RNA profiles in different cell lineages from the CNS for more precise
interpretation of selective neuronal death in FUS-associated ALS/
FTLD.

We reported recently that FUS regulates a subset of exon splicing
events and gene expression in mouse primary cortical neurons in a
position-dependent manner®. We also showed scattered binding of
FUS to and around alternatively spliced exons, including those assoc-
iated with neurodegeneration, such as Mapt, Camk2a, and Fmr1*.In
the present study, we extend our research to the global roles of FUS
on RNA metabolism in different cell lineages from the different CNS
regions, including primary motor neurons, cortical neurons, glial
cells, and cerebellar neurons, and describe a new pathomechanism
of FUS-related ALS/FTLD.

Results

Lentivirus-mediated silencing of FUS in different cell lineages from
the CNS. We have described recently the establishment of Fus-
silenced primary cortical neurons®. In order to compare RNA
profiles of FUS in different cell types of the CNS, we prepared Fus-
silenced primary motor neurons, primary cerebellar neurons, and
primary glial cells by introducing lentivirus-expressing shRNA
against Fus (shFUS) or scrambled control (Fig. 1A). The purity of
each primary cell culture was confirmed by immunostaining for cell
specific markers. We successfully established primary cultures of
motor and cortical neurons with more than 95% purity. For
primary glial cell cultures, we obtained astroctyes with purity of
more than 95%, as confirmed by staining for GFAP. Both Purkinje
cells and granule cells were the main cell populations among primary
cerebellar neurons (Fig. 1B).

To exclude possible off-targeting effects, we used two different
shRNAs, shFUS1 and shFUS2 in experiments performed in triplic-
ate, as described in our recent study®. Correlation analysis between
shFUS1 and shFUS2 showed a coefficient of determination (R?) of
0.93 in primary cortical neurons, indicating that these two shRNA
have minimal off-targeting effects®. The expression levels of Fus
mRNA were efficiently suppressed in all four types of cells by both
shFUS1 and shFUS2 by real-time quantitative PCR (Supplementary
Fig. S1A). The FUS protein levels were decreased in all four types of
cells by both shFUS1 and shFUS2 by immunoblot (Supplementary
Fig. S1B). Immunohistochemistry also showed markedly decreased
FUS protein levels in all four primary cells infected with shFUS1 and
shFUS2 compared to shRNA against control scrambled oligonucleo-
tides (shCont) (Supplementary Fig. S1C).

Innate gene expression profiles in neurons and glial cells. The innate
gene expression profiles of each cell-type infected with shCont were
analyzed using the Affymetrix Mouse Exon 1.0 ST Array and
compared by principal component analysis. The correlation coeffi-
cients were calculated (Supplementary Table S1) and summarized in
the correlation plot and 2D-PCA scores (Fig. 1C). We found that the
expression profiles of cerebellar neurons are very close to those of
cortical neurons. The expression profiles of motor neurons are also
similar to those of cortical neurons but with a lesser extent. On the
other hand, the expression profiles of glial cells were divergent from
those of the other three neuronal cells.

FUS regulates gene expressions in motor neurons, cortical neurons,
and glial cells, but to a lesser extent in cerebellar cells. In the next
step, we analyzed the gene expression and alternative splicing events in
Fus-silenced and control primary cells using the Affymetrix Mouse
Exon 1.0 ST Array. To identify the common effects of Fus-silencing in
different cell lineages from the CNS, we compiled a list of differentially
expressed genes and differentially spliced exons in primary motor
neurons, cortical neurons, glial cells, and cerebellar neurons, in
which shFUS was introduced (GEO accession numbers: GSE36153
for cortical neurons, GSE42421 for motor neurons, glial cells, and

cerebellar neurons). We first prepared a list of FUS-regulated genes
which were differentially expressed by shFUS for each cell lineage by
filtering the gene-level signal intensities with t-test p values of =0.1.
Then, we identified differentially expressed genes shared among the
four primary types of cells.

The results of plot analysis of gene expression in primary cells of
the CNS after Fus-depletion are shown in Fig. 2A. The numbers of
differentially expressed genes with more than 1.3-fold change were
higher in primary cortical neurons, motor neuron, and glial cells than
in cerebellar neurons. Indeed, there were more than 2000 differenti-
ally expressed genes in these three cell types but only 494 genes in
primary cerebellar neurons (Supplementary Table S2).

FUS-mediated gene expression profiles are similar between cortical
and motor neurons and are less similar when these neuronal cells
are compared to cerebellar neurons. We investigated the similarity
in differential gene expression profiles regulated by FUS among
primary motor, cortical, and cerebellar neurons. Venn diagrams
indicated overlap in genes or exons whose expression was regulated
in the same direction by FUS (t-test, p << 0.1). Both motor and cortical
neurons which are destined to die in ALS/FTLD, shared appreciable
proportions of gene expression profiles (775/2321, 33.4% of genes in
motor neurons; 775/2470, 31.4% of genes in cortical neurons).
Cerebellar neurons, which are considered to be spared in ALS/
FTLD, contained fewer numbers of FUS-regulated genes (t-test, p
< 0.1) than motor and cortical neurons, and showed small
overlapping rate with other neurons (58/494, 11.7% of genes with
motor neurons; and 50/494, 10.1% of genes with cortical neurons)
(Fig. 2B). The fold-changes in overlapped genes filtered by the t-test
(p < 0.1) were plotted for primary motor, cortical, and cerebellar
neurons. Comparison of gene expression profiles showed
significantly high correlations between motor and cortical neurons
(R* > 0.80, Fig. 2C: p = 0.1, by t-test, Supplementary Fig. S2A: p =
0.075 and 0.05, by t-test).

FUS-mediated alternative splicing profiles are similar in cortical
and motor neurons but largely divergent compared with cerebellar
neurons. We next investigated the similarity in differential alternative
splicing profiles regulated by FUS among primary motor, cortical,
and cerebellar neurons. We filtered the exon-level signal intensities
with t-test p values = 0.1, and prepared a list of FUS-regulated exons
for each cell lineage and identified shared FUS-regulated exons. In
alternative splicing profiles, about 10% (965/10727, 9.0% of genes in
motor neurons; and 965/8183, 11.8% of genes in cortical neurons) of
genes showed overlap between motor and cortical neurons at the
exon levels, whereas cerebellar neurons showed only overlap in
about 4% (434/9907, 4.4% of genes with motor neurons; and 325/
9907, 3.3% of genes with cortical neurons) of genes at the exon levels
compared with the other two neurons (Fig. 2B). The overlapped
exons filtered by the t-test were also plotted for primary motor, cor-
tical, and cerebellar neurons. Comparisons of exon splicing profiles
showed a significant correlation only between motor and cortical
neurons (R?> > 0.7), but not between motor and cerebellar neurons,
or cortical and cerebellar neurons (R* < 0.1, each) (Fig. 2C: p < 0.1,
by t-test, Supplementary Fig. S2B: p < 0.075 and 0.05, by t-test).

Glial cells are similar to motor and cortical neurons in FUS-regu-
lated gene expression profiles but not in alternative exon profiles.
Glial cells, which are thought to be the modifier in ALS/FTLD, were
also investigated with regard to similarity to motor and cortical
neurons in differential gene expression and alternative splicing
profiles regulated by FUS. Venn diagrams showed that the gene
expression profiles of glial cells shared certain similarities with
motor and cortical neurons (422/2074, 20.3% of genes with motor
neurons; 453/2074, 21.8% of genes with cortical neurons, Fig. 2D).
Comparison of gene expression profiles in the plot analysis showed
positive correlations between glial cells and both motor and cortical
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Figure 1 | Experimental schema and characterization of four primary cells from the central nervous system. (A) Primary motor neurons were harvested
from the spinal cords of C57BL/6 mouse embryos at embryonic E13. Primary cortical neurons and primary glial cells were obtained from the cerebrum of
C57BL/6 mouse at E15. Primary cerebellar neurons were obtained from the cerebellum of C57BL/6 mouse at E15. Motor and cortical neurons, but not
cerebellar neurons, are affected in ALS/FTLD. Glial cells are disease-modifiers in ALS/FTLD. Primary cells were infected with lentivirus expressing two
different shRNAs against FUS (shFUSI and shFUS2) and control shRNA (shCont). Total RNA was isolated and analyzed by the Affymetrix Mouse Exon
Array. Each experiment was performed in triplicate. (B) The purity of primary motor neurons, primary cortical neurons, primary glial cells, and primary
cerebellar neurons was confirmed by immunostaining using specific antibodies: anti-neurofilament-H antibody (SMI32R) for primary motor neurons;
anti-B tubulin antibody (TU20) for primary cortical neurons; anti-GFAP antibody for glial cells; anti-Zicl antibody for granule cells in primary cerebellar
neurons; and anti-calbindin antibody for Purkinje cells in primary cerebellar neurons. (C) The innate gene expression profiles of each cell type introduced
with shCont were compared by principal component analysis (n = 3 for each cell-type). The correlation coefficients were calculated (Supplementary
Material, Table S1) and summarized in the correlation plot (left). The 2D PCA scores and the loadings plots of the innate gene expression profiles of each
cell-type introduced with shCont indicated that significant separation between the profiles of the three primary neurons and that of glial cells (right).
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Figure 2 | Comparison of gene expression and exon splicing profiles among different cell lineages from the central nervous system after Fus

knockdown. (A) Scatter plot analysis of gene expression using shCont and shFUS in different primary cells from the central nervous system. Genes whose
expression levels changed by more than 1.3-fold after Fus-silencing with shFUSI are indicated in red. (B) The profiles of gene expression and alternative

splicing events were compared among the three different primary neurons. Venn diagrams indicate overlap in genes (top) and exons (bottorn) whose

expression levels are uniquely or concordantly regulated by FUS among motor, cortical, and cerebellar neurons (p < 0.1, by t-test). (C) The fold-changes
in overlapped genes filtered by the t-test (p < 0.1) were plotted for primary motor, cortical, and cerebellar neurons. Scatter plots of fold-changes in gene
expression levels (top) and alternative splicing events (bottom) after Fusknockdown. The R* value was calculated for genes and exons with t-test p values <
0.1. (D) As in Fig. 2B, the profiles of gene expression and alternative splicing events in glial cells were compared with those of motor and cortical neurons.
Venn diagrams indicate overlap in genes (top) and exons (bottom) whose expression levels are uniquely or concordantly regulated by FUS among motor,
cortical, and glial cells (p < 0.1, by t-test). (E) Scatter plots of fold-changes in gene expression levels (fop) and alternative splicing events (bottom) after Fus
knockdown. The R? value was calculated for genes and exons with t-test p values < 0.1.

FIC REPORTS | 3:2388 | DOL: 10.1038/5rep02388

- 100 -



neurons (R* = 0.58 and 0.42, respectively). On the other hand,
comparisons of exon splicing profiles did not show a significant
correlation between motor neurons and glial cells, and cortical
neurons and glial cells (R* < 0.1, each, Fig. 2E). Thus, FUS
regulates the expression levels and alternative splicing of the largest
number of shared genes between cortical and motor neurons.
Similarly, though less concordantly, FUS regulates the expression
levels of the same genes among the cortical/motor, cerebellar, and
glial cells, but not alternative splicing of these cells.

Characterization of genes with altered gene expression and spliced
alternative exon regulated by FUS in different cell lineages of the

CNS. We also analyzed Gene Ontology (GO) terms of genes shown
in the Venn diagrams using DAVID 6.7*'*?. The GO terms of genes
regulated by FUS in primary motor neurons were mainly those
involved in signaling cascades and metabolic processes that were
similar to those in primary cortical neurons (Table 1). The GO
terms of those in glial cells are mainly involved in the regulation of
the immune system. The GO terms of those in cerebellar neurons
were not available since the number of differentially expressed genes
was too small. The GO terms of genes involved in FUS-related
regulation of alternative splicing events in both motor and cortical
neurons were mainly involved in various neuronal functions such as
synapse, nerve impulse, and neuronal projection. In contrast, none of

Table 1 | Gene Ontology terms for FUS-associated genes in each primary cell type
GOID Term Pvalue
Gene expression
Motor neurons
G0O:0008104 protein localization 0.002392
GO:0006796 phosphate metabolic process 0.002963
GO:0006793 phosphorus metabolic process 0.002963
GO:0015031 protein transport 0.006112
G0:0045184 establishment of protein localization 0.006463
GO:0016310 phosphorylation 0.012273
GO:0006468 protein amino acid phosphorylation 0.014793
Cortical neurons
GO:0019637 organophosphate metabolic process 3.68E04
GO:0006644 phospholipid metabolic process 4.89E04
GO:0016055 Wht receptor signaling pathway 5.21E04
GO:0009100 glycoprotein metabolic process 5.30E-04
GO:0007264 small GTPase mediated signal transduction 5.91E04
GO:0006650 glycerophospholipid metabolic process 8.42E-04
GO:0007242 intracellular signaling cascade 0.001227
Glial cells
GO:0009615 response o virus 1.68E-08
GO:0006955 immune response 1.18E-07
G0:0048525 negative regulation of viral reproduction 0.012033
GO:0006952 defense response 0.01839
G0O:0045087 innate immune response 0.026843
GO:0008653 lipopolysaccharide metabolic process 0.035673
GO:0050792 regulation of viral reproduction 0.047282
Alternative splicing
Motor neurons
GO:0006836 neurotransmitter fransport 0.003894
G0O:0007268 synaptic fransmission 0.018152
G0:0032940 secretion by cell 0.019717
G0:0046903 secretion 0.027201
GO:0019226 transmission of nerve impulse 0.028352
GO:0007269 neurotransmitter secretion 0.041581
GO:0007267 cellcell signaling 0.044736
Cortical neurons
G0O:0045202 synapse 6.85E07
GO:0042995 cell projection 2.54E-06
G0O:0043005 neuron projection 2.29E-05
GO:0005856 cytoskeleton 1.73E04
GO:0005886 plasma membrane 1.88E-04
G0:0043232 intracellular non-membrane-bounded organelle 2.07E04
G0O:0043228 non-membrane-bounded organelle 2.07E-04
Glial cells
GO:0030097 hemopoiesis 0.006476
G0:0048534 hemopoietic or lymphoid organ development 0.008832
G0:0002520 . immune system development 0.010084
G0:0030098 lymphocyte differentiation 0.013204
GO:0002521 leukocyte differentiation 0.019998
GO:0007517 muscle organ development 0.029812
GO:0046649 lymphocyte activation 0.034644
Cerebellar neurons
GO:0051301 cell division 0.006634
GO:0046632 alpha-beta T cell differentiation 0.026253
GO:0046631 alpha-beta T cell activation 0.0316%96
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the neuronal function terms emerged in the list of alternative splicing
events in cerebellar neurons. Alternative splicing events in glial cells
were mostly categorized into immunohematological functions
(Table 1).

Supplementary Table S3 lists the top 10 genes that were differenti-
ally expressed in Fus-silenced motor neurons, together with the fold-
change values in cortical neurons, glial cells, and cerebellar neurons.
Similar to the global profile comparison shown in Fig. 2, the express-
ion patterns of genes in the three different primary cells were similar
except for cerebellar neurons, whose profile was less altered by Fus-
depletion than other cell types.

After filtering exons with genes that were differentially expressed
by both shFUSI and shFUS2 with t-test p value of =0.1 and with
fold-changes = 1.3-fold in each primary cell, we categorized alterna-
tive splicing exons into category “A” to “E”. In total, 44 exons were
validated by RT-PCR and shown in Table 2, Fig. 3A-C, and
Supplementary Fig. S3A-E. Alternative splicing exons A were spe-
cific to primary cortical neurons and primary motor neurons; B,

specific to primary motor neurons; C, specific to primary cortical
neurons; D, specific to primary glial cells, E, were common among
primary motor neurons, cortical neurons, glial cells and/or cerebellar
neurons.

We identified 18 alternative splicing events that were motor- and
cortical neuron-specific, including Mapt, Digap4, and Snap25
(Fig. 3A). All the validated splicing events that were motor- and
cortical neuron-specific are shown in Supplementary Fig. S3A. We
observed motor-neuron-specific alternative splicing events in Synj1,
Scn8a, and Rimsl (Fig. 3B). We also identified several alternative
spliced events that were differentially expressed in Fus-silenced cor-
tical neurons. Fig. 3C shows representative cortical-neuron-specific
alternative splicing events in Kcnip, Stxbpl, and Fmrl. All the vali-
dated events are shown in Supplementary Fig. S3C. Furthermore,
Glial-cell-specific alternative splicing events were seen in Sgce,
Wdr35, and Fiplll (Supplementary Fig. S3C). Exons in Fxrl and
Tsc22d2 were alternatively spliced in all primary cell types. Map4
exonl4 inclusion was also observed in primary cortical neurons,

Table 2 | List of validated FUS-regulated cell-type specific alternative splicing events ,

gene symbol alternative splicing motor neurons cortical neurons glial cells cerebellar neurons group
Mapt Ex10 inclusion v v A
Digap1 Ex10 inclusion v/ v/ A
Snap25 Alternative exon (Ex5) v v A
Anks1b Ex7 inclusion v/ e A
Brec3 3'UTR elongation v v - A
Tial Ex5 inclusion v v - A
Caskin] Ex15-16 skipping v v - A
Clec16a Ex10 shortening v/ v/ A
Elmo2 Ex10 skipping v v - A
Erc2 Ex12 skipping v/ v - - A
Fkbp15 Ex19 elongation v/ v - - A
Grm5 Ex8 inclusion v/ v - - A
Lrre7 Ex23 skipping v v - A
Pdzd4 Ex2-3 skipping v v A
Smarcal Ex3 alternative exon v v - A
Teergll Ex7 elongation v v - A
Xprl Ex13 elongation v v - A
Anks1 Ex24 skipping v v - A
Synjl Ex27 inclusin v - B
Rims1 Alternative 3'-UTR v - B
Scn8a Alternative exon (Ex4) v/ - B
Stxbp1 Ex19 skipping - v C
Kenip1 Ex2 skipping v - - C
Fmrl Ex12 inclusion - v - C
Abil Ex8 skipping v/ - - C
CamK2a Ex14 skipping v/ - - C
Ctin Ex11 skipping 4 C
Gripl Ex10 inclusion v C
Nav2 Ex5 inclusion - v - C
Neol Ex26 skipping - v/ C
Ndrg3 Ex16 skipping - v - C
Rapgefd Ex7 inclusion - v C
Sh3kbp1 Ex6-7 inclusion v/ - C
Slela2 Ex11 skipping v/ - C
THl5 Ex33 skipping - v - C
Zhx1 Ex3 skipping - v - C
Braf Ex12 skipping v - - C
Wdr35 Ex11 inclusion - v - D
Sgce Ex2 inclusion v - D
Fip1l1 Ex9 inclusion - - v - D
Fxrl Ex15-16 inclusion v v v v E
Tsc22d2 Ex2 inclusion v v/ v v/ E
Map4 Ex14 inclusion v v v - E
Ning1 Ex7 inclusion v v - v E
v:changed significantly with Fus silencing.

A: specific fo primary cortical neurons and primary motor neurons; B, specific fo primary motor neurons; C, specific to primary cortical neurons; D, specific to primary glial cells, E, common among primary
motor neurons, cortical neurons, glial cells and/or cerebellar neurons.
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Figure 3 | Validation of representative altered splicing events in different cell lineages from the central nervous system after Fus-silencing. (A-C)
Three representative alternative splicing events regulated by Fus are shown in each category: (A) both motor and cortical neuron-specific, (B) motor
neuron-specific, and (C) cortical neuron-specific. All the validation of altered splicing events including category D and E, are shown in Supplementary
Fig. S3. The top panels represent schematic splicing changes mediated by FUS. shCont and shFus resulted in splicing events shown in the top and bottom
rows, respectively. The second panels show representative RT-PCR of the indicated exons in primary motor neurons. Similarly, the third, fourth, and
fifth panels show representative RT-PCR of the indicated exons in primary cortical neurons, primary glial cells, and primary cerebellar neurons,
respectively. The experiments were repeated four times using four independent sets of samples. The results of densitometric quantification of RT-PCR are
shown in bar graphs (n = 4; mean = SD). *p < 0.05, between shCont and shFUS (by Student’s t-test).
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motor neurons, and glial cells; but not in cerebellar neurons (Supple-
mentary Fig. S3D).

Interestingly, we also identified many neurological disease-assoc-
iated genes among the profiles of gene expression and alternative
splicing events. We list such representative genes in Table 3.

The protein levels of representative genes with altered spliced
events and gene expression were validated by immunoblot in all four
primary cells in the CNS (Fig. 4). The expression of 4-repeat Tau
(RD4) which corresponds to the exon10 (+) isoform of Mapt gene
was increased by shFUS in primary cortical neurons but was unde-
tectable in motor neurons. On the other hand, the expression of 3-
repeat Tau (RD3) which corresponds to the exon10 (-) isoform was
decreased in primary cortical and motor neurons. The 89kD form of
Braf protein encoded by the exonl2 (+) variant of Braf gene was
decreased in Fus-silenced primary cortical neurons. The protein
expression level of Syntaxin-1A was upregulated in Fus-silenced
cortical and motor neurons as observed in its mRNA levels.

Direct binding of FUS to target mRNA was not tisseue-type speci-
fic in CNS. To investigate the direct binding of FUS to mRNA of the
genes and exons with altered expression, RNA immunoprecipitation
(RIP) using differenet tissues of CNS was performed. We prepared
the spinal cord (E13), the cerebrum (E15), and the cerebellum (E15)
from the mouse embryos, and FUS protein was immunoprecipitated
from each tissue (Fig. 5A). FUS-associated mRNA levels were
evaluated by RT-PCR using specific primers for Mapt, Digapl, and
Stxbpl, of which alternative splicing events were regulated by FUS.
Primers for Gapdh and intergenic region were used as negative
controls. The RIP results showed that the interaction levels between
FUS and mRNA of Mapt, Digap1, and Stxbpl among three different
CNS tissues were comparable, whereas these three genes showed cell-
type specific splicing patterns in Fig 3 (Fig. 5B). There was no
apparent binding of FUS to Gapdh mRNA or intergenic region
(Fig. 5B). We next analyzed position dependence of FUS-binding
to splicing targets and their effects on alternative splicing through
comprehensive analysis of the exon array using primary glial cells and
HITS-CLIP of mouse brain (Fig. 5C-D). We analyzed the positions of
CLIP-tags of 121 FUS-responsive exons (29 exon skipped and 92
exon included by shRNA) that were filtered by t-test p value = 0.1
and fold-change of =0.67 or =1.5 for shFUS1. We combined these
exons into a single composite pre-mRNA and prepared integrated
RNA maps from our HITS-CLIP reads mapped to the corresponding
genomic regions, as described in more detail previously”>*. The
analysis showed that scattered FUS binding sites mainly around the
alternatively spliced exons. Conspicuous binding of FUS was
observed at ~500 nt upstream of the 3’ end of the downstream
intron in skipped exons (arrows in Fig. 5C). This finding was
similar to the complexity map of primary cortical neurons that was
reported previously by our group (Fig. 5D)*.

Discussion

In the present study, we determined the gene expression profiles and
alternative splicing events in four different primary cells of the CNS,
with silenced Fus induced by lentivirus encoding shRNA against Fus.
By comparing the gene expression profiles of the four primary cells,
we found that the genes altered by Fus-silencing were fewer in cere-
bellar neurons than in the other three cell types, although the innate
gene expression profiles of motor, cortical and cerebellar neurons
were similar. These findings suggest that gene expression profile
reflects cellular response affected by Fus-silencing in each cell type,
given that ALS/FTLD-relevant cell types showed more alterations
than non- ALS/FTLD-relevant cell type. On the other hand, the
profiles of alternative splicing events were only similar in motor
and cortical neurons. Alternative splicing events in these two types
of neurons were far different from glial cells and cerebellar neurons,
suggesting that alternative splicing events are uniquely fine-tuned in
a cell-specific manner (Fig. 2). Alternative splicing contributed to
brain development in mammals during the evolution process®?.
In the adult human, the brain expresses more alternatively spliced
transcripts than any other tissues®, and the majority of splicing
events are regulated in a tissue-specific manner®. Our finding that
FUS-regulated alternative splicing events were more region- and cell-
type-specific than those of gene expression suggests that the profiles
of alternative splicing events may reflect direct phenomenon caused
by Fus-depletion whereas those of gene expression include both
indirect phenomenon as well as direct suppressive effects on tran-
scription by binding to promoter antisense transcripts®. Indeed, we
observed more frequent FUS-tagged sites on genes with altered
spliced alternative exons than genes with altered gene expression
(Supplementary Fig. S4). In this context, the alternative splicing
events regulated by FUS could explain the cell vulnerability in
ALS/FTLD associated with FUS, whereas the gene expression regu-
lated by FUS could represent the size of cellular impact in FUS-
associated ALS/FTLD. The fact that cell death broadly occurs in
the cerebral cortex but not in the cerebellum and that cell death
occurs only in neurons but not in glial cells in ALS/FTLD also sup-
ports this notion***'. Although we found cell-type-specific profiles of
FUS-regulated alternative splicing events, the RIP experiments
showed that direct interaction between FUS and target RNA was
comparable in different CNS tissues. The complexity map showed
similar patterns for FUS-binding positions around the alternatively
spliced exons in cortical neurons and glial cells. These findings indi-
cate that FUS binding to mRNA is not dependent on cell/tissue type.
Instead, other molecules that associate with FUS in the spliceosome
are likely to dictate cell/tissue type-specificity of FUS-mediated
alternative splicing events. FUS protein-interaction analysis may
provide more detail information about cell specific machinery of
FUS on alternative RNA splicing.

Table 3 | List of FUS~regu]afed genes/exons in various neurological diséase

Neuronal Function

Gene Effect by Fus-silencing Cell type Neurological Disease

Mapt Ex10 inclusion motor/cortical FTLD microtuble stabilization

Fmrl Ex12 inclusion cortical Fragile X Translation repressor

Fxrl Ex15—16 inclusion all Fragile X RNA-binding protein

Stxla upregulation motor /cortical Williams-Beuren syndrome Part of the SNARE core complex
Snap25 Ex5 alternative exon motor/cortical Part of the SNARE core complex
Stxbp! Ex19 skipping cortical EIEE4 binding to syntaxins

Camk2a Ex14 skipping cortical Alzheimer’s disease LTP

Scn8a Ex4 alternative exon motor EIEE13 sodium channel

Sgce Ex2 inclusion glial Myoclonus dystonia dystrophin-glycoprotein complex
Fkin downregulation all Congenital muscular dystrophy glycosyltransferase

EIEE4: epileptic encephalopathy early infantile type 4.
EIEE13: epileptic encephalopathy early infantile type 13.
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Figure 4 | Protein expressions of genes with altered splicing events and gene expression in different cell lineages from the central nervous system
after Fus-silencing. Protein levels of representative genes with altered splicing events (Tau and Braf) and gene expression (Syntaxin-1A) were evaluated in
different primary cells in the CNS with Fus-silencing. Expression levels of FUS, Syntaxin-1A (Stxla), 3-repeat Tau (RD3), 4-repeat Tau (4RD), Braf, and

actin were measured by immunoblot.

The results showed concordant regulation of many alternative
splicing events by FUS in both motor and cortical neurons, which
underscores the notion that FUS-mediated ALS and FTLD could be
considered the same disease entity based on clinicopathological and
genetic findings”**. The cell-type specific transcriptome profiles we
established were embryonic; however many of identified FUS-
mediated splicing events were likely to be seen in adult tissues.
Indeed, 34% (15/44) of alternative splicing events in Table2 were
also seen in the list of another report™ using adult mouse brain with
Fus-silencing (data not shown). Among them, Mapt is the most
notable gene whose splicing was affected by Fus-depletion (Fig. 3A
and Table 2). The inclusion exon 10 yields 4-repeat Tau (RD4),
whereas skipping of exonlO generates 3-repeat Tau (RD3). We
reported previously the increase of exon 10 inclusion in Mapt in
Fus-silenced primary cortical neurons, a finding also reported by
several other groups®**-**. In this study, we also found the increase
of exon 10 inlusion in primary motor neurons, although the protein
level of RD4 was only dectable in cortical neurons. In this regard, it is
intriguing that previous studies reported the presence of high RD4/
RD3 ratio in various neurodegenerative disorders, including
FTLD?**. However, little is known about the involvement of Tau
pathology in motor neuron degeneration in ALS. Further studies are
necessary to clarify the association between the FUS-Tau pathway
and pathogenesis of ALS and FTLD.

As described above, the entire profiles of alternative splicing
events in motor and cortical neurons were almost identical.
Nonetheless, we identified only motor neuron- or cortical neuron-
specific alternative splicing events with close observation of region-
and cell-type specific profiles of alternative splicing. Those splicing
events may potentially represent differences in cell fate in each clin-
ical subtype of ALS/FTLD. We identified some channel-associated
genes, such as Synjl, Scn8a, and Rimsl as motor neuron-specific
alternative splicing targets regulated by FUS (Fig. 3B and Table 2),
indicating that synaptic dysfunction provoked by Fus-silencing
seems to be one of causes of motor neuron degeneration.

On the other hand, cortical neuron-specific alternative exons
might affect cerebral neurons, leading to cortex pathology in
FTLD. Stxbp1 is the causative gene for epileptic encephalopathy early
infantile type 4 (EIEE4)*® and participates in the regulation of
synaptic vesicle docking and fusion by associating with the
SNARE complex, which is essential for fusion of opposing cellular

membranes necessary for neurotransmission®. It is noteworthy that
two other SNARE complex components; Syntaxin-1A and Snap25,
were also identified as FUS-regulated gene and alternative exon,
respectively (Fig. 3C and Table 2). Fmrl is essential for normal
cognitive development and its mutation can lead to fragile X syn-
drome characterized by mental retardation, autism, Parkinson’s
disease, and other cognitive deficits**. The other fragile X syn-
drome-related gene, Fxrl, is also included among the list of alterna-
tive exons in which Fxr1 exon 16 is skipped by Fus-silencing in all cell
types (Supplementary Fig. S3D and Table 3).

Involvement of glial cells, such as astrocytes and microglia, likely
modifies and exaggerates the ALS/FTLD disease process. Although it
is not clear whether non-cell autonomous mechanism is also relevant
to FUS-associated ALS/FTLD, we showed here that primary glial
cells showed more altered differential genes by Fus-silencing than
cerebellar neurons (Fig. 2A), suggesting that knock-down of FUS
gene could have certain impact on cellular homeostasis of glial cells,
in addition to motor and cortical neurons.

Our global analysis also identified several genes relevant to various
neurological diseases (Table 3). The alteration of gene expression
and/or alternative splicing of these genes may have a large impact
on neuronal function. It is unlikely that only one of these genes or
exons is solely responsible for neurodegeneration in ALS/FTLD. FUS
silencing would have a partial effect instead of total loss of function
by altering isoforms or down/up regulation of these genes; therefore,
it is possible that accumulation of altered genes affected by FUS-
depletion could cause neurodegeneration after reaching a critical
threshold level even when the individual alternative splicing event
and gene expression are not critical by themselves. Investigation of
FUS-targeting molecules, especially those relevant to neurological
diseases may provide mechanistic insights into selective neuronal
degeneration in FUS-associated ALS/FTLD.

Methods

Primary cells from the central nervous system. Primary motor neurons were
harvested from the spinal cords of C57BL/6 mouse embryos at embryonic (E) day 13.
Primary cortical neurons and primary glial cells were obtained from the cerebri of
C57BL/6 mice at E15. Primary cerebellar neurons were obtained from cerebelli of
C57BL/6 mice at E15. The procedure for culture of each primary cell and lentivirus
infection are described in the online supplementary information. All animal
experiments were performed in accordance with the National Institutes of Health
Guide for the Care and Use of Laboratory Animals and under the approval of the
Nagoya University Animal Experiment Committee (Nagoya, Japan).
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Figure 5 | The binding of FUS to mRNA is not tissue and cell type specific in the CNS. (A-B) RNA immunoprecipitation (RIP) was performed to detect
the interaction between FUS and mRNA of genes with altered splicing events using mouse cerebrum, cerebellum, and spinal cord. (A) Anti-FUS
immunoblot of 1% input, FUS-IP, and control IP (IgG) from mouse cerebrum, cerebellum, and spinal cord at E15 embryos was shown. (B) FUS-
associated RNA was reverse transcribed and evaluated by semi-quantative PCR with specific primers for three representative FUS-target genes with
altered alternative splicing events, Mapt, Digap1, and Stxbpl. Primers for Gapdh and intergenic region (intergenic) were used as controls. (C-D) We
compared normalized complexity map of FUS-dependent splice sites of primary glial cells and cortical neurons. shFUS-mediated alternative splicing
events in primary glial cells (C) and primary cortical neurons (D) are compiled. Blue arrows point to conspicuous peaks at ~500 nt upstream of the 3’ end
of the downstream intron. The complexity map of primary cortical neuron (D) is identical to that shown in the Supporting Information/Fig. S3 in our
previous report®, which is shown for comparison with that of primary glial cells (C).
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Lentivirus. We designed two different shRNAs against mouse Fus as well as a control
shRNA. The targeted sequences were 5'-GCAACAAAGCTACGGACAA-3' for
shRNA/FUSI (shFUS1); 5 -GAGTGGAGGTTATGGTCAA-3'for shRNA/FUS2
(shFUS2); and 5’ -AATTCTCCGAACGTGTCACGT-3’ for shRNA/control
(shCont). These were cloned into a lentiviral shRNA vector (pLenti-RNAi-X2 puro
DEST, wi16-1, a kind gift from Dr. Eric Campeau at Resverlogix Corp., Calgary,
Alberta, Canada). Lentivirus was prepared using the protocol described by Campeau
et al*'. Briefly, lentiviral particles were produced in HEK293T cells by transfection
using Lipofectamine 2000 (Invitrogen, Carlsbad, CA). The lentivirus-containing
supernatant was collected at 48 hours after transfection, and stored at —80°C.
Lentivirus titer was measured using NucleoSpin RNA Virus kit (Clontech, Mountain
View, CA).

Microarray analysis. Total RNA was extracted from primary motor neurons, cortical
neurons, cerebellar neurons, and glial cells by the RNeasy Mini kit (Qiagen, Hilden,
Germany). We confirmed that the RNA integrity numbers (RIN) were all above 7.0.
cDNA fragments were synthesized and labeled from 100 ng of total RNA using the
GeneChip WT ¢cDNA Synthesis Kit (Ambion, Austin, TX). Hybridization and signal
acquisition of the GeneChip Mouse Exon 1.0 ST exon array (Affymetrix, Santa Clara,
CA) were performed according to the instructions provided by the manufacturer.
Each array experiment was performed in triplicate. The exon-level and gene-level
signal intensities were normalized by the RMA and iterPLIER methods, respectively,
using the Expression Console 1.1.2 (Affymetrix). We followed the gene annotation of
the ENSEMBL version e!61, which is based on the mouse genome assembly NCBI
build 37.1/mm’. All microarray data were registered in the Gene Expression Omnibus
with accession number GSE36153 for cortical neurons, GSE42421 for motor neurons,
glial cells, and cerebellar neurons.

The principal component analysis of innate gene profiles in each cell type was
conducted using the GeneSpring software (Agilent Technologies). For each cell type,
the gene-level signal intensities of three controls treated with shCont were compared
with those of three samples treated either with shFUS1 or shFUS2, using the Student’s
t-test. The gene expression profiles for each cell-type were established with or without
statistical filtration of the t-test p value = 0.1. We also obtained alternative splicing
profiles by filtering the exon-level signal intensities of the probe sets on internal exons
with t-test p value ='0.1. Comparison analysis of the profiles was completed using
shCont and shFUS] subsets for each cell-type profile.

RT-PCR for alternative splicing analysis. Total RNA was isolated from cells using
RNeasy Mini Kit (Qiagen, Hilden, Germany) followed by treatment with DNasel
(Qiagen). cDNA was synthesized from 1 ng of total RNA with the Oligo-dT primer
(Promega, Madison, WI). The primers for each candidate exon were designed using
Primer3 software (http://frodo.wimit.edu/primer3/input.htm). The sequences of
primers are shown in Supplementary Table S4. Semi-quantitative RT-PCR was
performed using Ex Taq (Takara Bio Inc, Otsu, Japan) at 25-30 cycles at 98°C for
10 sec, 60°C for 30 sec, and 72°C for 1 min. PCR products was electrophoresed on
15% acrylamide gel and stained with ethidium bromide. The intensity of each band
was measured by Multi Gage software (Fujifilm, Tokyo).

Immunoblot. Cells were lysed in TNE buffer containing protease inhibitors for

15 min on ice. The lysates were then cleared by centrifuging the cells at 13,000 g for
15 min at 4°C. Lysates were normalized for total protein (10 pg per lane), separated
using a 4%-20% linear gradient SDS-PAGE and electroblotted. For immunoblot, we
used anti-FUS antibodies (A300-2934, Bethyl Laboratories, Montgomery, TX and
4H11, Santa Cruz Biotechnology, Santa Cruz, CA), anti-Syntaxin-1A antibody
(abcam, Cambridge, MA), anti-RD3 antibody (Millipore, Billerica, MA), anti-RD4
antibody (Millipore), anti-Braf antibody (Thermo Scientific, South Logan, UT), and
anti-actin antibody (Sigma, St. Louis, MO).

RNA imunoprecipitation (RIP). Extracts were taken from mouse cerebrum,
cerebellum, and spinal cord at E15, normalized for total protein (1.6 mg), and applied
for RIP using anti-FUS antibody (A300-293A, Bethyl Laboratories) and RIP-Assay
Kit (MBL, Nagoya Japan). Immunoprecipitation using rabbit IgG was used as a
control. Semi-quantitative RT-PCR was performed using Ex Taq (Takara Bio Inc,
Otsu, Japan) and random primers at 22-25 cycles at 98°C for 10 sec, 60°C for 30 sec,
and 72°C for 1 min. Based on the HITS-CLIP analysis information in our previous
study, we designed primers for Mapt at exon6, Digap] at exonll, and Stxbpl at
exon20, respectively. Primers for Gapdh and an intergenic region were used as
controls.

Bioinformatics analysis. The detail was described in Supplementary experimental
procedures.
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Mutations in COQ2 in Familial and Sporadic
Multiple-System Atrophy

The Muitiple-Systern Atrophy Research Collaboration

ABSTRACT

BACKGROUND

Multiple-system atrophy is an intractable neurodegenerative disease characterized
by autonomic failure in addition to various combinations of parkinsonism, cerebel-
lar ataxia, and pyramidal dysfunction. Although multiple-system atrophy is widely
considered to be a nongenetic disorder, we previously identified multiplex families
with this disease, which indicates the involvement of genetic components.

METHODS

In combination with linkage analysis, we performed whole-genome sequencing of
a sample obtained from a member of a multiplex family in whom multiple-system
atrophy had been diagnosed on autopsy. We also performed mutational analysis of
samples from members of five other multiplex families and from a Japanese series
(363 patients and two sets of controls, one of 520 persons and one of 2383 persons),
a European series (223 patients and 315 controls), and a North American series (172
patients and 294 controls). On the basis of these analyses, we used a yeast comple-
mentation assay and measured enzyme activity of parahydroxybenzoate-polyprenyl
transferase. This enzyme is encoded by the gene COQ2 and is essential for the bio-
synthesis of coenzyme Q,,. Levels of coenzyme Q,, in lymphoblastoid cells and
brain tissue were measured on high-performance liquid chromatography.

RESULTS

We identified a homozygous mutation (M78V-V343A/M78V-V343A) and compound
heterozygous mutations (R337X/V343A) in COQ2 in two multiplex families. Further-
more, we found that a common variant (V343A) and multiple rare variants in COQ2,
all of which are functionally impaired, are associated with sporadic multiple-system
atrophy. The V343A variant was exclusively observed in the Japanese population.

CONCLUSIONS

Functionally impaired variants of COQ2 were associated with an increased risk of
multiple-system atrophy in multiplex families and patients with sporadic disease,
providing evidence of a role of impaired COQ2 activities in the pathogenesis of this
disease. (Funded by the Japan Society for the Promotion of Science and others.)
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ULTIPLE-SYSTEM ATROPHY IS A PRO-
gressive neurodegenerative disease that
is clinically characterized by autonomic
faﬂure in addition to various combinations of
parkinsonism, cerebellar ataxia, and pyramidal
dysfunction. The term multiple-system atrophy
was introduced in 1969 to encompass the disease
entities of olivopontocerebellar ataxia, striatoni-
gral degeneration, and the Shy-Drager syndrome,
on the basis of neuropathological findings in these
disorders.® Multiple-system atrophy is character-
ized by the development of cytoplasmic aggre-
gates of a-synuclein, primarily in oligodendrog-
lia.>” However, the pathogenic mechanisms
underlying this disease remain unknown, mak-
ing it difficult to develop effective therapies.

The disorder is classified into two subtypes:
subtype C, characterized predominantly by cer-
ebellar ataxia, and subtype P, characterized pre-
dominantly by parkinsonism.® Among patients
with multiple-system atrophy, subtype C has
been reported to be more prevalent than subtype
P in the Japanese population (65 to 67% vs. 33
to 35%),%° whereas subtype P has been reported
to be more prevalent than subtype C in Europe
(63% vs. 34%)** and North America (60% vs. 13%,
with 27% of cases unclassified).** Although mul-
tiple-system atrophy has been defined as a non-
genetic disorder until recently, several multiplex
families with the disease have been described,
indicating that strong genetic factors confer sus-
ceptibility to the disease.>1%

METHODS

PATIENTS AND MULTIPLEX FAMILIES
Patients with multiple-system atrophy were en-
rolled in the study on the basis of research proto-
cols that were approved by the institutional review
board at each participating center. Written in-
formed consent was obtained from all participants.

The diagnosis of multiple-system atrophy was
made on the basis of the current consensus cri-
teria for the disease.® Four Japanese families
(Families 1 through 4, whose members have
been described previously*®) and two additional
Japanese families (Family 8 and Family 12) were
enrolled in this study (Fig. 1). In Family 1, the
parents were first-degree cousins, which is con-
sistent with autosomal recessive inheritance.
The clinical features of these families are sum-

marized in Table S1 in the Supplementary Ap-
pendix, available with the full text of this article
at NEJM.org.

Autopsy findings for Participants 1I-4'* and
[1-8 in Family 1 and Participant II-6 in Family 8
showed widespread and abundant cytoplasmic
aggregates of a-synuclein, primarily in oligoden-
droglia, in association with neurodegeneration in
striatonigral and olivopontocerebellar structures.
These findings confirmed the diagnosis of mul-
tiple-system atrophy.

PATIENTS WITH SPORADIC DISEASE AND CONTROLS
As with the multiplex families, the diagnosis of
sporadic multiple-system atrophy was made on
the basis of the current consensus criteria.® A to-
tal of 363 patients with multiple-system atrophy
and 520 controls were included in the Japanese
series, 223 patients and 315 controls in the Euro-
pean series, and 172 patients and 294 controls in
the North American series (persons of European
or Hispanic descent living in North America)
(Text S2 and Table S2 in the Supplementary Ap-
pendix). Ancestry was determined by self-report
on a multiple-choice questionnaire. We also en-
rolled an independent series of 2383 Japanese
controls.

ASSOCIATION WITH OTHER NEURODEGENERATIVE
DISEASES

To determine the specificity of the association
between variants in candidate genes and multiple-
system atrophy, we enrolled 2728 Japanese patients
with Alzheimer’s disease, 659 with Parkinson’s dis-
ease, and 634 with amyotrophic lateral sclerosis
(ALS). Their demographic characteristics are pro-
vided in Text S2 in the Supplementary Appendix.

LINKAGE ANALYSIS AND WHOLE-GENOME
SEQUENCING

We performed parametric and nonparametric link-
age analyses using Affymetrix SNP 6.0 arrays and
software for linkage analysis.’®*” The genomic
DNA from Participant II-4 in Family 1 was sub-
jected to four runs in an Ilumina Genome Ana-
lyzer 1Ix (100-bp-long paired ends). We used BWA
software’® and SAMtools sequence-alignment
mapping® with the default settings for alignment
and variation detection against the human refer-
ence genome (National Center for Biotechnology
Information build 36 [also known as hg18]).
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Figure 1. Pedigrees of Six Multiplex Families with Multiple-System Atrophy.

The affected siblings in Family 1 were born to consanguineous parents (first cousins).™® In this family, the two pa-

tients with multiple-system atrophy (Participants 11-4 and 1i-8) also had retinitis pigmentosa, which was not present
~in the other siblings. The diagnosis of definite multiple-system atrophy.in three patients (Participants |1-4 and 11-8

in Family 1-and 11-6 in Family.8) was confirmed at autopsy. In Family 8, two siblings (Participants [1-3 and 11-4) of
L 'the affected family members had Parkinson’s disease (PD). In Family 1, in which homozygous M78V-V343A muta-
tions in COQ2 were identified, the parents (Participants I-1 and 1-2), who were obligate carriers of the mutation, -
showed no overt signs of parkinsonism, ¢erebellar ataxia, or autonomic dysfunction, according to family report. In
Family 12; in whom compound heterozygous R337X/V343A mutations were identified, Participants 1-1'and |-2-(obli-
gate carriers of the mutations) and the heterozygous carrier {Participant 11-2) showed no overt signs of parkinson-
ism, cerebellar ataxia, or autonomic dysfunction on examination by a neurologist. Squares represent male family
members, circles female family members, black symbols family members with multiple-system atrophy, gray sym-
bols family members with Parkinson'’s disease, open symbols unaffected family members, slashes deceased family
members, and small circles family members for whom genomic DNA samples were available. MSA-C denotes mul--
tiple-system atrophy of the cerebellar type, MSA-P multiple-systern atrophy with predommant parkmsomsm and
unclassified MSA- P+C similarly predominant parkinsonian and cerebellar signs.. .

ANALYSIS OF COQ2 AND OTHER GENES ASSOCIATED
WITH COENZYME Q,,

On the basis of linkage analysis and whole-genome
sequencing, we sequenced COQ2 and the other 11
genes involved in the biosynthetic pathway for
coenzyme Q,, (PDSSI, PDSS2, COQ3, COQ4, COQ5,

C0Q6, COQ7, ADCK3, COQ9, COQ10A, and COQIOB),
using the Sanger method (Table S3 in the Supple-
mentary Appendix).

We prepared samples of mutant human COQ2
complementary DNA (cDNA) by means of site-
directed mutagenesis (Table S4 in the Supple-

N ENGL J MED 369;3 NEJM.ORG JjULY 18, 2013

-111-

235



236

The NEW ENGLAND JOURNAL of MEDICINE

mentary Appendix). A yeast cog2-null mutant, the
BY4741Acoq2 strain, was transformed with
pAUR123 (Takara Bio) containing the nonmu-
tated or mutated human COQ2 ¢cDNA. We mea-
sured the growth rate in a medium with a non-
fermentable carbon source by monitoring the
optical density of a sample measured at a wave-
length of 600 nm (OD,,,). We used mitochondrial
fractions prepared from lymphoblastoid cell lines
with the QProteome Mitochondria Isolation Kit
(Qiagen) as the enzyme source. COQ2 activity
(Enzyme Commission number, 2.5.1.39) was as-
sayed as described previously.?®

COENZYME Q,, LEVEL IN TISSUES
Using high-performance liquid chromatography,
we measured levels of coenzyme Q,, (ubiqui-
none-10 and ubiquinol-10) and free (unesterified)
cholesterol in lymphoblastoid cell lines estab-
lished from 152 patients with multiple-system
atrophy and 76 controls and in cerebellum sam-
ples obtained on autopsy from 3 patients with
multiple-system atrophy and 3 controls.?*

STATISTICAL ANALYSIS
All results are presented as means and standard
deviations. We used Student’s t-test to evaluate
the significance of differences in the mean age at
disease onset between carriers and noncarriers
of the COQ2 mutation. We used Fisher’s exact test
to calculate the significance of the difference in
allele frequencies between carriers and noncarri-
ers, with contingency tables and standard meth-
ods used to compute odds ratios and correspond-
ing 95% confidence intervals. We used the
Kruskal-Wallis test, followed by the Steel test, to
perform an analysis of variance. All statistical
tests were two-sided, and a P value of less than
0.05 was considered to indicate statistical sig-
nificance.

RESULTS

LINKAGE ANALYSIS OF FAMILIAL DISEASE

Parametric linkage analysis of the six family ped-
igrees revealed no single locus showing a linkage
compatible with autosomal recessive inheritance.
However, in the parametric linkage analysis al-
lowing for heterogeneity, we detected several loci
showing positive scores for heterogeneity loga-
rithm of the odds (HLOD), indicating that more
than one locus was involved in the different mul-
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tiplex families (Fig. S1B in the Supplementary
Appendix). In particular, two regions on chro-
mosome 4 showed the highest HLOD scores, ex-
ceeding 2.0. Results of nonparametric linkage
analysis (Fig. S1C in the Supplementary Appen-
dix) were consistent with those of parametric
linkage analysis allowing for heterogeneity. Para-
metric linkage analysis of chromosome 4 in indi-
vidual pedigrees revealed positive LOD scores in
an overlapping region in four families (Family 1,
Family 2, Family 4, and Family 12), with Family 1
having the highest LOD score of 1.93 (72.795 to
89.616 Mb) (Fig. S1A and S2A in the Supplemen-
tary Appendix). Thus, we selected Family 1 to
undergo whole-genome sequencing.

SUSCEPTIBILITY GENE IN FAMILIAL DISEASE
Whole-genome sequencing of a sample obtained
from Participant II-4, one of two affected mem-
bers of Family 1, generated 187.5 Gb of short reads,
with an average coverage of 58x and 3,492,429
single-nucleotide variants (SNVs) or insertions or
deletions. We winnowed the 3,492,429 variants
down to 4 by selecting SNVs that were located in
the candidate regions defined on linkage analysis
in Family 1 (regions with the highest LOD score
spanning approximately 80 Mb in total), that
were located in exons or splice sites, that were
predicted to cause amino acid changes or chang-
es in pre-messenger RNA splicing, and that were
not registered in the database of single-nucleo-
tide polymorphisms, build 130 (dbSNP130), indi-
cating that the variants are extremely rare in the
general population (Fig. S2B in the Supplemen-
tary Appendix). Each of these 4 SNVs is predicted
to result in an amino acid substitution: K707R in
SHROOM3 (Universal Protein Resource [UniProt]
accession number, Q8TF72), M78V and V343A in
COQ2 (UniProt accession number, Q96H96), and
R231G in SCEL (UniProt accession number,
095171).

In the 180 Japanese control samples, we did not
observe the SNV encoding the M78V variant but
did observe SNVs encoding K706R in SHROOMS3,
V343A in COQ2, and R231G in SCEL, which were
present on 3, 5, and 98 of 360 alleles, respectively.
We therefore considered the SNP encoding M78V
in €OQ2, which encodes parahydroxybenzoate-
polyprenyl transferase, an enzyme involved in
the biosynthesis of coenzyme Q,,, as a candidate
variant in conferring susceptibility to familial
multiple-system atrophy.
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Cosegregation analysis of samples from Fam-
ily 1 revealed that the two affected family mem-
bers, Participants II-4 and 1I-8, carried the homo-
zygous M78V-V343A variant in COQ2, and the
unaffected sibling who was tested (Participant II-7)
did not carry this variant (Fig. S2C in the Supple-
mentary Appendix). Mutational analysis of COQ2
in Family 12 revealed heterozygous mutations
consisting of nonsense (R337X) and missense
(V343A) variants in both affected siblings (Par-
ticipants II-3 and II-4). Their mother (Participant
1-2) was heterozygous for V343A, one unaffected
sibling (Participant II-1) lacked this variant, and
the other unaffected sibling (Participant II-2) was
heterozygous for R337X. R337X was not ob-
served in the 180 Japanese controls.

We did not detect variants of COQ2 in the
other four families (Families 2, 3, 4, and 8).
Because COQ2 encodes an enzyme essential for
the biosynthesis of coenzyme Q,,, we further
sequenced the other 11 genes in the biosynthetic
pathway for coenzyme Q,, (PDSS1, PDSS2, COQ3,
COQ4, COQs, €OQ6, COQ7, ADCK3, COQ9, COQI0A,
and COQI10B) in the remaining four families and
in a previously described multiplex family** but

did not observe variants that cosegregated with
disease.

COQ2Z VARIANTS AND SPORADIC DISEASE

To investigate the involvement of COQ2 variants
in sporadic multiple-system atrophy, we extended
the mutational analysis of COQ2 to a Japanese se-
ries consisting of 363 patients with multiple-sys-
tem atrophy and 520 controls. A common COQ2
variant (rs6818847, predicted to result in an ami-
no acid substitution, L16V) with allele frequen-
cies of 0.90 and 0.88 in the Japanese patients
with multiple-system atrophy and controls, re-
spectively, was not included in further analysis.
Four patients with multiple-system atrophy car-
ried two variants simultaneously (one carried an
197T and a nonmutated [NM] allele at codon 97
and V343A/NM at codon 343, one had R337Q/NM
at codon 337 and V343A/NM at codon 343, and
two had V343A/V343A), whereas none of the con-
trols had two variants of COQ2 (Table 1). Sequenc-
ing of the subcloned mutated alleles confirmed
that R337Q/V343A was present in a compound
heterozygous state. We were unable to determine
the phase of 197T/V343A, because the distance

Table 1. COQ2 Variants Found in Patients with Sporadic Multiple—Systém Atrophy in Japanese, European, and North

American«,ZSeries,' as Compared with Controls.*

Genotype Japanese Series
P22L/NM 0 1
F29L/NM 0 0
P49HT/NM 0 0
S57TT/NM 0 0
RESH/NM 0 0
19775 /V343A§ 1 0
P107ST/NM 1 0
S113F{/NM 1 0
T267A%/NM 0 0
$297C{/NM 0 0
N336H/NM 0 1
R337Q7/V343A§ 1 0
V343A5/NM 29 17
V343A§/V343A§ 2 0

Patients Controls Patients Controls Patients Controls
(N=363)  (N=520) (N=223) (N=315) (N=172)  (N=294)

European Series North American Series

o O O O H = O O O O = O = O
o O O O O O O O O o o o o ©
O O O O O O O O 0 O O ~ O ©
O O O O O O O O O +H O O O O

* NM denotes nonmutated.

7 This variant was deemed to be severely deleterious on yeast complementation assay.
I This variant was deemed to be mildly deleterious on yeast complementation assay.

§ This variant had decreased COQ2 activity on enzyme assay.
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Table 2 Association between the COQ2 V343A Variant and Sporadic Multiple-System Atrophy in the Japanese Series.™

Patients with Multiple-System Atrophy Patients with Other Neurologic Diseases

V343A Varianty

Parkinson’s

Alzheimer's

ALS

Disease
(N

Disease

(N

Tier 2 Controls

Tier 1 Controls

Patients

(N

(N=634)

=659)

2728)

Comparison with Tier 2 =

2383)

(N=

Comparison with Tier 1

520)

(N=

363)

odds ratio

odds ratio

Pvalue
6.0x10™°

(95% Cli)

106/4766 (2.2) 2.23 (1.46-3.32)

Pvalue

(95% Cl)

17/1040 (1.6) 3.05 (1.65-5.85)

109/5456 (2.0) 33/1318 (2.5) 31/1268 (2.4)

1.5x107

35/726 (4.8)

Allele frequency — no./

total no. (%)

33 31

106 105

17

31

Heterozygous — no.
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between 197T and V343A was too large to be am-
plified by means of polymerase-chain-reaction
(PCR) assay in a single fragment, and samples of
genomic DNA from the parents were unavailable.
We found that 29 patients with multiple-system
atrophy and 17 controls were heterozygous for
the V343A variant. In addition, we detected four
novel heterozygous variants: two in patients with
multiple-system atrophy (P107S and S113F) and
two in controls (P22L and N336H).

Of the COQ2 variants, the V343A variant is rela-
tively common in the Japanese population. As
shown in Table 2, we found that the V343A allele
occurred in 35 of 726 alleles (4.8%) from Japa-
nese patients with multiple-system atrophy and
in 17 of 1040 alleles (1.6%) from Japanese con-
trols (odds ratio for patients with multiple-sys-
tem atrophy, 3.05; 95% confidence interval [CI],
1.65 to 5.85; P=1.5x10"%. Genotyping in the
second series of 2383 Japanese controls showed
that the V343A variant had an allele frequency of
2.2% (106 of 4766 alleles; odds ratio, 2.23; 95%
Cl, 1.46 to 3.32; P=6.0x10"5). Genotyping Japa-
nese persons with other neurodegenerative dis-
eases revealed that the V343A allele frequencies
were 2.0% (109 of 5456 alleles) among patients
with Alzheimer’s disease, 2.5% (33 of 1318 alleles)
among those with Parkinson’s disease, and 2.4%
(31 of 1268 alleles) among those with ALS.
These allele frequencies did not differ signifi-
cantly from those in the first or second set of
controls, confirming the specificity of the V343A
variant in patients with multiple-system atrophy.
Two patients with Alzheimer’s disease who were
found to carry homozygous V343A mutations
did not show any signs of parkinsonism, cere-
bellar ataxia, or autonomic dysfunction.

We then performed genotyping in the Euro-
pean and North American series of patients with
multiple-system atrophy. In the European series,
we found four singleton COQ2 variants (encoding
amino acid substitutions F29L, S57T, T267A, and
§297C) among the patients, whereas none of the
controls had any variants in COQ2. In the North
American series, we found one variant (P49H) in
a patient with multiple-system atrophy and one
variant (RG9H) in a control (Table 1). At the time
of recruitment for the study, the carrier of RG9H,
who was 60 years old, had no signs of parkin-
sonism, cerebellar ataxia, or autonomic dysfunc-
tion, but this participant was unavailable for

follow-up assessment. Intriguingly, the V343A

NEJM.ORG JULY 18, 2013



MUTATIONS IN C0OQ2 IN MULTIPLE-SYSTEM ATROPHY

variant, a relatively common variant in the Japa- FUNCTIONAL ANALYSIS OF MUTANT COQ2

nese population, was not observed in patients
with multiple-system atrophy or controls in ei-
ther the European or the North American series.

To determine the functional effect of each vari-
ant on the mitochondrial aerobic energy produc-
tion in which coenzyme Q,, plays an essential

A Yeast Complementation Assay

a s c e
2.0+ Nonmutated 2.0+ 7" Nonmutated
,‘/ ;/;;
1.5+ rd 1.5+ A
=4 R
g / /
o 7 7
O 1.0+ /-’ 1.0+ / ~ M78V-V343A
7 Vi — P45H — P107S
/ / ~S57T — S113F
0.5 ~ Nonmutated 0.5 — R69H  — R337X
72 S - 197T ; — M78V - R337Q
- T267A 7 .
0.1+ Mock e §297C 0.1 e
T T T T 1 T T T T T 1 T T T T 1
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
Hours Hours Hours
B COQ2 Activity in Lymphoblastoid Cell Lines C intracellular Level of Coenzyme Q,, in Brain Tissue
6.0+ * 0.6
= g
£ g1
- Q
55 49 _—T £ O
T8 £
< 5 [T
o o U
o Yo
0= 204 6L 02
] 25
& g-
0 ; '
R337Q/ R337X/ V343A/ V343A/NM NM/NM M78V-V343A/ V343A/ NM/NM
V343A V343A V343A M78V-V343A NM

Figure 2‘ Functional Analysis of COQ2 Variants.

Panel A shows the results of a yeast complementation assay, including the growth curves of the yeast cog2-null mutants transformed
with the pAUR123 vector containing the nonmutated (NM) human COQ2 complementary DNA (cDNA) or mock vector (subpanel a)
-and those transformed with the AUR123 vector containing different versions of human COQ2 cDNA (encoding the substitutions L16YV,
_P22L, F29L, N336H, V343A,197T, T257A, and $5297C) (subpanel b). Transformants carrying a COQ2 allele encoding the 197T, T267A, or
$297C substitution show considerably lower growth rates than nonmutated COQ2, which still shows a higher growth rate than the cog2-
nuil strain (mildly deleterious). Transformants carrying a COQ2 allele encoding the 116V, P22L, F29L, N336H, or V343A substitution
show growth rates similar to that of nonmutated COQ2. The cogZ-null mutants transformed with the pAUR123 vector containing differ-
ent versions of human COQ2 cDNA (P49H, S57T, R69H, M78V, M78V-V343A, P107S, S113F, R337X, or R337Q) show severely decreased
respiration-dependent growth rates, as does the cog2-null strain (severely deleterious) (subpanel ). Each yeast strain was pregrown in
yeast extract peptone dextrose (YPD) medium, diluted to an optical density of a sample measured at a wavelength of 600 nm (ODo5)
of 0.1, and then incubated in yeast extract peptone glycerol (YPG) medium at 23°C with shaking at a rate of 200 rotations per minute for
4 days ‘ODgoo Was measured every 10 minutes. The experiments were conducted in quadruplicate, and the mean ODg,, was plotted
against the incubation time. Panel B shows COQ2 activity in lymphoblastoid cell lines, as determined by measuring the incorporation of
_radioactive parahydroxybenzoate (PHB) into decaprenyl-PHB. COQ2 activity was measured in lymphoblastoid cell lines from each pa-
tient with multiple-system atrophy carrying COQ2 variants (encoding R337Q/V343A, R337X/V343A, V343A/V343A, or V343A/NM) and
from a control without variants. The mean values from nine independent experiments are shown. T bars indicate standard deviations.
,Group comparisons were performed with the use of the Kruskal-Wallis test, followed by the Steel test. Asterisks indicate P<0.05 for the
comparison with a control sample (nonmutated COQ2 genctype). Panel C shows intracellular levels ofcoenzyme Qs in frozen cerebel-
lum samples obtained from three patients with multiple-system atrophy (one who was homozygous for M78V-V343A and two who were
“heterozygous for V343A) and from three controls. Brain-tissue samples weighing approximately 100 mg were homogemzed in 10.vol-
umes (volume to weight) of 10 mM TRIS-hydrochloric acid (with a pH of 7.4) containing 0.32 M sucrose, 1 mM ethylenediaminetet-
raacetic acid {EDTA), and 20% sodium dodecyl ‘sulfate (SDS). Coenzyme Q. was then extracted with hexane and ethanol (in a 5:2 ratio
according to volume), and the extract was subjected to high- performance Ilqu;d chromatography to'measure the level ofcoenzyme Qm,
after adjustment for the free (unesterified) cho]esterol fevel 2
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role in the electron transfer, we carried out func-
tional complementation analysis by transform-
ing the yeast cog2-null strain with nonmutated or
mutated human COQ2 cDNA (Fig. 24A). Transfor-
mants of the BY4741 Acog2 yeast strain with the mu-
tated COQ2, including transformants separately
carrying the P49H, S57T, RG9H, M78V, M78V-
V343A, P107S, S113F, R337Q, and R337X alleles,
showed severely decreased growth rates, similar
to those observed in the cog2-null strain. In addi-
tion, transformants with mutated COQ2, includ-
ing those with the variants encoding the 197T,
T267A, and S297C substitutions, showed sub-
stantially lower growth rates than those express-
ing nonmutated COQ2, which had a higher growth
rate than the cog2-null strain (mildly deleterious).
The transformants with mutated COQ2, including
transformants separately carrying the L16V, P22L,
F29L, N336H, and V343A alleles, showed growth
rates similar to those of the transformants ex-
pressing nonmutated COQ2. As described above,
the yeast strain with M78V-V343A identified in
Family 1 showed a severely decreased growth rate,
whereas the strain with V343A had a growth rate
similar to that of nonmutated COQ2, indicating
that of the two variants, M78V primarily contrib-
uted to the impairment in COQ2 function.

Focusing on the rare variants that were iden-
tified in the case—control series (Table 1), we found
that nine variants (P49H, S57T, R69H, 197T, P107S,
S113F, T267A, S297C, and R337Q) were mildly or
severely deleterious. On combining all three se-
ries, eight variants (P49H, S57T, 1977, P107S,
S113F, T267A, S297C, and R337Q) were identified
in 758 patients with multiple-system atrophy,
whereas only one variant (R69H) was found in
1129 controls (odds ratio, 11.97; 95% CI, 1.60 to
531.52; P=0.004) (Table 2 footnote). Yeast com-
plementation analysis showed that the F29L vari-
ant, identified in a European patient with multi-
ple-system atrophy, did not impair the growth
rate. Lymphoblastoid cell lines from this patient
were unavailable for further measurement of the
activity of mutant COQ2, thus making it difficult
to interpret the pathogenicity of this variant.

COQ2 ACTIVITIES IN LYMPHOBLASTOID CELL LINES

We measured COQ2 activities in lymphoblastoid
cell lines from patients carrying COQ2 mutations,
when available. We focused on the V343A variant
because it is commonly associated with multiple-
system atrophy and showed an apparently nor-

mal growth rate in the yeast complementation
assay. We determined COQ2 activities in lympho-
blastoid cell lines with COQ2 variants R337Q/V343A,
R337X/V343A, V343A/V343A, or V343A/NM and
in a control without variants. The COQ2 activities
in the lymphoblastoid cell lines (V343A/NM) ob-
tained from patients with multiple-system atrophy
were significantly lower than those in the control
cell lines. The COQ2 activities in the cell lines
from patients with multiple-system atrophy car-
rying two mutated COQ2 alleles were further de-
creased (Fig. 2B).

CORRELATIONS BETWEEN GENOTYPE

AND PHENOTYPE

The clinical features of patients with sporadic
multiple-system atrophy carrying deleterious
€0Q2 variants (as determined on yeast comple-
mentation assay and COQ2-activity measure-
ment) and those of noncarriers are summarized
in Table S5 in the Supplementary Appendix. The
mean age at the onset of multiple-system atrophy
among carriers was older than that among non-
carriers (P=0.002). Among carriers, 34 had sub-
type C and 5 had subtype P. Among noncarriers,
468 had subtype C and 209 had subtype P. The
subtype was unclassified in 42 noncarriers. The
ratio of the number of patients with subtype C to
the number with subtype P was significantly
higher among carriers of COQ2 variants than
among noncarriers (P=0.02).

INTRACELLULAR COENZYME Q,
IN LYMPHOBLASTOID CELL LINES

We measured intracellular coenzyme Q,, levels
in lymphoblastoid cell lines from patients with
multiple-system atrophy and controls. The par-
ticipants were grouped as follows: 3 patients
with multiple-system atrophy carrying two vari-
ants (R337Q/V343A, R337X/V343A, and V343A/
V343A), 16 patients carrying heterozygous V3434,
133 patients without variants, and 76 controls
without COQ2 variants (Table 3). Intracellular lev-
els of coenzyme Q,, in lymphoblastoid cell lines
from patients with multiple-system atrophy who
carried two variant alleles were substantially
lower than levels in cell lines from controls with-
out variants. Intracellular coenzyme Q,, levels in
patients who were heterozygous for V343A and in
those without COQ2 variants were not signifi-
cantly lower than levels in controls without COQ2
variants.
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Table 3. Intracellular Levels of Coeniyme Qs in Lymphoblastoid Cell Lines, According to COQ2 Variant.*

Variable Patients with Multiple-System Atrophy Controls

R337Q/V343A R337X/V343A V343A/V343A V343A/NM  NM/NM  NM/NM

No. of participants with variant 1 1 1 16 133 76

Ratio of coenzyme Q, to free 2.19 2.58 1.86 3.38+0.53 3.41x0.74 3.48x0.75
(unesterified) cholesteroly

Coenzyme Q,, level as a percent- 62.9 74.1 53.4 97.1 98.0 100.0

age of mean value in controls
— %

* Plus—minus values are means +SD. NM denotes nonmutated.

T The ratio of coenzyme Q,,, to free (unesterified) cholesterol reflects the intracellular level of coenzyme Q.. Lower val-
ues indicate decreased levels of intracellular coenzyme Q,,, presumably reflecting decreased biosynthesis of coenzyme
Q0. To calculate the ratio, coenzyme Q,, was measured in nanomoles per liter and free cholesterol in micromoles per
liter.

i+ Lower values indicate decreased levels of intracellular coenzyme Q,,, as compared with the mean value in controls,

presumably reflecting decreased biosynthesis of coenzyme Q,,.

COENZYME Q,, IN BRAIN TISSUE

Only a limited number of brain-tissue samples
from patients with multiple-system atrophy car-
rying COQ2 variants were available. Nevertheless,
we measured coenzyme Q,, in frozen brain tis-
sues from three patients with COQ2 variants (one
patient who was homozygous for M78V-V343A
and two patients with V343A/NM) and from three
controls without COQ2 variants (Fig. 2C). The lev-
els of coenzyme Q,, in patients who were homo-
zygous for M78V-V343A were substantially lower
than the levels in controls.

DISCUSSION

We identified homozygous or compound hetero-
zygous COQ2 mutations in two of the six multi-
plex families with multiple-system atrophy, a find-
ing that suggests a role of these mutations in the
pathogenesis of familial disease. We further found
that functionally impaired variants in COQ2 were
associated with an increased risk of sporadic dis-
ease. In familial cases of multiple-system atrophy,
linkage analysis strongly indicated locus hetero-
geneity in these families, and the identification
of the causal variants in the remaining four fam-
ilies will require analyses such as whole-genome
sequencing.

We found that a common variant (V343A) and
multiple rare variants in COQ2 were associated
with sporadic multiple-system atrophy. The V343A
variant was found exclusively in the Japanese
participants, with an allele frequency of 1.6 to
2.2%. The allele frequency of V343A in patients

with multiple-system atrophy (4.8%) was signifi-
cantly higher than that in controls (1.6 to 2.2%)
with odds ratios of 2.23 to 3.05. The modest risk
of multiple-system atrophy that was associated
with the common variant V343A suggests that
V343A is a susceptibility factor rather than a
causal factor for this disease. The odds ratio for
the presence of deleterious rare variants was
11.97, which is much larger than that for V343A.
Nonetheless, we should consider that these het-
erozygous variants in COQ2 are not necessarily
causal but rather confer a strong susceptibility to
sporadic multiple-system atrophy. Members of
Family 1 and Family 12 who carried deleterious
variants in the heterozygous state did not have
clinical signs of multiple-system atrophy.

The ratio of patients with subtype C multiple-
system atrophy to those with subtype P was higher
among carriers of deleterious COQ2 variants than
among noncarriers, which suggests that the cer-
ebellum is more vulnerable to compromised COQ2
function than other regions of the central ner-
vous system. Of the COQ2 variants that we detected,
the V343A variant was the most prevalent and
was exclusively found in Japanese participants.
These findings may in part explain the clinical
observations that subtype C is more prevalent
than subtype P in the Japanese population® but
not in the European population® or the North
American population.*> However, there were only
35 carriers of deleterious COQ2 variants among
363 patients with multiple-system atrophy in the
Japanese case series. In addition, the clinical
presentations of the two patients with familial
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