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Neurodegeneration

injuries to the anterior root have been demonstrated to produce
mislocalisation of TDP-43 in spinal motoneurons.*! These con-
siderations suggest an L5 segmental vulnerability to ALS lesions,
but among cervical segments, the segment C8 innervating FDI
which is the most vulnerable in ALS,” ° 1° 3% is different from
the segment that is commonly affected in cervical spondylosis.*?

Kiernan and his colleagues have reported that cortical hyper-
excitability is an early feature in ALS, and UMN and LMN dys-
function coexists.*> We cannot take account of the influence of
UMN impairments by spontaneous EMG activities we have
investigated, hence we reviewed the clinical UMN features of
the 14 patients who showed ‘non-contiguous pattern’ at nEMG
examination (see online supplementary table S1). We can
assume that they should show UMN features in both onset and
lumbosacral regions if the non-contiguous pattern of nEMG is
driven by the preceding UMN involvements. However, our
results showed no UMN features were revealed in cervical
regions in five patients (patients 23, 24, 30, 32, 35) and in lum-
bosacral regions in three patients (patients 24, 30, 33), neither.
This result indicates the existence of some skipping mechanisms
of LMN involvements regardless of UMN in propagation of
ALS. On the other hand, UMN features were widespread in the
rest of the patients of non-contiguous pattern. Especially, hyper-
reflexia was simultaneously shown in both patella tendon (quad-
riceps femoris; 1.3/4) and Achilles tendon (GC and soleus; S1)
to almost the same degree even in the patients with L3/4 skip-
ping pattern. From these findings, we could not indicate that
cortical hyperexcitability is driving the non-contiguous spread
of LMN involvement in ALS. However, it is well documented
that cortical hyperexcitability evaluated by short intracortical
inhibition with threshold tracking transcranial magnetic stimula-
tion techniques precedes clinical UMN features,* which is sup-
ported by the neuropathological examination that 50% of
progressive muscular atrophy patients had pyramidal tract
degeneration.** Therefore, more detailed electrophysiological
analysis is needed for elucidating the role of upper motor
neuron dysfunction on this non-contiguous spread, because it is
a potential target of therapeutic intervention, especially rilu-
zole.* #

FPs are considered to appear in the muscles which are in the
earlier stage of involvement and are involved more slightly, espe-
cially the muscles which is located away from onset region, while
Fib/PSWss tend to appear later than FPs and tend to appear in the
onset muscle.>* 33 7 The fact that only L5 innervating muscles in
the lumbosacral regions show Fib/PSWs less rarely than FPs sug-
gests that LS segment is involved at first in the lumbosacral regions
and then neighbouring segments are subsequently involved.

We also analysed the anatomical distribution of the involved
motoneuron pools of the lumbosacral segments in the eight
patients with non-contiguously affected lumbosacral lesions.
The involved motoneuron pools were located in close proximity
to one another horizontally or radially, appearing to form a
cluster in four patients. Local propagation of pathology between
motor columns can exist after the second hit in the lumbosacral
cord following the first hit at the rostral onset site (see online
supplementary figure S3B). If it is true, for explanation for hori-
zontal spread between distinct motor columns, we have to
assume a different mechanism from neuron-to-neuron protein
transfer; for example, diffusion of a secreted toxic soluble factor
or glia-to-neuron interaction which is known in the mutant
SOD1 transgenic mouse*® may play a role in a transmission
between motor columns.

In conclusion, the results of our prospective study and
detailed nEMG results in 36 ALS patients showed that LMN

involvement in many early stage ALS patients was distributed
non-contiguously in the rostrocaudal direction of the spinal seg-
ments, indicating that the onset site is not single even with con-
sideration of difference in motoneuronal vulnerability. On the
other hand, local involvements of the anterior horn lesions
tended to be formed as some clusters, and therefore, we here
propose ‘multifocal hits and local propagation’ as a new hypoth-
esis for one of the mechanisms of ALS progression.
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Disappearance of TAR-DNA-binding protein 43 kDa (TDP-43) from the nucleus contributes to the pathogenesis
of amyotrophic lateral sclerosis (ALS), but the nuclear function of TDP-43 is not yet fully understood. TDP-43
associates with nuclear bodies including Gemini of coiled bodies (GEMs). GEMs contribute to the biogenesis
of uridine-rich small nuclear RNA (U snRNA), a component of splicing machinery. The number of GEMs and a
subset of U snRNAs decrease in spinal muscular atrophy, a lower motor neuron disease, suggesting that alter-
ation of U snRNAs may also underlie the molecular pathogenesis of ALS. Here, we investigated the number of
GEMs and U11/12-type small nuclear ribonucleoproteins (snRNP) by immunohistochemistry and the level of
U snRNAs using real-time quantitative RT-PCR in ALS tissues. GEMs decreased in both TDP-43-depleted
HeLa cells and spinal motor neurons in ALS patients. Levels of several UsnRNAs decreased in TDP-43-depleted
SH-SY5Y and U87-MG cells. The level of U12 snRNA was decreased in tissues affected by ALS (spinal cord, motor
cortex and thalamus) but not in tissues unaffected by ALS (cerebellum, kidney and muscle).
Immunohistochemical analysis revealed the decrease in U11/12-type snRNP in spinal motor neurons of ALS
patients. These findings suggest that loss of TDP-43 function decreases the number of GEMs, which is followed
by a disturbance of pre-mRNA splicing by the U11/U12 spliceosome in tissues affected by ALS.

INTRODUCTION

TAR-DNA-binding protein 43 kDa (TDP-43)-immunopositive
inclusions in neurons and glial cells are a pathological hallmark
of sporadic amyotrophic lateral sclerosis (ALS) and familial
ALS with TARDBP mutation (1-3). In normal cells, TDP-43
isubiquitously expressed and diffusely distributed in the nucleo-
plasm with punctate foci (4). In contrast, in neurons and glial
cells of tissues affected by ALS, TDP-43 forms cytoplasmic
inclusions and disappears from the nucleus (1,2,5). TDP-43
functions in the nucleus and is essential for embryogenesis and
postnatal cell survival (6—9), suggesting that a loss of TDP-43
from the nucleus underlies the pathogenesis of ALS (10).

However, the nuclear function of TDP-43 has not been fully
elucidated.

TDP-43 is a heterogeneous nuclear ribonucleoprotein and
functions in RNA transcription and pre-mRNA splicing (11—
14). In several genes, TDP-43 has been shown to bind directly
to pre-mRNAs and regulate their splicing (12,13,15-18).
In fact, widespread dysregulation of pre-mRNA splicing
has been demonstrated in TDP-43-depleted cultured cells,
TDP-43-depleted mouse brain and affected tissues from ALS
patients (12,13,17—-20). These results suggest that dysregulation
of pre-mRNA splicing is associated with ALS pathogenesis.
However, this dysregulation is not fully explained by the fact
that TDP-43 directly binds to and regulates pre-mRNA splicing.
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Pre-mRNA splicing is mainly regulated by the spliceosome,
which is a complex of small nuclear ribonucleoproteins
(snRNPs). Each snRNP contains one uridine-rich small
nuclear RNA (U snRNA: Ul, U2, U4, US, U6, Ull, U12,
U4atac or Ubatac) and associated proteins (21-23). Spliceo-
somes recognize the sequence for splicing junctions and
branch sites (23,24). Based on the consensus sequence for the
splicing junction, spliceosomes are classified into two classes:
major spliceosomes (containing Ul, U2, U4, US and U6) and
minor spliceosomes (containing Ul1, U12, U5, Udatac and
Ubatac) (21,23). Most pre-mRNAs have introns that are
spliced by the major spliceosome (U2-type intron), while a
small number of pre-mRNAs have introns that are spliced by
the minor spliceosome (U12-type intron) (21,23-25).

The biogenesis of spliceosomes is regulated in Gemini of
coiled bodies (GEMs), which are molecularly defined by the
presence of the survival of motor neuron (SMN) protein (26—
28). TDP-43 associates with GEMs in cultured cells (4), suggest-
ing that TDP-43 contributes to GEM formation or function.
Indeed, in TDP-43 transgenic or knockout mice, the number of
GEMs has been positively correlated with the TDP-43 expres-
sion level (29). However, GEMs have not been fully evaluated
in ALS spinal motor neurons. An association of GEMs and U
snRNA with spinal motor neuron survival has been reported. De-
letion of the SMN gene, the product of which is a major compo-
nent of GEMs, causes spinal muscular atrophy (SMA) and
decreases the number of GEMs in human tissues (30). In the
SMN gene-deleted mouse, the number of GEMs and the levels
of U snRNAs and U snRNA-—protein complexes decrease
(31-34). Here, we investigated the effect of TDP-43 depletion
on the formation and function of GEMs in terms of U snRNA
levels in cultured cells. We further investigated GEMs, U
snRNA levels and pre-mRNA splicing in tissues affected by
ALS to elucidate whether GEMs are associated with the molecu-
lar pathogenesis of ALS.

RESULTS

Decreased number of GEMs in TDP-43-depleted cultured
cells

We investigated the intranuclear localization of TDP-43 foci in
HeLacells and observed that a subset of TDP-43 foci was located
near GEMs, as reported by Wang et al. (Fig. 1A) (4). To inves-
tigate whether TDP-43 affects the formation of GEMs, we inves-
tigated the number of GEMs in cells treated with TDP-43 or
control siRNA. In HeLa cells treated with TDP-43 siRNA, the
level of TDP-43 expression was reduced to less than 10% of
that in HeLa cells treated with control siRNA (Fig. 2A). The
number of GEMs (mean + SD) was significantly decreased in
HeLa cells treated with TDP-43 siRNA (1.30 + 1.33) compared
with controls (2.64 + 1.68; P < 0.001) (Fig. 1B and C). In add-
ition, the size of GEMs was also significantly decreased in cells
treated with TDP-43 siRNA (Fig. 1D). However, the effect of de-
creasing TDP-43 on the size of GEMs (decreased to 12% of the
control) is relatively smaller than the effect on the number of
GEMs (decreased to 59% of the control). To exclude the possi-
bility that decreased cell viability results in a reduced number
of GEMs, we investigated cell viability. However, we found
that cell viability is not significantly reduced in cells treated
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with TDP-43 siRNA (Fig. 1E). We further evaluated the
effects of TDP-43 on the number of GEMs in TDP-43 overex-
pressed cells. The number of GEMs (mean + SD) was signifi-
cantly decreased in HeLa cells transfected with TDP-43 cDNA
(0.86 + 0.10) compared with controls (1.59 +0.11; P <
0.001) (Supplementary Material, Fig. S1).

Decreased SMN complex proteins in TDP-43-depleted
cultured cells

Toinvestigate the mechanism that reduces the number of GEMs in
TDP-43-depleted cells, we investigated the protein—protein inter-
action between TDP-43 and GEM component proteins. However,
as previously reported, TDP-43 did not co-immunoprecipitate
with GEM component proteins (Supplementary Material, Fig.
S2) (14). Decreasing the quantity of component proteins of
GEMs leads to a diminished number of GEMs (27,35). Therefore,
we investigated the levels of component proteins of GEMs, in-
cluding SMN and Gemin2, 3, 4, 6 and 8 in HeLa and SH-SY5Y
cells treated with TDP-43 siRNA (Fig. 2A—C). We observed a
severe reduction in SMN (decreased to 40.8% in HelLa and
41.0% in SH-SY5Y of control levels; P < 0.005), Gemin6
(decreased to 76% in HeLa and 64% in SH-SYSY of control
levels; P < 0.05) and Gemin8 (decreased to 45% in HeLa and
57% in SH-SYS5Y of control levels; P < 0.005). In addition,
Gemin3 (decreased to 74% of control levels in SH-SY5Y; P <
0.05) and Gemin4 (decreased to 89% of control levels in HeLa;
P < 0.05) were also slightly decreased compared with control
levels. To exclude the possibility that reduction in the amounts
of these proteins resulted from off-target effects of the siRNA,
we further performed the same experiment with four additional
RNAI sequences targeted to the 3’ UTR of TDP-43 mRNA
(Fig. 2D). The amounts of SMN, Gemin3, Gemin6 and Gemin8
decreased proportionally to the amount of TDP-43 (Fig. 2D). A
similar result was obtained in SH-SY5Y cells (Supplementary
Material, Fig. S3).

To explore the mechanism by which depletion of TDP-43
reduces the SMN level, we used quantitative reverse transcrip-
tion polymerase chain reaction (QRT-PCR) to investigate SMN
mRNA levels. TDP-43 has been suggested to enhance inclusion
ofexon 7 in the SMN2 gene (15), a second copy of the SMN gene.
SMN?2 contains a single-nucleotide polymorphism in exon 7 that
enhances exclusion of exon 7 and consequently produces un-
stable SMN protein (28). Therefore, we hypothesized that reduc-
tion in TDP-43 may enhance exclusion of exon 7 in the SMN2
gene, leading to a decreased amount of SMN protein.
However, we did not observe an increase in the exclusion of
exon 7 in SMN mRNA (Fig. 2E and F). Moreover, we did not
observe the additional aberrant alternative splicing variants in
TDP-43-depleted cells (Supplementary Material, Fig. S4A and
B). In contrast, we observed that all SMN splicing variants
were decreased to half of the mRNA levels of control cells
(Fig. 2F). The amounts of Gemin2, 3 and § mRNA, which
directly bind to SMN protein (36), were not altered in
TDP-43-depleted cells (Supplementary Material, Fig. S4C).
We further investigated whether the reduction in SMN expres-
sion was influenced by other proteins associated with splicing,
including hnRNP A1, H1 and FUS. The expression levels of
SMN mRNA were significantly decreased by FUS and hnRNP
H1 siRNA, but not by hnRNP A1 siRNA. However, the effect
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Figure 1. Decreased number of GEMs in TDP-43-depleted HeLa cells. (A) HeLa cells were transfected with both pmCherry-tagged TDP-43 and GFP-tagged SMN.
The right image is a magnified image of the area indicated with dashed lines in the merged image. TDP-43 was localized near SMN in the nucleoplasm (arrow). (B)
Immunocytochemistry analysis of GEMs in HeLa cells treated with non-targeting control or TDP-43 siRNA. These cells were immunostained with an antibody direc-
ted against SMN (red). GEMs were visualized as red granules in the nucleus. (C) Quantitative analysis of the number of GEMs (number of cells = control siRNA: 221,
TDP-43 siRNA: 184). (D) The area of each GEM (number of counted GEMs = control: 709, TDP-43 siRNA: 221). (E) The cell viability of TDP-43 siRNA-treated
HeLa cells using the CytoTox-Glo™ Cytotoxicity Assay. The data are presented as a ratio of the viability observed with control siRNA (n = 4). (D and E) In a bar
graph, data represent the mean with standard error. The statistical comparisons were performed using the Mann—Whitney U test. **P < 0.001; scale bars: 10 pm

(A and B).

of TDP-43 siRNA was more severe compared with the other
proteins (Supplementary Material, Fig. S5).

Decreased number of GEMs in spinal motor neurons from
patients with ALS

Next, we investigated the number of GEMs in spinal motor
neurons of ALS patients. We observed a subset of GEMs attached
to TDP-43-immunopositive foci (Fig. 3A—H, Supplementary
Material, Fig. SOA—D). We obtained three-dimensional recon-
structed surface images of GEMs from Z-stacks of confocal
images of spinal motor neuron nuclei (Fig. 4A) and compared
the number of GEMs in ALS patients and controls (Fig. 4B).
The number of GEMs per nucleus (mean + SD) was significantly
decreased in neurons from sporadic ALS patients compared with
controls (3.25 + 1.40 in ALS, 11.05 + 2.14 in controls; P <
0.05) (Figs 3E—-L and 4C, Supplementary Material, Fig. S6C—
FandI-L).

We further investigated the number of GEMs in motor neurons
from one familial ALS case carrying a p.GIn343 Arg mutation in
TDP-43 (3) and one familial ALS case carrying a p.Aspl01Tyr
mutation in SODI (37) (Fig. 3M-T). We found that the mean
number of GEMs was also decreased (2.67 + 0.50: mean +
SE) in the familial ALS case carrying a p.GIn343 Arg mutation

in TDP-43 (3) but not in the familial ALS case carrying a
p-Aspl01Tyr mutation in SODI (14.33 + 1.90: mean + SE)
(Fig. 4B). We subsequently compared the number of GEMs
with or without nuclear TDP-43. The number of GEMs
(mean + SD) was similar between motor neurons with or
without nuclear TDP-43 (3.03 + 1.40 in neurons with nuclear
TDP-43, 3.02 +£1.99 in neurons without nuclear TDP-43)
(Figs 3E—L and 4D, Supplementary Material, Fig. S6C—F and
I-L). The volume of GEMs (mean + SD) did not differ signifi-
cantly between the neurons from ALS ?atxents and controls
(0.60 + 0.20 pm®in ALS, 0.67 + 0.32 wm® in controls) (Fig. 4E).

We also used anti-coilin antibody to compare the number of
Cajal bodies, which are associated with TDP-43 and GEMs, in
spinal motor neurons of ALS patients and controls (4). The
number of Cajal bodies per nucleus (mean + SD) was signifi-
cantly decreased in the neurons from sporadic ALS patients

‘compared with controls (6.35 4+ 1.69 in ALS, 15.33 + 1.59 in

controls; P < 0.05) (Fig. 4F and G).

Alteration of the U snRNA repertoire in TDP-43-depleted
cells

GEM plays an important role in the biogenesis of U snRNA—
protein complexes, a component of pre-mRNA splicing
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Figure 2. Decrease in SMN complex proteins in TDP-43-depleted HeLaand SH-SYSY cells. (A) Total protein extracts were prepared from cells treated with control or
TDP-43 siRNA. SMN and Gemin proteins were detected by quantitative immunoblot, using B-actin and Magoh as loading controls. (B and C) The relative amount of
SMN and Gemin proteins in cells treated with TDP-43 siRNA. (B) HeLa; (C) SH-SH5Y cells. Data represent the mean with standard deviation from three independent
experiments. Statistical comparisons were performed with Student’s #-test. *P < 0.05; **P < 0.005. (D) Total protein extracts were prepared from HeLa cells treated
with one of four different 3’ UTR TDP-43 siRNAs (#1—4). SMN and Gemin proteins were detected by quantitative immunoblot using -actin as a loading control.
(E and F) Quantification of SMN mRNA levels in TDP-43-depleted cultured cells. (E) A schematic indicating SMN mRNA and the positions of the primers that were
used in real-time qRT-PCR assays. The exons are indicated by white boxes. The arrows and lines indicate the amplification primers and the amplified products for the
SMN mRNA quantification assay. (F) Quantification of SMN mRNA in TDP-43-depleted cells (HeLa cells as white bars and SH-SY5Y cells as black bars). The nor-
malization factor was calculated from the results of two endogenous controls, PP/4 and TBP in HeLa cells, and RPLPI and RPS18in SH-SYSY cells. These genes were
selected as controls from among 16 housekeeping genes (Takara) using the geNorm program (http://medgen.ugent.be/~jvdesomp/genorny/). Data represent the log,
mean values of the transcript ratios. The error bars show the standard error from three independent experiments. The error bars were calculated using the following
formula: +/[SE(control)]>+ [SE(TDP - 43 siRNA)]>. The statistical comparisons were determined using REST2009 (http://www.gene-quantification. de/
rest-2009.html). *P < 0.05.

machinery (26—28). Thus, we investigated whether depletion of  observed in controls, respectively (P < 0.05) (Fig. 5B). In
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TDP-43 results in the reduction in U snRNA levels. Treatment
with TDP-43-targeted siRNA reduced 7DP-43 mRNA levels
to 10% in HeLa cells, 55% in SH-SY5Y cells and 8% in
U87-MG cells relative to the levels observed in control cells.
In HeLa cells, U5 and Ul12 snRNA levels were decreased to
70% of control levels, but this difference was not significant
(Fig. 5A). In SH-SYS5Y cells, U4datac and Ub6atac snRNA
levels were significantly decreased to 61 and 85% of the levels

U87-MG cells, the U12 snRNA level was significantly decreased
to 55% of the control level (P < 0.05), whereas U2, U6 and U11
snRNA levels were significantly increased (P < 0.05) (Fig. 5C).
Because we had demonstrated that SMN is decreased in
TDP-43-depleted cells, we then compared the levels of U
snRNAs in SMN-depleted cells to investigate the possibility
that these alterations resulted from the depletion of SMN. We
observed that the repertoire of U snRNA in SMN-depleted
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Figure 3. Decreased number of GEMs in spinal motor neurons of patients with ALS in two-dimensional images. Immunostaining of spinal motor neurons from control
tissue (A—D), sporadic ALS cases (E—L), a familial ALS case carrying a p.GIn343 Arg mutation in 7DP-43 (M—P) and a familial ALS case carrying a p.Asp101Tyr
mutation in SOD- (Q—T) was performed using anti-TDP-43 (red) and anti-SMN antibodies (green) and observed with confocal microscopy. Panels A—H and Q—T
show normal nuclear TDP-43 staining, and panels I-P show TDP-43-positive skein-like inclusions in the cytoplasm. A subset of TDP-43 loci co-localized to GEMs
(arrow). The images on the right (D, H, L, P and T) are magnified images of the area indicated with dashed lines in the merged images (C, G, K, O and S). The numbers
correspond to the case number described in Supplementary Material, Tables S2 and S3. Scale bar: 20 pwm.

HeLa cells differed from that in TDP-43-depleted HeLa cells
(32,33). Moreover, the repertoire of U snRNA in SMN-depleted
U87-MG cells was not similar to that observed in TDP-
43-depleted U87-MG cells (Fig. 5C and D). These results
indicate that the alteration of U snRNA in TDP-43-depleted
cells does not simply result from the depletion of SMN.

U12 snRNA level was decreased in tissues from patients with
ALS

We next investigated U snRNA levels in the spinal cord, motor
cortex, thalamus, cerebellar hemisphere, kidney, skeletal
muscle and liver tissues of patients with ALS and controls.
The spinal cord and motor cortex were selected as regions with
TDP-43 pathology, the thalamus was selected as a non-motor

region with TDP-43 pathology and the cerebellar hemisphere
was selected as a region in which TDP-43 pathology has never
been observed (38). Ul2 snRNA was significantly decreased
in the spinal cord (to 82%), motor cortex (to 82%) and thalamus
(to 67%) of ALS patients compared with the corresponding
control tissues (P < 0.05) (Figs 6A—C). Additionally, in the
spinal cord of patients with ALS, both U6 and Ull snRNA
levels were significantly decreased to 74 and 75% of the
levels that were detected in control tissue, respectively
(P <0.05) (Fig. 6A). The U6atac level was significantly
decreased (P < 0.05) in the motor cortex (to 78% of control
levels) and the thalamus (to 70% of control levels) (Fig. 6B
and C). In contrast, no significant difference in U snRNA was
demonstrated in the cerebellum, skeletal muscle or kidneys
(Figs 6D—F). In the liver of ALS patients, Ul1l and U6atac
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Figure 4. Decreased number of GEMs in spinal motor neurons of ALS patients in three-dimensional surface images. (A) The two-dimensional (left) and three-
dimensional surface (right) images of GEMs in spinal motor neurons. The dashed line indicates the area of the nucleus. Serial z-section images were acquired
with a confocal laser-scanning microscope using anti-SMN antibodies (green), and three-dimensional surface modules were constructed using Imaris software.
(B) Scattergram of the total number of GEMs in the examined spinal motor neurons. The total number of GEMs per spinal motor neuron from each individual
was plotted (n = 16—42). The numbers labeled in the x-axis correspond to the case numbers (described in Supplementary Material, Tables S2, S3). The lines and
error bars represent the mean + SEM. (C) The number of GEMs in each spinal motor neuron from controls (n = 5) and ALS patients (n = 5). (D) The number of
GEMs in each spinal motor neuron with or without nuclear TDP-43 from ALS patients (n = 5). (E) The volume of each GEM in spinal motor neurons from controls
(n = 5)and ALS patients (n = 5). (C—E) Data represent the mean with standard deviation. The statistical comparisons were performed using the Mann—Whitney U
test. *P < 0.05.
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Figure 5. Decreased U snRNA levels in TDP-43-depleted cells. Quantitative RT-PCR was used to assay the U snRNA levels in cells treated with control, TDP-43 or
SMN siRNAs. The ratios of the snRNA levels that were detected in TDP-43- or SMN-depleted cells compared with those observed in control cells were measured.
TDP-43 siRNA-treated (A) HeLa, (B) SH-SHS5Y and (C) U87-MG cells. (D) U87-MG cells transfected with SMN siRNA. The error bars were calculated as in
Figure 2F. The normalization factor was calculated from the results of two endogenous controls, PPI4 and 7BP in HeLa and U87-MG cells, and RPLP] and
RPS18 in SH-SYSY cells. Data represent the log, mean values of the transcript ratios. The error bars show the standard error from three independent experiments.
The statistical comparisons were determined using REST2009 (http://www.gene-quantification.de/ rest-2009.html) *P < 0.05.

levels were significantly decreased to 54 and 28% of the levels
observed in controls, respectively (P < 0.05) (Supplementary
Material, Fig. S7). SMN mRNA levels were not decreased in
the tissues of ALS patients (Supplementary Material, Fig. S8).

Decreased Ul2-type snRNPs in ALS spinal motor neuron

To show the reduction in U12 snRNA and a minor spliceosome
in spinal motor neurons, we next investigated the amounts of
Ul1/12-type spliceosome in spinal motor neurons of ALS
patients using immunofluorescent staining with anti-small
nuclear ribonucleotide protein 59 kDa (snRNP 59 K) antibody.
snRNP 59 K is a component of the U11/U12-type spliceosome
(39). Although the normal spinal motor neuron is well stained
with the antibody (Fig. 7A—C), the nucleus of neurons from
ALS patients does not stain well with the antibody (Fig. 7D—
F). The fluorescence intensity of snRNP 59 K in the nucleus of
each motor neuron in which TDP-43 still remained was signifi-
cantly decreased in ALS patients compared with controls
(Fig. 7G, Supplementary Material, Fig. S9).

Finally, we investigated splicing efficiencies of the U2- and
Ul2-type intron in Ipo4, IFT80 and GARS genes by qRT-PCR
analysis using RNA samples isolated from TDP-43-depleted
cells or tissues affected by ALS (Supplementary Material, Fig.
S10) (40,41). TDP-43-depleted U87-MG and SHSY-5Y cells
showed a decrease in the mRNA of Ipo40 and GARS with a
spliced Ul2-type intron. TDP-43-depleted U87-MG cells

showed an increase in the mRNA of Ipo4 and IFT80 with a
retained Ul2-type intron. Furthermore, in ALS motor cortex,
the mRNA of Ipo4 with a spliced U12-type intron significantly
decreased, whereas the mRNA of Ipo4 with a retained
Ul2-type intron tended to increase compared with controls. In
contrast, in tissues with SOD1 mutations, mRNA of /po4 and
GARS with retained introns tended to decrease (Supplementary
Material, Fig. S11). However, TDP-43-depleted U87-MG cells
also showed an increase in mRNA of Ipo4, IFT§0 and GARS
genes with a retained U2-type intron.

DISCUSSION

Here, we have shown a decrease in the number of GEMs in
TDP-43-depleted cultured cells and spinal motor neurons of
patients with ALS. These findings are consistent with the
results obtained from gene-modified mice: the number of
GEMs increased in the TDP-43 transgenic mouse, and no
GEMs were observed in the TDP-43 knockout mouse (29). In
addition, we observed a decrease in the levels of Ul12 snRNA
in tissues from ALS patients with TDP-43 pathology but not in
tissues without TDP-43 pathology. Finally, we found a decrease
in U11/U12-type snRNPs in spinal motor neurons from patients
with ALS. GEMs participate in U snRNA assembly, maturation,
expression and recycling of a fraction of U snRNPs (27,28,42).
Indeed, in SMA model mice, depletion of SMN, which is a
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Figure 6. Decreased U snRNA levels in the affected tissues of ALS patients. Total RNA was purified from (A) spinal cord, (B) motor cortex, (C) thalamus, (D) cere-
bellum, (E) muscle and (F) kidney samples from patients with ALS (n = 4—10) and controls (» = 5—10). Real-time qRT-PCR analyses were performed to determine
therelative levels of 9 U snRNAs and 7DP-43 mRNA in each tissue. The normalization factor was calculated from the mRNA levels of two endogenous controls (EC),
RPLP] and RPSI8 in (A-D), RPLP0 and RPLP2 in (E) and RPLP0 and RPSI8 in (F). These genes were selected as endogenous control genes as described in
Figure 2F. Data represent the log, mean values of the transcript ratios. The error bars show the standard error from at least four independent experiments. The
error bars were calculated as described in Figure 2F. The statistical analyses were performed using the REST2009 program (http://www.gene-quantification.de/

rest-2009.html) *P < 0.05.

major component of GEMs, decreased the levels of UT1 and U12
snRNAs (32,33). Thus, we can speculate that the decreased
number of GEM results in a reduction in Ul2 snRNA and
Ul1/Ul2-type spliceosome. Taken together, these findings
raise the possibility that disturbance of pre-mRNA metabolism
regulated by the U11/U12-type spliceosome may underlie the
pathogenesis of ALS. Although these results are not convincing,
the decreased expression of mRNA with a spliced Ul2-type
intron in TDP-43-depleted U87-MG cells and ALS motor
cortex supports this hypothesis.

Based on the consensus sequence for the splicing junction, U
snRNAs are divided into two classes: major spliceosomes (U1,
U2, U4, U5 and U6) and minor spliceosomes (Ul1, U12, U5,
U4atac and U6atac) (21,23). Although GEMs associate with

all types of U snRNAs, U12 snRNA was preferentially decreased
in tissues with TDP-43 pathology. Similarly, in the global
SMN-deficient mouse, Ul1l and Ul2 snRNA preferentially
decreased in the affected tissues (32,33). Both Ul1l and U12
snRNA belong to the minor spliceosome class. The preferential
decrease in minor spliceosome U snRNA, compared with major
spliceosome U snRNA, is partially explained by the difference in
the number of genes for each U snRNA. Multiple genes encode
Ul and U2 snRNA, whereas a single gene encodes U11 and U12
snRNA (43). Therefore, decreasing the number of GEMs asso-
ciated with U snRNA transcription may have a greater influence
on single-gene than multiple-gene U snRNAs (43).

BothU11 snRNA and U12 snRNA participate in generation of
the pre-mRNA lariat structure to select the donor and acceptor

—208—

¥10T ‘1 Arenuep uo AysioArun eeSiN Je /S1o°sjewnolpioyxo guy//:dyy woiy papeojumo(g





