, Gems are lost and spliceosomal U snRNPs abnormally accumulate in nuclei of motor neurons from ALS patients. These findings
indicate collapse of spliceosome integrity is the critical process common to motor neuron degeneration in ALS and SMA, and may explain cell-type specific
vulnerability in motor neurons.

EMBO Mol Med (2013) 5, 221-234 © 2013 The Authors. Published by John Wiley and Sons, Ltd on behalf of EMBO.
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in SMA, our work is the first to imply that motor neurons
may be sensitive to the collapse of spliceosome, resulting in
abnormal splicing through alteration of U snRNP levels (Fig 6).
Interestingly, transgenic mice overexpressing poly-Q binding
protein-1, which binds to the US snRNP component, under a
ubiquitous promoter show a late-onset motor neuron disease-
like phenotype (Okuda et al, 2003; Waragai et al, 2000).
Therefore, motor neurons might be sensitive to snRNP
alterations, which would be a potential target for the therapy
of motor neuron diseases.

Our results clearly indicate that TDP-43 and SMN might
function in a common pathway, namely the regulation of
splicing through the maintenance of U snRNP repertoires.
Previous studies have demonstrated a genetic link between ALS
and SMA. Aberrant copy numbers of SMN1 or SMN2 genes
increase the risk of sporadic ALS and disease severity (Andersen
& Al-Chalabi, 2011; Blauw et al, 2012; Corcia et al, 2006; Veldink
et al, 2001, 2005). Our observation that TDP-43 regulates U
snRNAs and associates SMN complex suggests a major function
shared between TDP-43 and SMN and supporting a genetic link
between ALS and SMA.

Recent studies identifying RNA targets of TDP-43 (Poly-
menidou et al, 2011; Sephton et al, 2011; Tollervey et al, 2011;
Xiao et al, 2011) demonstrated that TDP-43 directly binds to
some pre-mRNAs to regulate RNA splicing. However, not all
TDP-43 binding sites in pre-mRNAs (as determined by CLIP-seq)
are located close to splicing sites, suggesting that TDP-43 might
regulate splicing through both direct binding to pre-mRNA
and other mechanisms. Our study suggests that TDP-43 also
regulates spliceosomal U snRNP biogenesis, which would
provide another mechanism of TDP-43-mediated regulation
of splicing. Abnormal splicing in motor neurons from ALS
patients was reported before (Rabin et al, 2010), however, we
are not able to correlate abnormally spliced genes in ALS
with abnormal U snRNA repertories at present. The genes
indispensable for motor neuron survival may be identified in
the future by comparing the numerous abnormally spliced genes
reported in SMA with the same genes in ALS.

Although U snRNAs were upregulated only about twofold in
the whole spinal cord by quantitative RT-PCR, intense U snRNA
staining in ALS motor nuclei indicates much higher U snRNAs
upregulation in ALS motor neuron nuclei (presumably more
than 100-fold, considering the number of motor neuron much
smaller than that of the other spinal cord cell types; Fig 5C
and D). Moreover, U snRNAs accumulate and sometimes form
aggregates with proteins (Fig 6A-E). Therefore, we speculate
that the abnormal accumulation of U snRNPs (they are likely to
be non-functional) in ALS motor nuclei could have a substantial
impact on RNA splicing and metabolism in motor neurons.

We discovered that TDP-43 and FUS/TLS localizes to nuclear
Gems and that Gems are lost in motor neurons of spinal cords
from ALS patients as well as TDP-43 depleted or FUS/TLS
knockout cells. This is similar to observations in SMA patient-
derived cells and SMA mouse models. The number of Gems is
correlated with SMA disease severity in fibroblast from SMA
patients (Coovert et al, 1997). Furthermore, a recent study
showing a reduced number of Gems in the fibroblasts from

© 2013 The Authors. Published by john Wiley and Sons, Ltd on behalf of EMBO.
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familial ALS cases with TDP-43 or FUS mutations (Yamazaki
et al, 2012) strengthens our findings on the importance of Gem
in motor neuron survival. U snRNPs are thought to be stored
in Gems for recycling; therefore, TDP-43 might be important
for the maintenance of U snRNPs in Gems. The relationship
between Gems and TDP-43 has been investigated in several
studies. One study demonstrated that the alternatively spliced
minor form of mouse TDP-43, which is lacking the C-terminal
portion, interacted with SMN (Wang et al, 2002). Another study
demonstrated the co-localization of full-length TDP-43 and
SMN in human non-neuronal cells (Fiesel et al, 2010), however,
additional studies claimed that the colocalization of TDP-43
and SMN was not detected in rat and mouse neurons (Casafont
et al, 2009; Shan et al, 2010). In contrast, our study clearly
demonstrated that endogenous human TDP-43 was localized
in Gems of cultured cells and human motor neurons by
coimmunostaining with TDP-43, SMN and Gemin8 (Fig 1A-E
and 3). The loss of Gems seen in motor neurons of ALS patients
(Fig 3), coupled with the fact that eliminating TDP-43 from
mouse neurons in vivo leads to the loss of Gems (Shan et al,
2010), clearly supports our findings that TDP-43 and perhaps
FUS/TLS is important for Gem formation and U snRNPs
biogenesis, as observed before in a similar way with SMN.
Furthermore, SMA mutations in the tudor domain of SMN,
which is crucial for binding to Sm proteins, abolished SMN
association with TDP-43 and FUS/TLS (Fig 2G), supporting an
importance of SMN/TDP-43/FUS complex in the biogenesis of
spliceosome and in motor neuron degeneration. Moreover,
profilinl, which binds to SMN and localizes to Gem (Giesemann
et al, 1999), was recently discovered as an ALS causative gene
product (Wu et al, 2012). Overexpression of an ALS causing-
mutant SOD1 prevents the formation of Gem in the motor
neurons of mice (Kariya et al, 2012). Therefore, abnormal Gem
formation and/or abnormal U snRNPs formation may underlie
the mechanisms of motor neuron degeneration.

The importance of the C-terminal region of TDP-43 was
demonstrated through the identification of a domain required
for the proper targeting of TDP-43 to Gems and association
with SMN (Fig 2A-D), and also by the identification
of interactions with several proteins implicated in RNA
metabolism (Supporting Information Fig S4). TDP-43 associated
with various proteins implicated in RNA metabolism, including
proteins involved in pre-mRNA splicing, translational control
and the miRNA pathway. Considering that most ALS-linked
mutations reside in the C-terminus of TDP-43 (Lagier-Tourenne
& Cleveland, 2009), C-terminal region-mediated regulation of
RNA metabolism may be disturbed in motor neuron diseases.
The proteins we identified could therefore be important to
analyse for further potential contributions to motor neuron
degeneration.

Itis intriguing that TDP-43 localized not only to Gems but also
to paraspeckles and nuclear speckles. The long non-coding RNA
(IncRNA) NEAT1 (also called Men ¢/B) is indispensable for
the formation of paraspeckles, where highly edited mRNAs are
stored (Bond & Fox, 2009). Furthermore, nuclear speckles are
enriched with spliceosomal U snRNPs, other splicing regulators
important for RNA splicing such as SR proteins and Malatl
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IncRNA (Mao et al, 2011). The expression of NEAT1 and Malat1
IncRNA, both of which have multiple TDP-43 binding sites,
is elevated in FTLD-TDP brain (Tollervey et al, 2011). Our
study with FTLD-TDP patients also demonstrated an increased
expression level of NEAT1 (Supporting Information Fig S6B
and D). However, NEAT1 was not significantly altered in ALS
spinal cord and TDP-43 depleted cells (Supporting Information
Fig S6A and C), suggesting distinct regulations of this IncRNA in
different disease conditions. Nevertheless, the enrichment of
TDP-43 in paraspeckles and speckles should be examined
further to determine any potential role in RNA metabolism in
these nuclear subdomains. Taken together, the expression of U
snRNA spliceosome components was aberrant and long non-
coding RNAs were normal in ALS spinal cords, but these profiles
were reversed in FTLD. These results suggest that while
neurodegenerative diseases with distinct causal genes (ALS,
SMA) can have disruptions in a common biochemical pathway,
diseases with the same causal gene (ALS, FTLD) can also have
disruptions in distinct pathways.

In conclusion, we show here that TDP-43 and SMN share
a common function in spliceosomal U snRNP biogenesis.
Dysfunction of these distinct proteins in ALS and SMA leads
to collapse of spliceosome integrity and abnormal splicing
in motor neurons. We expect that further investigation of
defects in RNA metabolism common to these motor neuron
diseases but different from a related brain disease should
provide explanation to the cell-type specific vulnerability
observed in neurodegenerative diseases. In addition, targeting
spliceosome and/or Gem stability in motor neurons may
represent a new class of candidate therapeutics for motor
neuron diseases.

MATERIALS AND METHODS

Expression vectors

The open reading frame of human TARDBP was inserted into p3XFLAG-
CMV14 vector (Sigma), resulting in the insertion of an 18 amino
acid spacer between the TDP-43 C-terminus and 3XFLAG peptides.
Coding regions of TDP-43 fused with 3xFLAG were subcloned into
pF5K-CMV-neo vector (Promega). For FUS/TLS expression, the open
reading frame of human FUS/TLS fused with 3XFLAG on its N-terminus
were subcloned into pFSK-CMV-neo or pFSA-CMV-neo vector
(Promega).

Cell culture and immunofluorescence

Hela cells were maintained in DMEM with high glucose (Gibco)
supplemented with t-glutamine, and 10% foetal bovine serum (Gibco).
SH-SY5Y cells were maintained in Advanced DMEM/F12 (Cibco) with
non-essential amino acids, sodium pyruvate, GlutaMAX (Gibco), and
10% foetal bovine serum. Hippocampal neurons were isolated from
E16.5 C57BL6 or FUS™™ mouse embryos and cultured essentially as
described (Huang et al, 2007). Cells were cultured on chamber slides
(Lab-Tek, Nunc), fixed with 4% paraformaldehyde for 10 min and
permeabilized with 0.1% Triton X-100. For paraspeckle staining
with mouse anti-p54 (BD transduction), cells were fixed with cold
methanol. Non-specific binding was blocked by incubation with 1%
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normal goat serum prior to the application of primary antibody.
Antibodies used were as follows: rabbit anti-TDP-43 (ProteinTech),
anti-coilin (Sigma, clone pd), mouse anti-p54 (BD transduction), anti-
SRSF2 (Sigma, clone SC-35), mouse anti-SMN (BD transduction,
610646), rabbit anti-SMN (Santa Cruz, sc-15320), mouse anti-
Gemin8 (Santa Cruz, sc-130669), rabbit anti-FUS/TLS (Abcam,
70381), anti-dimethylated Sm proteins (Lab Vision Corp./Thermo
Scientific, clone Y12), anti-TMG {Santa Cruz, clone K121), mouse anti-
FLAG (M2), rabbit anti-FLAG (Sigma) and rabbit anti-GFP (MBL).

Knockdown of protein expression in cells

To eliminate TDP-43 expression, Hela cells were transfected with 4 nM
Stealth siRNA for TARDBP (Invitrogen, |D#HSS177422 or originally
designed oligos with the sequences listed in Supporting Information
Table $2) or control siRNA (Invitrogen, LoGC#2 or #3) in suspension at
1.5 x 10° cells/mi using Lipofectamine RNAiMax (Invitrogen). After an
overnight culture, cells were then transfected with siRNA once more,
and then cultured for two more days. For SH-SYSY cells, cells were
transfected in suspension at 3 x 10° cells/ml. After 3 days of culture,
cells were divided into three dishes, transfected with siRNAs again and
cultured for three more days.

Immunoprecipitation

Cells were transfected with pF5K-TDP-43-3xFlag constructs using
X-tremeGENE HP (Roche). Cells were harvested and washed with PBS
3 times. TBS supplemented with 0.2% Triton X-100, protease
inhibitors (Nakalai, Japan), and RNase inhibitor SUPERase-in (Ambion)
was used as a Lysis buffer. The cell pellet was then lysed in the same
volume of Lysis buffer on ice for 10 min. The nuclear membrane was
disrupted by passage through a 28 G needle and then centrifuged at
14,000g for 15 min. Supernatants were collected as total cell extracts.
After the protein concentration of cell extracts was adjusted to 5—
8 mg/ml with Lysis buffer, cell extracts were mixed with agarose beads
conjugated with anti-FLAG antibody (M2-agarose, Sigma) and
incubated overnight at 4°C. After washing with Lysis buffer for three
times, non-specific protein binding to the anti-FLAG agarose beads
was washed out by incubating with FLAG peptide at 50 pg/ml for
15 min at 4°C. This step was critical to wash out non-specific or weak
binding to the anti-FLAG agarose beads. To elute the protein complex
with 3XFLAG-tagged protein, 3XFLAG peptides were added to the
agarose beads at 500 pg/ml and incubated for 1h at 4°C. Eluted
proteins were then analysed by immunoblotting. For immunopreci-
pitation of HA-tagged protein, anti-HA-agarose (Sigma) was used
instead of anti-FLAG agarose, and the precipitated proteins were
eluted with SDS-sample buffer.

For immunoprecipitation of mature U snRNPs, a nuciear pellet
was obtained from suspension cells using Buffer A (50 mM Hepes
pH 7.5/1mM MgCl,/1mM EGTA/LmM DTT/protease inhibitors) on
ice for 20 min followed by centrifugation at 3000g for 5 min. The
nuclear pellet was lysed in Buffer A supplemented with 150 mM KCl,
1% NP-40, 10% glycerol, and RNase inhibitor SUPERase-In (Ambion)
and then the nuclear membrane was disrupted by passage through
a 27 G syringe 10 times and a repeated freeze/thaw cycle 3 times.
Nuclear extract was obtained after the removal of cell debris by
centrifugation at 20,000g for 10 min. Anti-Sm proteins monoclonal
antibody (Y12) and mouse immunoglobulin (as negative control)
were used for immunoprecipitation. Antibodies used for Western

© 2013 The Authors. Published by john Wiley and Sons, Ltd on behalf of EMBO.
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blot were as follows: mouse anti-FUS/TLS (Santa Cruz, sc-47711),
rat anti-PRPF3 (MBL, clone 4E3), goat anti-U1-70K (Santa Cruz),
mouse anti-PABP (Sigma, clone 10E10) and rabbit anti-elF4G (Cell
Signaling, #2498).

FUS/TLS knockout mice

ES cell clone (HMA274) with B-Gal-neo cassette inserted between
exon 2 and 3 of FUS/TLS gene were obtained from mutant mouse
regional resource centers at University of California, Davis, and used to
generate FUS/TLS heterozygous mice with support by Research
Resource Center of RIKEN Brain Science Institute. Genotyping of mice
with disrupted FUS/TLS allele was performed using RT-PCR, and
FUS/TLS protein levels were confirmed by Western blot analysis.
Heterozygote mice (F3) were intercrossed to generate FUS™™ mice.

Postmortem human tissues

Specimens of spinal cords from five patients with sporadic ALS and
seven other neurological disease patients as controls, as well as
temporal lobes from three patients with FTLD-TDP and four other
neurological disease patients as controls, were obtained by autopsy
with informed consent (Supporting Information Table S1). The
diagnosis of ALS was confirmed by El Escorial diagnostic criteria as
defined by the World Federation of Neurology and with the presence
of TDP-43 pathology, as detected by histopathology. For the diagnosis
of FTLD-TDP, selective sections were immunostained with antibodies
against phosphorylated tau, ubiquitin, phosphorylated TDP-43 and
FUS/TLS to select FTLD-TDP (Cairns et al, 2007). All patients with ALS
and FTLD-TDP showed no hereditary traits. The collection of tissues
and their use in this study was approved by the ethics committee of
Nagoya University Graduate School of Medicine, Fukushimura
Hospital, Tokyo Metropolitan Institute, and RIKEN. Tissues for RNA
analysis were immediately frozen using liquid nitrogen and stored at
—80°C until use. For immunofluorescent staining, 6 pum sections were

© 2013 The Authors. Published by john Wiley and Sons, Ltd on behalf of EMBO.
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prepared from paraffin-embedded tissues, deparaffinized, microwaved
for 20 min in 50 mM citrate buffer (pH 6.0), treated with TNB blocking
buffer (PerkinElmer, Boston, MA) and then incubated with primary
antibodies. After washing, sections were incubated with Alexa-546-
conjugated goat anti-rabbit 1gG (1:1000; Invitrogen) and Alexa-488-
conjugated goat anti-mouse igG (1:1000; Invitrogen) for 30min,
mounted with Prolong gold antifade reagent (Invitrogen) and then
imaged with a laser confocal microscope (LSM710, Carl Zeiss, Jena,
Germany). The position of the nucleus was confirmed by TO-PRO-3
lodidel (Invitorgen). For immunohistochemistry, sections were depar-
effinized and boiled for 20min in 50 mM citrate buffer (pH 6.0),
treated with 3% goat serum/0.5% tween-20/PBS supplemented
with Avidin solution (Vector, Avidin/Biotin Blocking kit, #SP-2001),
and then incubated with primary antibodies in 3% goat serum/0.5%
tween-20/PBS supplemented with Biotin solution (Vector, Avidin/
Biotin Blocking kit). After washing, sections were incubated with
Biotin-conjugated anti-mouse igG or anti-rabbit 1gG (1:400, Vector} in
0.05%Tween-20/PBS. Signals were visualized with Vectastain ABC kit
(Elite, #PK-6100) and Metal Enhanced DAB substrate kit (Thermo
Scientific, #34065).

Quantitative RT-PCR

Prior to RNA extraction, cultured cells were harvested and stored in
RNAlater (Ambion), and frozen tissue samples were stored in RNAlater
ICE (Ambion). Total RNA containing a small RNA fraction was extracted
with a mirvVana miRNA Isolation Kit (Ambion) according to the
manufacturer’s instructions, and then treated with DNase (TURBO
DNA-free Kit, Ambion) for either 20 min or 1 h depending on whether
the source was cultured cells or tissue samples, respectively. U snRNAs
were transcribed with specific primers as described previously (Zhang
et al, 2008), and RNA levels were quantified with specific primers as
described previously (Zhang et al, 2008) using the Syber Green system
(Applied Biosystems). The primers we used are listed in Supporting
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Information Table S3. All PCR reactions were performed in triplicate.
RNA levels in samples were normalized with GAPDH for mRNA, and
average of 5S and 5.8S for small RNA.

For more detailed Materials and Methods see the Supporting
Information.
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Neck weakness is a potent prognostic factor in
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Ryoichi Nakamura,' Naoki Atsuta,' Hazuki Watanabe," Akihiro Hirakawa,?

Hirohisa Watanabe, Mizuki Ito," Jo Senda,' Masahisa Katsuno," Fumiaki Tanaka,’
Yuishin Izumi,* Mitsuya Morita, Kotaro Ogaki,® Akira Taniguchi,” Ikuko Aiba,®
Koichi Mizoguchi,® Koichi Okamoto, '° Kazuko Hasegawa,"' Masashi Aoki, "
Akihiro Kawata,® Koji Abe," Masaya Oda,'> Masaaki Konagaya,'® Takashi Imai,"’

Masanori Nakagawa, '® Shoji Tsuji,"® Ryuji Kaji,* Imaharu Nakano,® Gen Sobue'

ABSTRACT

Objective To clarify the emergence of muscle
weakness in regions of the body that affect survival, and
deterioration in activities of daily living (ADL) in
amyotrophic lateral sclerosis (ALS) patients.

Methods We conducted a multicentre-based
prospective cohort study of patients with ALS. We
enrolled 401 sporadic patients with ALS. Death or the
introduction of invasive ventilation was defined as the
primary endpoint, and the time to five clinical markers of
ADL deterioration associated with bulbar paralysis or
limb weakness were defined as ADL milestones. Muscle
weakness was assessed in the neck flexor muscles; the
bilateral abductors of the shoulders; the bilateral wrist
extensor muscles; the bilateral flexor muscles of the hips;
and the bilateral ankle dorsiflexion muscles. We
performed Cox proportional hazards regression analyses
for the primary endpoint and the five ADL milestones,
adjusting for known covariate prognostic factors for ALS.
Results The Medical Research Council (MRC) score for
the neck flexors was the most significant prognostic
factor for the primary endpoint (HR 0.74, p<0.001), /oss
of speech (HR 0.66, p<0.001), and /oss of swallowing
function (HR 0.73, p<0.001), and was one of the
significant prognostic factors for loss of upper limb
function, difficulty tuming in bed, and loss of walking
ability (p=0.001, 0.002, and 0.008, respectively). The
MRC score for the neck flexors was also a significant
prognostic factor for covariates of the previously reported
prognostic factors.

Conclusions Neck weakness is an independent
prognostic factor for survival and deterioration in ADL in
Patients with ALS.

INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is an adult-onset
neurodegenerative disease characterised by progres-
sive upper and lower motor neuron loss, which
leads to limb and bulbar paralysis and respiratory
failure. Symptoms develop at a progressive rate,
and the median survival time from disease onset is
24 years.”™ However, patients with ALS show
extensive variability in clinical courses, with dura-
tions ranging from a few months to more than
10 years. Furthermore, major symptoms that differ-
entially affect activities of daily living (ADL) and

prognosis also show variability among patients with
different disease forms.> A better understanding of
the factors influencing deterioration in ADL and
prognosis would help physicians and patients deter-
mine whether and when to introduce non-invasive
positive pressure ventilation, tube feeding, tracheos-
tomy and artificial ventilation, and would lead to
effective stratification strategies in clinical trials.
Several studies have shown that age,®° bulbar
symptom onset,® 7 respiratory function,® 8 1 12
time from symptom onset to diagnosis,2 610 13 14
functional score® '* and rate of disease progres-
are predictors of survival. Muscle weak-
ness in particular regions of the body affect the
prognosis of ALS, although it has not been suffi-
ciently determined which regions are most predict-
ive.'® To investigate the longitudinal course of
patients with ALS and clarify the emergence of
muscle weakness, which affects deterioration in
ADL and ALS prognosis, we conducted a prospect-
ive, multicentre study.

METHODS

Patient registry and follow-up system

We constructed a multicentre registration and
follow-up system called the Japanese Consortium
for Amyotrophic Lateral Sclerosis research
(JaCALS), which consists of 21 neurology facilities
in Japan. Patients with ALS diagnosed in these facil-
ities were consecutively registered with written
informed consent. The ethics committees of all the
participating institutions approved the study. Full
clinical examinations were conducted at registration
by neurologists in each of the respective institutions.
Muscle strength was manually tested and scored
with the scale of the Medical Research Council (six
points, range: 0-5)!? in nine muscle groups as
follows: neck flexors; bilateral abductors of
shoulders as representatives of proximal upper
extremity muscles; wrist extensors muscles as repre-
sentatives of distal upper extremity muscles; bilat-
eral flexors of hips as representatives of proximal
lower extremity muscles; and ankle dorsiflexion
muscles as representatives of distal lower extremity
muscles. All manual muscle testing was performed
with standard positioning and procedures by certi-
fied neurologists.?® The MRC score of the neck
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flexors was determined with the patient in the supine position.
We confirmed the inter-rater reliability of the manual muscle
testing method employed in this study using 23 patients with
neuromuscular disease. The values of the kappa statistics of each
muscle ranged from 0.65 to 0.93. To standardise the procedures
and the examinations, the three organising doctors (NA, RN,
HaW) visited each participating facility and ascertained the
evaluation methods for this study.

Disease onset was defined as when the patients became ini-
tially aware of muscle weakness or impairment of swallowing,
speech, or respiration. We enrolled patients who fulfilled the
revised El Escorial criteria.?! The diagnostic accuracy of the
enrolled patients was then assessed by members of the steering
committee of the JaCALS. Included patients were then
followed-up with telephone surveys conducted by clinical
research coordinators (CRC) or with examinations by neurolo-
gists every 3 months, and the degree of deterioration in ADL
was determined at each time point. We employed the Japanese
version of the ALSFRS-R as a scale for ADL, which was vali-
dated by Ohashi et al, using a telephone survey system.”” We
confirmed the reliability of the telephone survey system for the
Japanese version of the ALSFRS-R previously,” and the English
version of the telephone survey system has been confirmed in
several previous studies.”*?¢ Prior to the study, we informed
and trained the CRCs of the study plan, procedures for the tele-
phone survey, ethical issues relevant to the study, and requisite
considerations for patients with ALS and caregivers, and then
provided them with a general knowledge of ALS.

We defined a primary endpoint and ADL milestones in the
disease course of the patients with ALS and determined their
occurrence by telephone survey or examinations by neurologists.
The introduction of tracheostomy positive pressure ventilation
(TPPV) or death of the patient was defined as the primary end-
point, and TPPV-free survival was defined as survival. Loss of
speech function, loss of swallowing function, loss of upper limb
function, difficulty turning in bed, and loss of walking ability
were set as ADL milestones. The time at which each ADL mile-
stone occurred was defined as follows: loss of speech function
was determined to have occurred when non-vocal communica-
tion became needed; loss of swallowing function was deter-
mined to have occurred when parenteral or enteral feeding
became needed exclusively; loss of upper limb function occurred
when the patient needed to be fed and became unable to grip a
pen; difficulty turning in bed occurred when the patient became
unable to turn in bed alone; loss of walking ability occurred
when the patient became unable to walk without assistance.

Patients

A total of 520 patients with ALS were initially registered in the
JaCALS from January 2006 to June 2011. We excluded 26
patients with known gene mutations: 17 patients with SOD-1
mutations, two patients with TDP-43 mutations, two patients
with FUS/TLS mutations, three patients with angiogenin muta-
tions, and two patients with C9ORF72 repeat expansions. We
also excluded 13 patients with family histories of ALS and 40
patients who were categorised as clinically possible or suspected
according to the revised El Escorial criteria. An additional 20
patients for whom we could not obtain follow-up information
to their refusal to participate in the telephone survey were also
excluded. Twenty patients were excluded due to invalid data.
The study finally included 401 sporadic patients with ALS diag-
nosed as clinically definite, probable, or probable laboratory-
supported. Of these, 382 patients were followed for more than
a year or died within a year of registration, and 19 patients were

censored within a year from registration. Eleven patients
declined the telephone survey during the course of the study,
and we lost contact with eight patients during the survey.

Statistical analysis

The clinical data of the registered patients were anonymised in
each participating facility of the JaCALS and assigned unique
patient numbers. The data were then sent to the clinical data
centre located at the Nagoya University Graduate School of
Medicine and inputted into the JaCALS database.

We performed Cox proportional hazards regression analyses for
the time of registration to the primary endpoint or onset of each
ADL milestone to evaluate the impact of muscle weakness on the
time to the primary endpoint and each decline in ADL. Specifically,
for the primary endpoint and each ADL, we evaluated the HR for
the MRC scores in nine muscle groups (ie, neck flexors, left and
right abductors of shoulders, wrist extensor muscles, flexors of hips
and ankle dorsiflexion muscles) at registration, identifying the
muscles groups associated with the primary endpoint and five
common ADL milestones. Additionally, we examined the HR for
each muscle group after adjusting for known prognostic factors as
follows: age at registration,®*° gender (male vs female),® *” disease
duration,? ¢ 10 13 1% percent vital capacity @ve),? 8 11 12
ALSFRS-R score,'? riluzole use (yes vs no),%® bulbar symptom,® 7
and classification according to the revised El Escorial criteria (defin-
ite vs probable or probable laboratory-supported).” # 1° ¥ We com-
pared the time from registration to the primary endpoint or each of
the previously defined ADL milestones in the patients divided by
their degree of muscle weakness using the Kaplan-Meier method.
The log-rank test was used to test the null hypothesis that all the
Kaplan-Meier curves were equal. A two-sided p<0.05 was consid-
ered statistically significant. All statistical analyses were conducted
using the PASW V.18.0 program (SPSS Inc, Chicago, lllinois, USA).

RESULTS

Demographic characteristics of the registered patients

The patient sample comprised 244 men and 157 women. The
median age at disease onset was 62.2 years (IQR: 53.5-
68.5 years), and the mean follow-up period was 2.1%=1.5 years.
The follow-up rate at 1 year after registration was 95.3%. As
initial symptoms, 47.4% of the patients showed upper limb
weakness, 31.4% lower limb weakness, 22.9% dysarthria, 5.5%
dysphagia and 2.0% cervical weakness. At registration, the
median score on the ALSFRS-R was 38 (IQR: 32-42). (see
online supplementary table S1).

Identification of weakened muscle groups that affect

survival and progression to the ADL milestone

Cox proportional hazard regression analyses for the primary
endpoint and the ADL milestones

Table 1 shows the results of Cox proportional hazard regression
analyses for the primary endpoint and the five ADL milestones,
including the MRC scores of the nine muscle groups. The MRC
score for the neck flexors was the most significant negative prog-
nostic factor for the primary endpoint, loss of speech, and loss
of swallowing function (HR 0.74, p<0.001, HR 0.66,
p<0.001, HR 0.73, p<0.001, respectively). For the loss of
upper limb function, difficulty turning in bed and loss of
walking ability, the MRC score for the neck flexors was a sig-
nificant negative prognostic factor (HR 0.77, p=0.001, HR
0.77, p=0.002, and HR 0.80, p=0.008, respectively). Whereas,
the MRC score for the left wrist extensors was a significant
positive prognostic factor for the primary endpoint and each
ADL milestone except for difficulty turning in bed.

2 Nakamura R, et al. J Neurol Neurosurg Psychiatry 2013;0:1-7. doi:10.1136/jnnp-2013-306020
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According to table 1, the MRC score for the neck flexors was
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neurons relayed via the glossopharyngeal, vagus, accessory and
hypoglossal nerves to the medulla oblongata.’® The medulla
oblongata and cervical cord motor neurons innervating the neck
flexion muscles are anatomically different in their three-
dimensional layering, while these two groups of neurons are
rather contiguously located. Thus, it may be speculated that if
the contiguous spreading of motor neuron degeneration occurs
according to the local spreading hypothesis, neck flexion impair-
ment may eventually affect speech and swallowing functions.
Furthermore, motor neurons for the neck flexion muscles,
which are located in the C1-8 segments,” *° are also contigu-
ous or overlapping with those for the upper limb muscles in the
CS5-Th1l segments, particularly the proximal upper limb
muscles.?’ 3° Neck flexion and upper limb function may be cor-
related with disease progression through the local spreading
view of motor neuron degeneration. Truncal turning and
walking require not only lower limb muscle activities but also
power in a broad area of the chest, abdominal and back
muscles, which are innervated by the cervical to lumbar
cord.*”=*° Therefore, propagation of weakness from the cervical
and lumbar areas may affect truncal turning or walking. We
need, however, further investigations to demonstrate the under-
lying mechanisms of the correlation between the neck muscles
and other muscles of the body that together determine ADL.

In this study, the MRC score for the left wrist extensors
shows a positive prognostic factor for the primary endpoint and
some ADL milestones, the reason for which might be that the
weakness of the distal muscle in the non-dominant arm was
least relevant to survival, or ADL declines so that it was shown
to be a positive factor in the multivariate analyses.

A number of studies have demonstrated survival curves for
patients with ALS and some factors that influence these survival
curves.'® The majority of these studies have found that older
age is a strong risk factor for shorter survival in patients with
ALS,% 1% and the onset of bulbar symptoms is associated with a
worse prognosis than the onset of spinal symptoms.® 7 Several
studies have found that a longer diagnostic delay correlates with
a better prognosis,> ¢ 1° 13 1 and that a lower %VC or a
percent forced vital capacity (WFVC) is correlated with shorter
survival for patients with ALS.> # *' 2 The progression rate of
the ALSFRS-R art the time of diagnosis was also related to ALS
prognosis.’” Neck flexor weakness has not been listed as a prog-
nostic factor for patients with ALS, and most of these studies
evaluated survival alone as an endpoint, and did not determine
the onset of loss of speech, swallowing, limb and truncal func-
tion. In this study, we showed that neck flexor weakness was not
only a novel prognostic factor for survival but also a significant
prognostic marker for non-survival events related to ADL
decline for patients with ALS.

In the course of ALS, patients must make some difficult deci-
sions, including the use of gastrostomy for tube feeding, the use
of assisted ventilation, and end-of-life planning, which require
the support of the attending physician and a multidisciplinary
team. All patients with ALS should be provided with sufficient
information concerning these interventions and given sufficient
opportunity for the careful consideration of their decision. In
the medical, nursing and social care of patients with ALS,
simple and robust indicators for predicting the status of each
patient for several months or a year after diagnosis are necessary
for patient management. Medical staff and caregivers need to
have a predictor of the patient’s status in the near future, includ-
ing survival prognosis and also estimates for the loss of speech,
swallowing, limb and truncal function. Our findings may con-
tribute to such prediction.

p Value
0.601
0.890
0.309
0.491
0.008
0.721
0.028

0.75 (0.66 to 0.87) <0.001

1.00 (0.99 to 1.00)
0.91 (0.88 to 0.94) <0.001

Loss of walking ability

1.00 {0.98 to0 1.01)
0.947 0.85(0.61 t0 1.17)

0.63 (0.44 to 0.88)

0.74 (0.6510.0.85)  <0.001

0.99 (0.99 to 1.00)

0.027 0.95(0.79 to 1.15)
0.258  0.94 (0.68 to 1.31)
0.002  0.68 (0.49 to 0.96)

0.007
0.031

p-Value HR (95% Cl)
0.265

Difficulty turning in bed
0.83 (0.70 to 0.98)
1.01 (0.99 to 1.02)
1.01 {0.76 t0 1.33)
0.89 (0.86 t0 0.92) - <0.001
0.007 - 0.71 (0.5210 0.97)
0.694 0.84 (0.63 to 1.13)
0.015  0.63 (0.47 to 0.84)

p Value HR (95% CI)
0.264

0.088
<0.001
0.001
0.001

Loss of upper limb
function

1.01 (0.99 to 1.02)
1.27 (0.97 to 1.68)
0.82 (0.75 to 0.9)
0.96 (0.94 to 0.98)

0.003 0.76 (0.65 to 0.88) <0.001
0.99 (0.98 to 1.00)
0.087  0.67 (0.50 to 0.90)

0.843  0.95 (0.72 to 1.25)
0.018  0.68 (0.50 to 0.93)

p Value HR (95% Cl)

0.398
0.001

Loss of swallowing

function

0.80 (0.69 to 0.93)

1.03 (1.01 to 1.04) <0.001

1.13 (0.85 to 1.49)

0.69 (0.62 t0 0.77) <0.001

0.98 (0.98 t0 0.99) <0.001
0.483© 0.96 (0.93 to 0.98)

0.76 (0.56 to 1.04)

0.97 (0.73 to 1.29)

1.41 {1.06 to 1.86)

0.247
0.001
0.551

p Value HR (95% Cl)
0.001
0.002

0.72 (0.64 t0 0.80) <0.001
0.98 (0.97 to 0.99) <0.001

0.78 {0.67 to 0.90)
1.02 (1.01 to 1.03)
0.85 (0.65 to 1.12)
1.09 (0.82 to 1.44)
0.524 2.04 (1.52 to 2.73) <0.001

Loss of speech
%VC, percent vital capacity: ALSFRS-R, revised amyotrophic lateral sclerosis functional rating scale.

0.008 0.99 (0.97 to 1.02)
0.043  0.61 (0.45 to 0.82)

0.916

p Value HR (95% Cl)
0.381

Primary endpoint

HR (95% Cl)

0.72 {0.62 to 0.83) <0.001
1.03 (1.02 to 1.04) <0.001
1.14 {0.85 to0 1.52)

0.64 (0.57 t0 0.72) <0.001
0.98 (0.98 t0 0.99) <0.001
0.97 (0.94 to 0.99)

0.72 (0.53 to0 0.99)

1.02 (0.75 t0 1.37)

0.91 (0.67 t0 1.22}

Table 2 Multivariate Cox regression analyses with the adjustments of the covariates that we selected for the primary endpoint and each activity of daily living milestone using known predictive

factors
Duration from onset to registration (years)

MRC score of neck flexars at registration
%VC at registration

Age at registration (years)

Gender {male vs female)

ALSFRS-R at registration

El Escorial criteria (probable or probable
laboratory-supported)

Riluzole administration

Bulbar symptom at registration
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Kaplan—Meier curves according to the MRC score for the neck flexors. The Kaplan—Meier curves for the primary endpoint and each

activity of daily living milestone among four categories divided according to the MRC score for the neck flexors were compared by the log-rank test.
Curves are shown for the MRC score 5 (blue), the MRC score 4 (green), the MRC score 3 (orange), and the MRC score <2 (purple) groups. All the

differences of the curves were significant (p<0.001).

The course of ALS is highly variable between patients,” which
is one of the major factors limiting the power of ALS clinical
trials.*® *! Therefore, robust stratification factors that could
divide ALS patient groups depending upon prognosis are needed
for designing trials. Compared with known prognostic factors for
patients with ALS, such as age, duration from onset to registra-
tion, ALSFRS-R at registration, and presence of bulbar symptom,
weakness of the neck flexors was a potent and independent

prognostic factor. Thus, the MRC score for the neck flexors
might be used for stratification factor in a future clinical trial.

Neck extensor muscle weakness with head drop as an early
symptom has been reported in a few patients with ALS.** *3
However, Katz et al** wrote that neck flexor weakness is typic-
ally observed. We assert that neck flexor weakness is commonly
observed in patients with ALS, and is useful for the prediction
of prognosis.
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The limitations of this study are as follows: registered patients
were followed-up by telephone survey, and we did not examine
longitudinal changes in the strength of multiple muscles. As we
demonstrated, the relationship between the involved muscle
groups and survival prognosis and estimates of ADL deterior-
ation would offer insights into the modalities of progression in
patients with ALS. However, to examine the pattern of spread
more precisely, a cohort study that observes longitudinal
changes in the strength of muscle groups and extensions of
muscle weakness will be required.

This study analysed a multicentre cohort of patients with ALS
in a single nation, Japan. Although the clinical profiles of ALS
are broadly similar among countries in previous reports, the
outcome of our study would be better confirmed in cohorts of
patients with ALS in multiple countries.

In conclusion, we showed that neck weakness is an independ-
ent prognostic factor for survival and deterioration in ADL in
patients with ALS. We hope that our report will be helpful for
clinicians who want to provide medical, social and nursing care
to patients with ALS with proper timing, and to researchers as
they plan clinical trials for ALS.
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