Table 1.  Clinical Characteristics of Affected Subjects

Motor Neuron Involvement

Skeletal Skeletal Tongue

Pedigree Patient Onset Current Muscle Muscle Atrophy/

No. 1D Gender Age (yr) Age (yr) Ataxia Atrophy Fasciculation Fasciculation Genotype of GGCCTG Repeats

1 11-5 M 50 70 +++ N.D. N.D. N.D. 8.263397_263402[6]+(1800)
11-6 F 52 68 ++ + + + 8.263397_263402[6]+(2300)
v-2 F 57 63 + - - + £.263397_263402[6]+(2300)
1V4 M 50 59 + - - + £.263397_263402[6]+(2300)

2 1I-1 M 55 77 4 ++ + + g.263397“263 402[6]+(2200)
1I-2 F 53 70 ++ N.D. N.D. N.D 8.263397_263402[6]+(2200)

3 11-3 M 58 77 ++ ++ + + 8.263397_263402[3)+(2300)
II-1 ’ M 56 62 + - - + £.263397_263402(8]+(2200)
11-2 M 51 61 ++ + + + £.263397_263402[6]+(1800)

4 I-1 M 57 died in +4 N.D N.D N.D 8.263397_263402[5]+(1800)

2001 at 83

ll;l F 48 61 +~‘+—k + * ++ 8.263397_263402[6]+(2000) .

5 I-1 M 57 86 ++ ++4 + + £.263397_263402[5]+(2000)
1I-1 F 47 58 ++ + + + 8.263397_263402[8]+(1700)
SCA#1 M 52 69 +4++ +++ 4+ +++ 8.263397_263402[5]+(2200)
SCA#2  F 43 53 +++ - - + 2.263397_263402{6]+(1800)
SCA#3 M 55 60 ++ - - ++ £.263397_263402[8]+(1700)
SCA#4 M 57 81 e+ + + +++ 8.263397_263402[5]+(2200)

Mean W 52.8

SD ‘ 43

N.D., not determined.

affected individuals, none of whom displayed severe lower
limb spasticity or extensor plantar response. Electrophysi-
ological studies were performed in an affected individual.
Nerve conduction studies revealed normal findings in all
of the cases that were examined; however, an electromyo-
gram showed neurogenic changes only in cases with
skeletal muscle atrophy, indicating that lower motor
neuropathy existed in this particular disease. Progression
of motor neuron involvement in this SCA was typically
limited to the tongue and main proximal skeletal muscles
in both upper and lower extremities, which is clearly
different from typical ALS, which usually involves most
skeletal muscles over the course of a few years, leading to
fatal results within several years.

We conducted genome-wide linkage analysis for nine
affected subjects and eight unaffected subjects in three
informative families (pedigrees 1-3; Figure 1). For genotyp-
ing, we used an ABI Prism Linkage Mapping Set (Version 2;
Applied Biosystems, Foster City, CA, USA) with 382
markers, 10 cM apart, for 22 autosomes. Fine-mapping
markers (approximately 1 cM apart) were designed accord-
ing to information from the uniSTS reference physical map
in the NCBI database. A parametric linkage analysis was

carried out in GENEHUNTER® with the assumption of an
autosomal-dominant model. The disease allele frequency
was set at 0.000001, and a phenocopy frequency of
0.000001 was assumed. Population allele frequencies
were assigned equal portions of individual alleles. We per-
formed multipoint analyses for autosomes and obtained
LOD scores. We considered LOD scores above 3.0 to be
significant.®  Genome-wide linkage analysis revealed
a single locus on chromosome 20p13 with a LOD score
of 3.20. Fine mapping increased the LOD score to 4.60
(Figure 3). Haplotype analysis revealed two recombination
events in pedigree 3, delimiting al.8 Mb region (D20S906—-
D208193) (Figure 1). We further tested whether the five
cases shared the haplotype. As shown in Figure 1, pedigrees
4 and 5 were confirmed to have the same haplotype as
pedigrees 1, 2, and 3, indicating that the 1.8 Mb region is
very likely to be derived from a common ancestor.

The 1.8 Mbregion harbors 44 genes (NCBI, build 37.1). We
eliminated two pseudogenes and five genes (LOC441938,
LOC100289473, LOCI100288797, LOCI100289507, and
LOC100289538) from the candidates. Evidence view
showed that the first, fourth, and fifth genes were not found
in the contig in this region, whereas the second and third
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Figure 2. Motor Neuron Involvement and (GGCCTG)n Expansion in the First Intron of NOP56
(A) MRI of an affected subject (SCA#3) showed mild cerebellar atrophy (arrow) but no other cerebral or brainstem pathology.

(B) Tongue atrophy (arrow) was observed in SCA#1.

(C) Physical map of the 1.8-Mb linkage region from D20S906 (1,505,576 bp) to D20S193 (3,313,494 bp), with 33 candidate genes shown,

as well as the direction of transcription (arrows).

(D) The upper portion of the panel shows the scheme of primer binding for repeat-primer PCR analysis. In the lower portion, sequence
traces of the PCR reactions are shown. Red lines indicate the size markers. The vertical axis indicates arbitrary intensity levels. A typical

saw-tooth pattern is observed in an affected pedigree.

(E) Southern blotting of LCLs from SCA cases and three controls. Genomic DNA (10 pg) was extracted from Epstein-Barr virus (EBV)-
immortalized LCLs derived from six affected subjects (Ped2_II-1, Ped3_III-1, Ped3_IiI-2, Ped5_I-1, Ped5_II-1, and SCA#1) and digested
with 2 U of Avril overnight (New England Biolabs, Beverly, MA, USA). A probe covering exon 4 of NOP56 (452 bp) was subjected to
PCR amplification from human genomic DNA with the use of primers (Table $3) and labeled with **P-dCTP.

genes are not assigned to orthologous loci in the mouse
genome. Sequence similarities among paralog genes defied
direct sequencing of four genes: SIRPD [NM 178460.2],
SIRPB1 [NM 603889], SIRPG [NM 605466}, and SIRPA
[NM 602461]. Thus, we sequenced 33 of 37 genes (PDYN
[MIM 131340], STK35 [MIM 609370], TGM3 [MIM
600238], TGM6 [NM_198994.2], SNRPB [MIM 182282],
SNORD119 [NR_003684.1], ZNF343 [NM_024325.4],
TMC2 [MIM 606707], NOP56 [NM_006392.2], MIR1292
[NR_031699.1], SNORD110 [NR_003078.1], SNORASI
[NR_002981.1], SNORDS86 [NR_004399.1], SNORDS56
[NR_002739.1], SNORDS7 [NR_002738.1], IDH3B [MIM
604526], EBF4 [MIM 609935], CPXM1 [NM_019609.4],
C2001f141 [NM_080739.2], FAMI113A [NM_022760.3],

VPS16 [MIM 608550], PTPRA [MIM 176884], GNRH2
MIM  602352], MRPS26 [MIM 611988], OXT [MIM
167050], AVP [MIM 192340], UBOXS5 [NM_014948.2],
FASTKDS [NM_021826.4], ProSAPiP1 [MIM 610484],
DDRGKI [NM_023935.1], ITPA [MIM 147520}, SLC4A11
[MIM 610206], and C200rf194 [NM_001009984.1]) (Fig-
ure 2C). All noncoding and coding exons, as well as the
100 bp up- and downstream of the splice junctions of these
genes, were sequenced in two index cases (IV-4 in pedigreel
and I1I-1 in pedigree 3) and in three additional cases (II-1 in
pedigree 2, II-1 in pedigree 4, and II-1 in pedigree 5) with the
use of specific primers (Table S1 available online). Eight
unregistered variants were found among the two index
cases. Among these, there was a coding variant, c.795C>G
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Figure 3. Multipoint Linkage Analysis with Ten Markers on
Chromosome 20p13

(p-Phe265Leu), in C200rf194, whereas the other seven
included one synonymous variant, ¢.1695T>A (p.Leu565-
Leuw), in ZNF343 and six non-splice-site intronic variants
(Table S2). We tested segregation by sequencing exon 11 of
C200rf194 in IV-2 and I1I-5 in pedigree 1. Neither IV-2 nor
II-5 had this variant. We thus eliminated C200rf194 as
a candidate. Missense mutations in PDYN and TGM6, which
have been recently reported as causes of SCA, mapped to
20p12.3-p13,”'° but none were detected in the five index
cases studied here (Table S2).

Possible expansions of repetitive sequences in these
33 genes were investigated when intragenic repeats
were indicated in the database (UCSC Genome Bioinfor-
matics). Expansions of the hexanucleotide repeat
GGCCTG (1568063608) were found in intron 1 of NOP56
(Figure 2D) in all five index cases through the use of
a repeat-primed PCR method.!’™** An outline of the
repeat-primed PCR experiment is described in Figure 2D.
In brief, the fluorescent-dye-conjugated forward primer
corresponded to the region upstream of the repeat of
interest. The first reverse primer consisted of four units of
the repeat (GGCCTG) and a 5’ tail used as an anchor.
The second reverse primer was an “anchor” primer. These
primers are described in Table S3. Complete segregation
of the expanded hexanucleotide was confirmed in all pedi-
grees, and the maximum repeat size in nine unaffected
members was eight (data not shown).

In addition to the SCA cases in five pedigrees, four
unrelated cases (SCA#1-SCA#4) were found to have a
(GGCCTG)n allele through screening of the cohort SCA
patients (Table 1). Neurological examination was reeval-
uated in these four cases, revealing both ataxia and motor
neuron dysfunction with tongue atrophy and fasciculation
(Table 1). In total, nine unrelated cases were found in the
251 cohort patients with SCA (3.6%). For confirmation of
the repeat expansions, Southern blot analysis was conduct-
ed in six affected subjects (Ped2_II-1, Ped3_III-1, Ped3_III-2,
Ped5_I-1, Ped5_II-1, and SCA#1). The data showed >10 kb
of repeat expansions in the lymphoblastoid cell lines

(LCLs) obtained from the SCA patients (Figure 2E). Further-
more, the numbers of GGCCTG repeat expansion were
estimated by Southern blotting in 11 other cases. The
expansion analysis revealed approximately 1500 to 2500
repeats in 17 cases (Table 1). There was no negative associa-
tion between age at onset and the number of GGCCTG
repeats (n =17,1=0.42, p=0.09; Figure S1) and no obvious
anticipation in the current pedigrees.

To investigate the disease specificity and disease spec-
trum of the hexanucleotide repeat expansions, we tested
the repeat expansions in an Alzheimer disease (MIM
104300) cohort and an ALS cohort followed by the Depart-
ment of Neurology, Okayama University Hospital. We also
recruited Japanese controls, who were confirmed to be free
from brain lesions through MRI and magnetic resonance
anglography, which was performed as described previ-
ously."* Screening of the 27 Alzheimer disease cases and
154 ALS cases failed to detect additional cases with repeat
expansions. The GGCCTG repeat sizes ranged from 3 to
8 in 300 Japanese controls (5.9 + 0.8 repeats), suggesting
that the >10 kb repeat expansions were mutations.

Expression of Nop56, an essential component of the
splicing machinery,'® was examined by RT-PCR with the
use of primers for wild-type mouse Nop56 cDNA (Table
S3). Expression of Nop56 mRNA was detected in various
tissues, including CNS tissue, and a very weak signal was
detected in spinal cord tissue (Figure 4A). Immunohisto-
chemistry using an anti-mouse Nop56 antibody (Santa
Cruz Biotechnology, Santa Cruz, CA, USA) detected the
NopS56 protein in Purkinje cells of the cerebellum as well
as motor neurons of the hypoglossal nucleus and the
spinal cord anterior horn (Figure 4B), suggesting that these
cells may be responsible for tongue and muscle atrophy in
the trunk and limbs, respectively. Immunoblotting also
confirmed the presence of Nop56 in neural tissues
(Figure 4C), where Nop56 is localized in both the nucleus
and cytoplasm.

Alterations of NOP56 RNA expression and protein levels
in LCLs from patients were examined by real-time RT-PCR
and immunoblotting. The primers for quantitative PCR of
human NOP56 cDNA are described in Table $3. Immuno-
blotting was performed with the use of an anti-human
NOPS6 antibody (Santa Cruz Biotechnology, Santa Cruz,
CA, USA). We found no decrease in NOP56 RNA expression
or protein levels in LCLs from these patients (Figure 5A). To
investigate abnormal splicing variants of NOP56, we per-
formed RT-PCR using the primers covering the region
from the 5" UTR to exon 4 around the repeat expansion
(Table $3); however, no splicing variant was observed in
LCLs from the cases (Figure 5B). We also performed immu-
nocytochemistry for NOP56 and coilin, a marker of the
Cajal body, where NOP56 functions.!® NOP56 and coilin
distributions were not altered in LCLs of the SCA patients
(Figure 5C), suggesting that qualitative or quantitative
changes in the Cajal body did not occur. These results indi-
cated that haploinsufficiency could not explain the
observed phenotype.
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(A) RT-PCR analysis of Nop56 (422 bp) in various mouse tissues. cDNA (25 ng) collected from various organs of C57BL/6 mice was

purchased from GenoStaf (Tokyo, Japan).

(B) Immunohistochemical analysis of Nop36 in the cerebellum, hypoglossal nucleus, and spinal cord anterior horn in wild-type male
Slc:ICR mice at 8 wks of age (Japan SLC, Shizuoka, Japan). The arrows indicate anti- Nop56 antibody staining. The negative control
was the cerebellar sample without the Nop56 antibody treatment. Scale bar represents 100 um.

(C) Immunoblotting of Nop56 (66 kDa) in the cerebellum and cerebrum. Protein sample (10 ug) was subjected to immunoblotting.
LaminB1, a nuclear protein, and beta-tubulin were used as loading controls.

We performed fluorescence in situ hybridization to
detect RNA foci containing the repeat transcripts in LCLs
from patients, as previously described.””'® Lymphoblas-
toid cells from two SCA patients (Ped2_II-2 and Ped5_I-1)
and two control subjects were analyzed. An average of
2.1 = 0.5 RNA foci per cell were detected in 57.0%
of LCLs (n = 100) from the SCA subjects through the use
of a nuclear probe targeting the GGCCUG repeat, whereas
no RNA foci were observed in control LCLs (n = 100)
(Figure 6A). In contrast, a probe for the CGCCUG repeat,
another repeat sequence in intron 1 of NOP56, detected
no RNA foci in either SCA or control LCLs (n = 100
each) (Figure 6A), indicating that the GGCCUG repeat
was specifically expanded in the SCA subjects. The speci-
ficity of the RNA foci was confirmed by sensitivity to RNase

" A treatment and resistance to DNase treatment (Figure 6A).

Several reports have suggested that RNA foci play a role
in the etiology of SCA through sequestration of specific
RNA-binding proteins.>” In silico searches (ESEfinder
3.0) predicted an RNA-binding protein, SRSF2 (MIM
600813), as a strong candidate for binding of the GGCCUG
repeat. Double staining with the probe for the GGCCUG
repeat and an anti-SRSF2 antibody (Sigma-Aldrich, Tokyo,
Japan) was performed. The results showed colocalization of
RNA foci with SRSF2, whereas NOP56 and coilin were not

colocalized with the RNA foci (Figure 6B), suggesting
a specific interaction of endogenous SRSF2 with the RNA
foci in vivo.

To further confirm the interaction, gel-shift assays were
carried out for investigation of the binding activity of
SRSF2 with (GGCCUG),. Synthetic RNA oligonucleotides
(200 pmol), (GGCCUG)4 or (CUG)g, which is the latter
part of the hexanucleotide, as well as the repeat RNA
involved in myotonic dystrophy type 1 (DM1 [MIM
160900])*® and SCA8 (MIM 608768),° were denatured
and immediately mixed with different amounts (0, 0.2,
or 0.6 pg) of recombinant full-length human SRSF2
(Abcam, Cambridge, UK). The mixtures were incubated,
and the protein-bound probes were separated from the
free forms by electrophoresis on 5%-20% native polyacryl-
amide gels. The separated RNA probes were detected with
SYBR Gold staining (Invitrogen, Carlsbad, CA, USA). We
found a strong association of (GGCCUG); with SRSF2
in vitro in comparison to (CUG)g (Figure 6C). Collectively,
we concluded that (GGCCUG)n interacts with SRSF2.

It is notable that MIR1292 is located just 19 bp 3’ of the
GGCCTG repeat (Figure 2D). MiRNAs such as MIR1292 are
small noncoding RNAs that regulate gene expression by in-
hibiting translation of specific target mRNAs.'??° MiRNAs
are believed to play important roles in key molecular
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pathways by fine-tuning gene expression.'®?° Recent
studies have revealed that miRNAs influence neuronal
survival and are also associated with neurodegenerative
diseases.?!?* In silico searches (Target Scan Human 5.1)
predicted glutamate receptors (GRIN2B [MIM 138252]
and GRIK3 [MIM 138243]) to be potential target genes.
Real-time RT-PCR using TagMan probes for miRNA
(Invitrogen, Carlsbad, CA, USA) revealed that the levels
of both mature and precursor MIR1292 were significantly
decreased in SCA LCLs (Figure 6D), indicating that the
GGCCTG repeat expansion decreased the transcription
of MIR1292. A decrease in MIRI292 expression may
upregulate glutamate receptors in particular cell types;
e.g., GRIK3 in stellate cells in the cerebellum,? leading to
ataxia because of perturbation of signal transduction to
the Purkinje cells. In addition, it has been suggested, on
the basis of ALS mouse models,**** that excitotoxicity
mediated by a type of glutamate receptor, the NMDA
receptor including GRIN2B, is involved in loss of spinal
neurons. A very slowly progressing and mild form of the
motor neuron disease, such as that described here, which
is limited to mostly fasciculation of the tongue, limbs
and trunk, may also be compatible with such a functional
dysregulation rather than degeneration.

In the present study, we have conducted genetic analysis
to find a genetic cause for the unique SCA with motor
neuron disease. With extensive sequencing of the 1.8 Mb
linked region, we found large hexanucleotide repeat
expansions in NOP56, which were completely segregated
with SCA in five pedigrees and were found in four unre-
lated cases with a similar phenotype. The expansion was
not found in 300 controls or in other neurodegenerative
diseases. We further proved that repeat expansions of

Figure 5. Analysis of NOP56 in LCLs from
SCA Patients

(A) mRNA expression (upper panel) and
protein levels (lower panel) in LCLs from
cases (n = 6) and controls (n = 3) were
measured by RT-PCR and immunoblotting,
respectively. cDNA (10 ng) was transcribed
from total RNA isolated from LCLs and
used for RT-PCR. Immunoblotting was per-
formed with the use of a protein sample
(40 pg) extracted from LCLs. The data indi-
cate the mean + SD relative to the levels of
PP1A and GAPDH, respectively. There was
no significant difference between LCLs
from controls and cases.

(B) Analysis for splicing variants of NOP56
¢DNA. RT-PCR with 10 ng of ¢cDNA and
primers corresponding to the region from
the 5’ UTR to exon 4 around the repeat
expansion was performed. The PCR
product has an expected size of 230 bp.
(C) Immunocytochemistry for NOP56 and
coilin. Green signals represent NOP56 or
coilin. Shown are representative samples
from 100 observations of controls or cases.

NOP56 induce RNA foci and sequester SRSF2. We thus
concluded that hexanucleotide repeat expansions are
considered to cause SCA by a toxic RNA gain-of-function
mechanism, and we name this unique SCA as SCA36.
Haplotype analysis indicates that hexanucleotide expan-
sions are derived from a common ancestor. The prevalence
of SCA36 was estimated at 3.6% in the SCA cohort in
Chugoku district, suggesting that prevalence of SCA36
may be geographically limited to the western part of Japan
and is rare even in Japanese SCAs.

Expansion of tandem nucleotide repeats in different
regions of respective genes (most often the triplets CAG
and CTG) has been shown to cause a number of inherited
diseases over the past decades. An expansion in the coding
region of a gene causes a gain of toxic function and/or
reduces the normal function of the corresponding protein
at the protein level. RNA-mediated noncoding repeat
expansions have also been identified as causing eight other
neuromuscular disorders: DM1, DM2 (MIM 602668),
fragile X tremor/ataxia syndrome (FXTAS [MIM 300623]),
Huntington disease-like 2 (HDL2 [MIM 606438]), SCAS,
SCA10 (MIM 603516), SCA12 (MIM 604326), and SCA31
(MIM 117210).%° The repeat numbers in affected alleles
of SCA36 are among the largest seen in this group of
diseases (i.e., there are thousands of repeats). Moreover,
SCA36 is not merely a nontriplet repeat expansion disorder
similar to SCA10, DM2, and SCA31, but is now proven to
be a human disease caused by a large hexanucleotide
repeat expansion. In addition, no or only weak anticipa-
tion has been reported for noncoding repeat expansion
in SCA, whereas clear anticipation has been reported for
most polyglutamine expansions in SCA.2 As such, absence
of anticipation in SCA36 is in accord with previous studies
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Figure 6. RNA Foci Formation and Decreased Transcription of MIR1292

(A) Cells were fixed on coverslips and then hybridized with solutions containing either a Cy3-labeled C(CAGGCC),CAG or
G(CAGGCG),CAG oligonucleotide probe (1 ng/ul). For controls, the cells were treated with 1000 U/ml DNase or 100 pg/ml RNase
for 1 hr at 37°C prior to hybridization, as indicated. After a wash step, coverslips were placed on the slides in the presence of ProLong
Gold with DAPI mounting media (Molecular Probes, Tokyo, Japan) and photographed with a fluorescence microscope. The upper panels
indicate LCLs from an SCA case and a control hybridized with C(CAGGCC),CAG (left) or G(CAGGCG),CAG (right). Red and blue
signals represent RNA foci and the nucleus (DAPI staining), respectively. Similar RNA foci formation was confirmed in LCLs from another
index case. The lower panels show RNA foci in SCA LCLs treated with DNase or RNase.

(B) Double staining was performed with the probe for (GGCCUG), (red) and anti-SRSF2, NOPS56, or coilin antibody (green).

(C) Gel-shift assays revealed specific binding of SRSF2 to (GGCCUG)4 but little to (CUG)s.

(D) RNA samples (10 ng) were extracted from LCLs of controls (n = 3) and cases (n = 6). MiRNAs were measured with the use of a TagMan
probe for precursor (Pri-) and mature MIR1292. The data indicate the mean = SD, relative to the levels of PP1A or RNU6. *: p < 0.05.

on SCAs with noncoding repeat expansions. The common
hallmark in these noncoding repeat expansion disorders
is transcribed repeat nuclear accumulations with respec-
tive repeat RNA-binding proteins, which are considered
to primarily trigger and develop the disease at the RNA
level. However, multiple different mechanisms are likely
to be involved in each disorder. There are at least two
possible explanations for the motor neuron involvement
of SCA36: gene- and tissue-specific splicing specificity of
SRSF2 and involvement of miRNA. In SCA36, there is the
possibility that the adverse effect of the expansion muta-

tion is mediated by downregulation of miRNA expression.
The biochemical implication of miRNA involvement
cannot be evaluated in this study, because availability of
tissue samples from affected cases was limited to LCLs.
Given definitive downregulation of miRNA 1292 in
LCLs, we should await further study to substantiate its
involvement in affected tissues. Flucidating which mecha-
nism(s) plays a critical role in the pathogenesis will
be required for determining whether cerebellar degenera-
tion and motor neuron disease occur through a similar
scenario.
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In conclusion, expansion of the intronic GGCCTG
hexanucleotide repeat in NOP56 causes a unique form of
SCA, SCA36, which shows not only ataxia but also motor
neuron dysfunction. This characteristic disease phenotype
can be explained by the combination of RNA gain of func-
tion and MIR1292 suppression. Additional studies are
required to investigate the roles of each mechanistic
component in the pathogenesis of SCA36.
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found with this article online at http://www.cell.com/AJHG/.
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Comparisons of acoustic function in SCA31
and other forms of ataxias

Yoshio lkeda’, Makiko Nagai®, Tomoko Kurata®, Toru Yamashita®, Yasuyuki
Ohta’, Shoko Nagotani*, Kentaro Deguchi®, Yasushi Takehisa®, Yoshihiko
Shiro?, Tohru Matsuura®, Koji Abe*
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Objective: To investigate whether acoustic impairment can be one of the characteristic extracerebellar
symptoms in sporadic and hereditary ataxias including spinocerebellar ataxia type 31 (SCA31).
Methods: We investigated genotypes of dominant ataxia families, and determined a frequency of each form
in our cohort of 1564 families. Acoustic function in the groups of various forms of ataxia with multiple system
atrophy of cerebellar predominance (MSA-C), cortical cerebellar atrophy (CCA), and hereditary ataxias
including SCA31 was evaluated by using audiogram and brainstem auditory evoked potentials (BAEPs).
Results: Genetic analysis of dominant ataxia families revealed that a frequency of SCA31 in our cohort was
fewer than that reported from other areas of Japan, indicating that SCA31 is not widely distributed
throughout Japan. Results of audiogram showed no significant difference of hearing levels among ataxic
groups, and those of BAEPs did not support inner ear dysfunction in SCA31 in which hearing loss had
initially been suggested as one of its characteristic symptoms.

Conclusion: This study suggests that acoustic impairment is neither specific to SCA31, MSA-C and CCA

nor useful in making a differential diagnosis among them.

Keywords: Ataxia, Audiogram, Brainstem auditory evoked potential, Hearing level, SCA31

Introduction

Both sporadic and hereditary forms of ataxias are a
heterogeneous group of neurodegenerative disorders
characterized by gait and truncal instability, limb
incoordination, and dysarthria.! Extracerebellar
symptoms in ataxias sometimes help make a diag-
nosis of the specific form of the disease. Progres-
sive deterioration of hearing acuity is one of the
characteristic symptoms in rare hereditary ataxic
disorders such as mitochondrial encephalomyopathy,
Refsum disease, Usher syndrome, and so on. On the
other hand, acoustic involvement in other forms of
ataxia has not been fully investigated to date. We
studied and demonstrated the results of audiogram and
brainstem auditory evoked potentials (BAEPs) to
clarify whether acoustic impairment could be a
frequent neurological deficit in sporadic and hereditary
forms of ataxias including recently identified spinocer-
ebellar ataxia type 31 (SCA31) [MIM #117210],
previously known as chromosome 16q22.1-linked
autosomal dominant cerebellar ataxia (16g-ADCA),
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in which hearing loss had been suggested as one of its
characteristic symptoms.>* We also investigated
genotypes of dominant ataxia families, and deter-
mined a frequency of each form in our cohort of 154
families.

Materials and Methods

We recruited both sporadic and dominant ataxia
cases for this study. Individuals with multiple system
atrophy of cerebellar predominance (MSA-C) ful-
filled the diagnostic criteria of probable MSA
according to the second consensus statement.’
Sporadic cortical cerebellar atrophy (CCA) was
defined as an adult onset (>20 years old), progressive
pure cerebellar ataxia with little or no overt involve-
ment of other central nervous system parts.® CCA
cases did not fulfill the criteria for MSA, and their
brain magnetic resonance imaging or computed
tomography showed confined cerebellar atrophy.
Ataxia cases with established symptomatic factors
that can cause cerebellar ataxia (alcoholism, cere-
brovascular, metabolic, neoplastic, autoimmune or
inflammatory diseases, thiamine or vitamin E defi-
ciency, and chronic intake of antiepileptic drugs)
were excluded from this study.
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Pedigree and genetic analysis of an SCA31 family (F1). (A) A pedigree of an SCA31 family (F1) evaluated in this study.

Symbols for individuals affected by ataxia are shaded. A diagonal line denotes individuals who are deceased. Squares and
circles represent males and females, respectively. (B) Left panel; PCR-based restriction fragment length polymorphism
analysis for —16 C-to-T change in puratrophin-1 gene. A region containing a —16 C-to-T change is PCR-amplified, digested by
EcoNl, and analyzed on 3% agarose gel. Both cases from F1 show an undigested fragment due to a —16 C-to-T change. Right
panel; long PCR analysis for the SCA31-associated pentanucleotide repeat insertion. A region containing an insertion is PCR-
amplified, and analyzed on 1% agarose gel. Both cases from F1 show an upper band at a size around 5.0 kb that corresponds to
a PCR product with an insertion. Lower bands appeared at a size around 1.5 kb correspond to normal alleles with polymorphic
size changes. Lane M: DNA size marker; PC: SCA31-positive control; NC: normal control.

After obtaining informed consent, genomic DNAs
of cases in dominantly inherited ataxia families were
extracted from peripheral blood Ileukocytes, and
screened for CAG triplet dynamic mutations in
SCA types 1-3, 6-8, and dentatorubral and pallido-
luysian atrophy (DRPLA) using a method described
in our previous reports.”® A diagnosis of SCA31/16q-
ADCA is genetically investigated by confirming both
an insertion of long penta-nucleotide repeat stretch
containing (TGGAA)n by recently developed long
polymerase chain reaction (PCR) analysis, and a C-
to-T substitution at 5 UTR of the puratrophin-1
gene by conventional PCR-based restriction frag-
ment length polymorphism analysis as reported in
elsewhere.

Acoustic function in cases with ataxia was eval-
vated using audiogram and BAEPs. An audiogram
was performed in 32 MSA-C cases, 25 CCA cases,
four cases with SCA31 from three families, one
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SCA2, three SCA3/Machado-Joseph disease (MJD),
two SCAG6 and three DRPLA cases from independent
families. Ages at audiogram examined are matched
among patients in MSA-C, CCA, and SCA31 groups
(P<0.05). BAEPs were recorded in two cases from an
SCA31 family (Fig. 1A). Each subject was inter-
viewed for occupational experience and history of
otological diseases to rule out the presence of any
pathological conditions that will affect the auditory
function. Subjects with noise-induced hearing loss
caused by occupational noise exposure or past
medical history of otological disorders such as
infection in auditory system or administration of
drugs that can affect acoustic function were excluded
from this study. The pure-tone air-conduction hear-
ing thresholds were collected for each ear at
frequencies of 125, 250, 500, 1000, 2000, 4000, and
8000 Hz using a duly calibrated diagnostic audio-
meter measured by trained audiometric technicians.



The pure-tone average (PTA) of air-conduction
hearing thresholds was measured as the average of
hearing thresholds at the four frequencies (500, 1000,
2000, and 4000 Hz).® BAEPs were recorded from
both earlobes (Al and A2) against Cz, following
condensant-click stimulation at 65 dB above the
individual click hearing threshold and at 10 Hz.
One thousand responses were averaged twice to
confirm reproducibility, and the latencies of the first
five positive peaks and interpeak latencies were
measured.

Statistical analysis of mean values of each group
was evaluated by Kruskal-Wallis test. P<<0.05 were
considered to be statistically significant.

Results

We genetically analyzed in total 154 dominantly
inherited ataxia families in this study. Of these
families, genotypes of probands from 115 families
are confirmed with respective mutations. Frequency
of genotypes in dominantly inherited ataxia families
is shown in Table 1. SCA6 was the most common
form of dominant ataxia (35.1%), and DRPLA was
the second (20.8%). Frequency of a pure form of
cerebellar ataxia, which is also known as autosomal
dominant cerebellar ataxia type III (ADCA III)
proposed by Harding,'™!" and in which SCAS,
SCAS, and SCA31 are considered to be forms of
this category, was 57.1% (88 families). Frequency of a
non-pure cerebellar ataxia, which is also known as
ADCA 1 exhibiting various extracerebellar neurolo-
gical features,'®!! and in which SCA1, SCA2, SCA3/
MID, and DRPLA are considered to be forms of this
category, was 42.9% (66 families). We could not find
any mutations in 39 dominant ataxia families
(25.4%), of which 22 families were pure cerebellar
form (ADCA III), and 17 were non-pure cercbellar
form (ADCA I).

We confirmed five dominant ataxia families show-
ing both an SCA31-associated pentanucleotide repeat
insertion and a C-to-T change in puratrophin-1 gene
(Fig. 1B). The lengths of the pentanucleotide repeat

Table 1 Frequency of genotypes in dominantly inherited
ataxia families

Genotype No. of families (%)
SCA1 1(0.6)
SCA2 4 (2.6)
SCA3/MJD 12 (7.8)
SCA6 54 (35.1)
SCA7 0(0)
SCA8 7 (4.5)
SCA31 5(3.2)
DRPLA 32 (20.8)
Unknown 39 (25.4)
Total 154 (100)

Note: SCA=spinocerebellar ataxia; MJD=Machado-Joseph
disease; DRPLA=dentatorubral and pallidoluysian atrophy.
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insertion were subsequently determined by Haelll
digestion of the long PCR products and agarose-gel
electrophoresis according to a method described by
Sato et al. (data not shown).”> Two cases from an
SCA31 family (family F1; Fig. 1A) exhibited the
same repeat length with 3.5 kb, and other four
SCA31 cases from independent families exhibited
3.4 kb in length, respectively.

Clinical data and hearing levels evaluated by
audiogram in respective ataxia group are shown in
Table 2. Average duration of illness at audiogram
examined in MSA-C group (3.6 years) is apparently
shorter than that in CCA or SCA31 group (8.0 and
9.7 years, respectively), indicating that MSA-C
patients tend to be diagnosed earlier after onset
probably because of faster disease progression than
CCA or SCA31. In the SCA group, average ages at
onset and audiogram examined are almost 10 years
earlier, and average duration of illness at audiogram
examined is longer than those of other ataxia
groups.

Ages at onset with truncal instability in cases 1 and
2 in an SCA31 family (family F1; Fig. 1A) were 50
and 48 years old, respectively. Neurological exam-
ination of both cases revealed quite similar positive
findings for truncal and gait ataxia, limb incoordina-
tion, ataxic dysarthria, and impaired smooth pursuit,
but negative for gaze-evoked nystagmus, ophthalmo-
plegia, pyramidal tract signs, sensory disturbance,
parkinsonism, cognitive impairment, and urinary
disturbance. These neurological findings are consis-
tent with the previously reported clinical character-
istics that SCA31 is relatively pure cerebellar
ataxia.>*'>?" All SCA31 cases who were clinically
evaluated did not complain acoustic impairment that
can affect verbal communication in daily life.

The average hearing levels (PTA) are not signifi-
cantly different between groups in MSA-C (29.8/
30.3 dB at right/left side, respectively) and CCA
(25.6/29.2 dB). The average hearing levels in four
SCA31 cases, examined at 64.3 years old, are 26.5/
25.5 dB, with no significant difference from either
MSA-C or CCA (Table 2). BAEPs were evaluated in
two patients from an SCA31 family (F1) to examine
their inner ear function. The I-V waves in these two
cases were clearly confirmed, and latencies to each
wave-peak and the I-III, III-V, and I-V interpeak
latencies were not obviously delayed (Fig. 2).

Discussion

This is the first report showing that acoustic
impairment cannot be a specific neurological deficit
in MSA-C or CCA. This study also clarified that
acoustic impairment is not frequently observed in
SCA31 cases with recently identified insertion of
long penta-nucleotide repeat stretch containing
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Fl-case 1 Right 1.69 2.81 3.84 4.61 5.66 2.15 1.82 3.97
Left 1.49 2.70 3.72 N/A 5.40 2.23 1.68 3.91
Fl-case 2 Right 1.74 2.76 391 N/A 6.00 2.17 2.05 4.22
B Left 1.58 2.79 4.04 5.20 5.76 247 1.72 4.18

Figure 2 Results of brainstem auditory evoked potentials of an SCA31 family (F1). (A) BAEPs of cases 1 and 2 from an SCA31
family (F1). Upper BAEPs of each case indicate responses (Cz-A2) elicited by right ear stimulation, and lower BAEPs indicate
responses (Cz-A1) elicited by left ear stimulation. The BAEPs clearly demonstrate | wave formation with normal latency to their
peaks. (B) Latencies of the five peaks and interpeak latencies in cases 1 and 2 from family F1.

(TGGAA)n. The average hearing level in Japanese
controls examined at ages 65-69 years old (n=386)
was reported to be 33.4 dB in a previous report.”
Average ages at audiogram examined and average

Table 2 Summary of clinical data and hearing levels evaluated by audiogram in each ataxia group

hearing levels in MSA-C, CCA and SCA31 groups
are comparable to those in the controls, indicating
that acoustic function in these ataxic patients is not

impaired by their disease process.

Group No. of cases Age at AG (years, mean) Age at onset (years, mean) Duration (years, mean)

PTA (dB, mean)

Right Left
MSA-C 32 62.6 58.8 3.6 29.8 30.3
CCA 25 64.2 55.4 8.0 25.6 29.2
SCA31 4 64.3 51.7 9.7 26.5 255
Other SCAs 9 53.1 42.0 11.1 271 25.0
Individual data in SCA31 and other dominantly inherited ataxias
PTA (dB)
SCA type Case ID Age at AG (years) Age at onset (years) Duration (years) Right Left
SCAS31 F1-case 1 65 50 15 28 28
F1-case 2 55 48 7 11 10
F2-case 1 73 N/A N/A 36 36
F3-case 1 64 57 7 31 28
SCA2 F1-case 1 48 45 3 11 6
SCA3 Fi-case 1 71 52 19 39 33
F2-case 1 53 41 12 18 20
F3-case 1 38 36 2 30 15
SCAB Fi-case 1 72 63 9 31 44
F2-case 1 48 34 14 20 24
DRPLA Fi-case 1 57 40 17 56 36
F2-case 1 47 36 11 19 16
F3-case 1 44 31 13 20 31

Note: Age at AG=age at audiogram examined; duration=duration of illness at audiogram examined; PTA=pure-tone average;
SCA=spinocerebellar ataxia; other SCAs=SCAs other than SCA31; F1-F3 indicate family numbers in respective forms of hereditary
ataxias; DRPLA=dentatorubral and pallidoluysian atrophy.
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SCA31 is a dominant form of hereditary ataxia
frequently reported from Japan with a significant
founder effect.>*1214171923 A C_to-T transition at
position —16 nucleotide upstream of translation
initiation codon of puratrophin-1 gene was initially
reported to be a potential genetic defect responsible for
SCA31. Although >99% Japanese SCA31 cases have
this nucleotide change, two SCA31 families in which
this single-nucleotide change was not co-segregated
with ataxia were subsequently found.>'®? These
findings indicate that —16 C-to-T change in puratro-
phin-1 gene is a rare polymorphism in strong linkage
disequilibrium with SCA31 but not a disease-causing
mutation. Recently, an inserted sequence that consists
of complex penta-nucleotide repeats containing
(TGGAA)n was found to be the most likely candidate
for the SCA31 mutation. Both a —16 C-to-T change in
puratrophin-1 and an insertion of long penta-nucleo-
tide repeat stretch containing (TGGAA)n were con-
firmed in our five SCA31 families.

Genetic analysis of dominantly inherited ataxia
families revealed that the frequency of SCA31 in our
cohort was 3.2% (five families) as the fifth most
common form. We mainly investigated families living
in the south-eastern part of Chugoku District, which
is located on western part of the main island of
Japan. The frequency of SCA31 in our study is
considered to be fewer than that reported from other
areas of Japan, because in these former studies
SCA31 was the first to the fourth most frequent
form of dominant ataxia at a frequency of 8.2-
42.7%.'*21 So far, SCA31 was found only in families
of Japanese descent and a single Korean family, but
not in a European population,”*?” and in Japan it is
reported to be prevalent at a frequency similar to
another pure cerebellar form, SCA6. In our study, the
frequency of SCA6 (35.1%) is almost 11-fold higher
than that of SCA31, indicating that SCA31 is not
widely distributed throughout Japan.

The previous study showed that puratrophin-1 is
expressed in a variety of organs including brain. It is
described that puratrophin-1 is also expressed in
epithelial hair cells in the cochlea, and this is
potentially associated with relatively high frequency
of hearing impairment in SCA31 cases.™ Ishikawa
et al. reported that 42.9% of SCA31 families had
hearing impairment.® Owada er al. reported that two
SCA31 patients from a single family showed hearing
impairment in audiograms and poor I wave forma-
tion in their BAEPs.* However, our SCA31 patients
do not show severe hearing impairment with compar-
able PTA values to other groups, and the results of
BAEPs in two SCA31 patients do not support their
inner ear impairment even in a patient with longer
disease duration (15 years). It is also obvious that
normal findings of interpeak latencies in BAEPs are
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not suggestive of brainstem involvement, indicating
that SCA31 is a predominantly cerebellar ataxia. In
conclusion, the present study confirmed that acoustic
impairment is neither specific to SCA31, MSA-C and
CCA nor useful in making a differential diagnosis
among them.
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CUGBP1 and MBNL1 preferentially bind
to 3" UTRs and facilitate mRNA decay
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CUGBPI and MBNLI are developmentally regulated RNA-binding proteins that are causally associated
with myotonic dystrophy type 1. We globally determined the in vivo RNA-binding sites of CUGBP1 and
MBNLI. Interestingly, CUGBP1 and MBNLI are both preferentially bound to 3' UTRs. Analysis of
CUGBP1- and MBNLI-bound 3’ UTRs demonstrated that both factors mediate accelerated mRNA decay
and temporal profiles of expression arrays supported this. Role of CUGBP1 on accelerated mRNA decay has
been previously reported, but the similar function of MBNLI has not been reported to date. It is well
established that CUGBP1 and MBNL1 regulate alternative splicing. Screening by exon array and validation
by RT-PCR revealed position dependence of CUGBP1- and MBNLI-binding sites on the resulting
alternative splicing pattern. This study suggests that regulation of CUGBP1 and MBNLI is essential for
accurate control of destabilization of a broad spectrum of mRNAs as well as of alternative splicing events.

n recent years, new technologies, such as microarray analysis and high throughput sequencing, have dramat-
ically changed our knowledge on gene expression and revealed that extensive regulation takes place during
posttranscriptional RNA processing’. Numerous RNA processing elements and regulatory RNA-binding
proteins play together in a finely tuned interplay to ensure that different mRNAs are made from the primary
transcript from a gene and are present in the right cell at the right time and in the correct amounts. Such complex
regulation is of course vulnerable and a rapidly increasing number of human diseases are now known to be caused
by misregulated RNA processing”. An intriguing example where this kind of disease mechanism is in operation is
myotonic dystrophy type 1 (DM1), where aberrant regulation of two RNA-binding proteins, CUG-binding protein
1 (CUGBP1) and muscleblind-like 1 (MBNLI) co-operationally cause some of the disease symptoms. DMI is the
most common form of myotonic dystrophy (DM), and is caused by an expansion of CTG-repeats in the 3’
untranslated region (UTR) of the DM protein kinase gene (DMPK) on chromosome 195, DM1 is a multisystemic
disorder and the clinical features include myotonia, muscle degeneration, heart failure, ocular cataracts, impaired
glucose tolerance, and mental retardation®”. A dominant negative effect of the DMPK mutant allele through RNA
gain-of-function has been proposed as the molecular disease mechanism. Many studies support a mechanism
where toxic DMPK RNA with expanded CUG repeats binds to and sequesters proteins that are important for RNA
metabolism including transcription, RNA transport, alternative splicing, translation, and yet unknown processes®.
The expanded CUG repeats in the DMPK mRNA bind to and sequestrate MBNLL in discrete nuclear foci, which
results in depletion of functional MBNL1®*. By a yet unknown mechanism the expanded CUG repeats also activate
protein kinase C (PKC), which phosphorylates and stabilizes CUGBP1'. Thus, the expanded CUG repeats
contribute to DM1 pathogenesis by causing loss of MBNLI and gain of CUGBP1 activity'".

Both CUGBP1 and MBNLI regulate postnatal transitions in alternative splicing patterns during striated
muscle development™*'?, Representative targets of CUGBPI splicing regulation, which are misregulated in
DMT1 striated muscles, include genes for cardiac troponin T (TNNT2)'*%, insulin receptor (INSR)*, and chloride
channel 1 (CLCNI)'*". MBNLI contains four CCCH-type zinc fingers that recognize a YGCY motif that is indeed
observed in the CUG repeat (CUGCUG)"**'. Mice deficient in MbnlI show aberrant splicing of Clen, Tnnt2, and
Trnnt3, but not Insr*®. Very recently, MBNL1 was shown to regulate BINI alternative splicing, and dysregulation of
BINI splicing in DM1 muscles was suggested to be part of the disease pathology resulting in muscle weakness®.
Besides an important role in splicing regulation, CUGBP1 mediates mRNA decay of short-lived transcripts
by interaction with GU-rich elements in the 3 UTR**?. In addition, CUGBP1 increases the translation of
CDKN1A* and Mef2a®. In contrast to the multiple functionalities in posttranscriptional gene regulation of
CUGBP1, MBNLI has so far been exclusively recognized as a splicing regulatory trans-factor.
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High-throughput sequencing of RNA isolated by crosslinking
immunoprecipitation (HITS-CLIP)* is a new method that enables
global mapping of targets for specific RNA-binding proteins in living
cells, thereby shedding light on their role in regulation of RNA pro-
cessing of known and unknown targets.

In the present study we performed HITS-CLIP analysis for
CUGBP1 and MBNL1 on the mouse myoblast cell line C2Ci12
to extensively characterize their RNA-binding sites and functional
roles in RNA processing. We identified position-dependence of
CUGBP1/MBNLI1-binding sites in regulating exon inclusion or
skipping. Interestingly, we discovered that both CUGBP1 and
MBNLI1 preferentially bind to the 3’ UTR and destabilize target
mRNAs. This points to a new important role of MBNL1 and suggests
that binding to the 3" UTRs and destabilization of mRNA are likely to
be a fundamental function shared by CUGBPI and MBNL1.

Results

Genome-wide CUGBP1/MBNL1-RNA interaction maps. In order
to determine global CUGBP1/MBNLI-binding sites in vivo, we
performed HITS-CLIP experiments using the mouse myoblast cell
line, C2C12.

In C2C12 cells, CUGBP1 is constantly expressed throughout myo-
blast differentiation, whereas expression of MBNLI is low in undif-
ferentiated cells and gradually increases during differentiation
(Supplementary Fig. S1), as previously described®. We thus per-
formed HITS-CLIP analysis of CUGBP1 and MBNLI using undif-
ferentiated and differentiated C2C12 cells, respectively. We also
performed CLIP of MBNLI using undifferentiated cells in three
independent experiments, but this yielded an insufficient amount
of RNA-protein complexes and failed to yield cDNA libraries suit-
able for high-throughput sequencing. In the HITS-CLIP analysis of
CUGBP1, our first experiment yielded 34,733,815 CLIP tags of 32 nt,
of which 29,545,067 (85.06%) were mapped to the mm9 genome
allowing at most 2 mismatches and placing reads mapping to mul-
tiple locations to a single random site. A second CLIP experiment
yielded 10,079,185 CLIP tags of 36 nt, of which 8,516,256 (84.49%)
were mapped. In the first MBNL1 CLIP experiment, we obtained
13,218,685 CLIP tags, of which 11,044,152 (83.55%) were mapped,
while the second CLIP experiment yielded 13,474,600 CLIP tags with
11,455,886 (85.02%) tags mapped to the mm9 genome. For the ana-
lysis of binding motif and binding region annotation, we selected
only reads that were aligned uniquely in the genome and removed all
potential PCR duplicates by collapsing reads with an identical 5' start
into a single read. This resulted in 177,013 and 130,828 CLIP tags
from the two CUGBP1 CLIP experiments, while the two MBNL1
experiments yielded 59,156 and 583,841 CLIP tags respectively.

In an effort to confirm the specificity of our CLIP experiments, we
performed CLIP analysis of polypyrimidine tract-binding protein
(PTB), a multifunctional RNA-binding protein, using undifferenti-
ated mouse C2C12 cells. We identified 12,841,778 CLIP tags of which
11,184,829 (87.10%) were mapped to the mouse mm9 genome.
Removal of non-uniquely aligned reads and PCR duplicates yielded
307,995 unambiguous CLIP tags.

Consensus motifs. To determine RNA-binding motifs associated
with CUGBP1/MBNLL1 in vivo, we used the motif-finding algori-
thm, Multiple EM for Motif Elicitation (MEME)*. We used
SeqMonk to identify likely binding regions, and identified 1,841
CUGBP1-binding regions and 302 MBNL1-binding regions. Com-
parison of SeqMonk’s maximum depth scores between samples
indicates that binding regions in each replicated experiment are
highly overlapping, while PTB binding regions did not overlap
with those of the other four CLIP experiments (Supplementary
Fig. S2). The lower number of identified MBNLI regions supported
by two independent experiments (Supplementary Fig. S2b) was likely
due to the large difference in the number of CLIP tags in the two

MBNL1 experiments. The regions demonstrate enrichment of GU-
rich motifs for CUGBP1 and YGCY-containing motifs for MBNL1
(Fig. 1).

Our in vivo binding motifs are in accordance with previously
suggested binding motifs for CUGBP1**** and MBNL1**** We
identified 1,824 PTB binding regions in the mouse genome and
detected a CU-rich motif, which is essentially identical to the motif
for PTB recently identified by HITS-CLIP analysis of a human cell
line®.

We also analyzed the CUGBP1 and MBNL1 motifs enriched in
regions containing reads with multiple potential mapping locations
(Supplementary Fig. S3), and compared them with the motifs with
unique mapping (Fig. 1). Following removal of potential PCR dupli-
cates, we observed 699,382 tags that were non-uniquely aligned in the
1st CUGBP1 CLIP experiment, 219,128 tags in the 2nd CUGBP1
CLIP experiment, 105,432 and 216,882 tags in the two MBNL1 CLIP
experiments respectively and finally 851,324 tags in the PTB CLIP
experiment. We observed that enriched motifs in these regions (Sup-
plementary Fig. S3) are very similar to the CUGBP1 and MBNL1
motifs enriched in the binding regions containing uniquely aligned
reads (Fig. 1), suggesting that these regions share the same properties
as the uniquely aligned regions and that they may contain functional
binding sites.

HITS-CLIP analysis of splicing targets. We next studied the effects

of CUGBP1/MBNLI binding on alternative splicing. CUGBP1 tags
are clustered in intronic regions flanking alternative rather than
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Figure 1 | Binding motif analysis. WebLogos of consensus binding motifs
of CUGBP1, MBNLYI, and PTB generated by the MEME motif analysis
tool. The likelihood of finding the indicated motif by chance is indicated as
an E-value.
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constitutive exons (Fig. 2a). MBNLI tags are similarly clustered in
intronic regions flanking alternative exons, and are also enriched in
alternative and constitutive exons. In order to investigate if and how
CUGBP1/MBNLI binding around splice sites regulate alternative
splicing, we knocked down these factors by siRNA in undif-
ferentiated C2C12 cells (Supplementary Fig. S4a). We analyzed
alterations of splicing globally using the Affymetrix Mouse Exon
1.0 ST Array (GEO accession number, GSE29990) and identified §
CUGBP1-responsive and 24 MBNLI -responsive exons (Supplemen-
tary Table 1, Figs. S5 and S6abc). We also analyzed 29 CUGBP1-
tagged and 51 MBNLI-tagged exons/introns known to be alternatively
spliced according to the ENSEMBL version e/61, and identified 16
CUGBP1-responsive and 21 MBNLI-responsive exons by RT-PCR
(Supplementary Figs. S5 and S6abc). We made the compiled dataset

C, which is comprised of the 24 CUGBP1-regulated exons (15
skipped and 9 included), as well as the compiled dataset M con-
sisting of the 45 MBNLI1-regulated exons (25 skipped and 20
included). The datasets include 1 and 9 previously identified target
exons of CUGBP1 and MBNLI, respectively (Supplementary
Fig. S5). In addition, 9 exons are shared between datasets C and
M. Mbnll siRNA sufficiently suppressed MBNLI expression up to
day 3 after differentiation (Supplementary Fig. S4b), and we observed
that as many as 44 of the 45 MBNLI-regulated exons in dataset M
respond similarly to MBNL1 knockdown in both differentiated and
undifferentiated cells (Supplementary Figs. $4 and S5).

We also made dataset M2 that includes 26 additional MBNL]-
dependent cassette exons (15 skipped and 11 included) that were
previously identified in skeletal muscle of MBNL1 knockout mice
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(Supplementary Table S2)*, and found that 18 exons are similarly
regulated by Mbnll knockdown in undifferentiated C2C12 cells
(Supplementary Fig. S6d and Table S2).

We combined datasets C and M into a single composite pre-
mRNA and made integrated RNA maps from our HITS-CLIP reads
mapped to the corresponding genomic regions as previously
described for Nova* and PTB. This showed that CUGBP1 binding
to upstream intronic regions facilitates exon skipping, whereas
CUGBP1 binding to downstream intronic regions promotes exon
inclusion (closed arrows in Fig. 2b and Supplementary Fig. S7a).
Results of the 2nd experiments are shown in Fig. 2 and those of
the 1st experiments are in Supplementary Fig. S7. In contrast,
although the binding sites of MBNLI are more diffusely distributed
and less abundant in regions flanking splice sites (Fig. 2¢), MBNL1
binding close to the 3" end of the downstream intron induces exon
skipping (closed arrow in Fig. 2¢ and Supplementary Fig. S7b). The
presence of a similar peak in dataset M2 (closed arrow in Supple-
mentary Fig. S7c) further supports this observation.

We next analyzed the interaction between CUGBP1 and MBNL1
in splicing regulation. We made an RNA map of CUGBP1-binding
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sites in MBNLI-regulated exons from datasets M and M2 (Fig. 2d
and Supplementary Fig. S7¢), as well as an RNA map of MBNLI-
binding sites in CUGBP1-regulated exons from dataset C (Fig. 2e and
Supplementary Fig. S7f). Both RNA maps demonstrate the presence
of CUGBP1 clusters in MBNL1-responsive exons and vice versa,
which suggests that CUGBP1 and MBNLI1 are likely to regulate
alternative splicing of some of the same exons.

MBNL1 and CUGBP1 both preferentially bind to the 3’ UTR.
MBNLI has so far solely been categorized as an exon/intron-
binding splicing regulatory protein®, but to our surprise we found
that the majority (55%) of MBNLI1-binding regions are located
in 3" UTRs (Fig. 3a). The same pattern with preferential binding
(53%) in 3" UTRs is observed for CUGBP1, while only 2% of PTB
binding regions are located in 3" UTRs (Fig. 3a). Similarly, when
HITS-CLIP tags are mapped to the size-normalized positions of all
the genes in the mouse genome, CUGBP1 and MBNL1 CLIP tags, but
not PTB CLIP-tags, are enriched close to the 3" ends of genes (Fig. 3b).
Additionally, 610 3" UTRs, which constitutes 28.7% of the CUGBP1-
tagged 3’ UTRs and 17.4% of the MBNL1-tagged 3" UTRs, are shared
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between these two proteins (Fig. 3c). All these data document that
both CUGBP1 and MBNLI preferentially bind to 3’ UTRs, indicating
that this is a key function of both proteins in RNA processing, This
suggests that the functional repertoire of MBNLI should be expanded
and that MBNLI, from being primarily regarded as regulator of
alternative splicing, should also be considered as an important
regulator of 3" UTR-mediated processes, such as mRNA stability/
degradation.

MBNLI destabilize mRNAs. To analyze the function of CUGBP1/
MBNLI1 binding to 3" UTRs, we made luciferase reporter constructs
harboring CUGBP1/MBNLI-binding sites in the 3’ UTR. Since no
CLIP tags were observed in the 3' UTR of Gapdh (Supplementary
Fig. §8), we made a luciferase-Gapdh 3' UTR expression vector, and
then inserted 12 repeats of GT and 7 repeats of CTG immediately
after the stop codon of luciferase to introduce a CUGBP1-binding site
(GU rich motif) and an MBNLI-binding site (YGCY motif),
respectively (Fig. 4a). We also inserted 12 AC repeats as a control.
Due to the high expression level of CUGBP1 in C2C12 cells we used
HEK293 cells for transient transfection of these reporter constructs
along with CUGBP1/MBNLI expression vectors. For the constructs
with Gapdh 3' UTR alone or with AC repeats inserted, over-
expression of CUGBP1 or MBNLI had no effect on luciferase
activity (Fig. 4b). For the GT repeat construct, overexpression of
CUGBP1 decreased the luciferase activity, but MBNL1 had no
effect. For the CTG repeat construct overexpression of MBNLI
dramatically decreased the luciferase activity, and also overex-
pression of CUGBPI significantly reduced luciferase activity
(Fig. 4b). In order to shed light on the mechanism underlying the
observed decrease in luciferase activity we investigated the decay
of luciferase mRNA. The SV40 promoter of the luciferase reporter
constructs was replaced with a tet-repressible promoter, and
HEK293 Tet-off cells were transiently transfected with these
constructs. Doxycycline was added to the medium to stop tran-
scription of the tet-responsive promoter, and the temporal profiles
of luciferase and GAPDH mRNA levels were measured. Over-
expression of MBNLI together with the CTG repeat reporter
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construct resulted in highly increased decay of luciferase mRNA
and CUGBPI overexpression together with the GT repeat reporter
construct also increased mRNA decay. Overexpression of either
protein together with the Gapdh 3' UTR control construct did not
alter mRNA decay (Fig. 4c). These data demonstrate that binding of
CUGBP1 and MBNLI to the 3" UTR promotes mRNA decay. To
examine whether CUGBP1 and MBNLI regulate decay of endo-
genous mRNAs, we next analyzed mRNA stability in actinomycin
D treated C2CI2 cells by expression arrays following siRNA knock
down of CUGBP1 or MBNLI (GEO accession number, GSE27583).
To identify genes with reliable half-life estimates, we restricted
our analysis to 195 transcripts using three conditions: (i) half-life
between 2.5-5 hrs; (i) correlation coefficient of fitting to an
exponential decay greater than 0.9; and (iii) RMA-normalized
signal values more than 100 at all time points. The median half-life
of all the transcripts matching these criteria in the control is 3.56 hrs,
whereas those from CUGBP1- and MBNLI-knocked down cells
are significantly prolonged to 3.91 hrs and 3.73 hrs, respectively
(Fig. 5a). We chose four additional representative mRNAs with a
cluster of either CUGBP1- or MBNLI-tags in the 3'UTR, and
confirmed by real time PCR that knockdown of either CUGBP1 or
MBNLI results in approximately two-fold increase in mRNA half-
life of these target mRNAs (Fig. 5b). The half-lives of 100 out of 195
transcripts are prolonged both by knockdown of CUGBP1 and
MBNLI, suggesting overlapping activity in the regulation of
mRNA decay by CUGBP1 and MBNLL. We next analyzed the
relationship between change in mRNA half-life and coverage of
HITS-CLIP tags in the 3’ UTRs. We found that genes displaying
prolongation of half-lives in response to CUGBP1 knockdown
harbors more CUGBPI-tags in their 3' UTRs, compared to those
displaying shortening of half-lives (Fig. 5¢). Similarly, genes that
display prolongation of their half-lives in response to MBNLI
knockdown have more MBNLI-tags in their 3’ UTRs (Fig. 5¢).

Gene Ontology analysis of CUGBP1/MBNL1-bound 3’ UTRs
revealed that the terms ‘cytoskeletal protein binding, “ranscription
factor binding’ and ‘RNA binding’ are significantly overrepresented
for CUGBP1- and MBNLI-bound genes (Table 1).
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Figure 4 | Decay of luciferase mRNA by overexpression of CUGBP1/MBNLI. (a) Schemes of luciferase reporter plasmids harboring Gapdh 3’ UTR.
Each construct was made carrying either SV40 or tet-responsive promoter. (b) Luciferase activity after overexpression of CUGBP1/MBNL1. HEK293 cells
were transfected with the indicated SV40-driven luciferase reporter constructs. Luciferase activity is normalized for the transfection efficiency using co-
transfection of pRL/SV40. (c) Decay of luciferase mRNA after overexpression of CUGBP1/MBNL1. HEK293 Tet-off cells were transfected with the

indicated tet-responsive promoter-driven luciferase reporter constructs. Doxycycline was added to the medium to stop transcription at time 0. Temporal
profiles of luciferase mRNA decay were quantified by real time RT-PCR and are normalized for Gapdh mRNA levels. All experiments were triplicated, and

the mean and s.d. are indicated (* p < 0.05; ** p < 0.01).
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Figure 5 | Global analysis of mRNA decay by expression array of C2C12 cells treated with CUGBP1/MBNLI siRNA. (a) Half-lives of mRNAs in C2C12
cells with the indicated siRNAs. Red lines represent means and 95% confidence intervals. ** p < 0.01 and *** p < 0.001. (b) Real-time RT-PCR analysis of
the stability of four representative endogenous mRNAs, which were detected by expression arrays. CLIP-tag distributions are shown above each gene
structure. C2C12 cells were treated with either control (ctl), CUGBP1 (Cug), or MBNLI1 (Mb) siRNA. Actinomycin D was added to the medium to stop
transcription at time 0. Temporal profiles of decay of the indicated genes were analyzed by real-time RT-PCR and are normalized for Gapdh mRNA levels.
All experiments were triplicated, and the mean and s.d. are indicated (* p < 0.05 and ** p < 0.01). (c) Tag counts in the 3’ UTR of each gene are plotted in
two categories of prolonging (up) and shortening (down) of half-lives after MBNL1 and CUGBP1 siRNAs. Red lines represent means and 95% confidence
intervals, ** p < 0.01. Tag counts were normalized by the gene expression level at 0 h of cells treated with control siRNA.

Table 1| The five most frequent Gene Ontology terms of mRNAs that are bound by CUGBP1 and MBNLI to the 3 UTR
CUP data GOID Term P Value
CUGBP1 GO:0008092 cytoskeletal protein binding 1.58E-06
GO:0003723 RNA binding 1.40E-04
GO:0008134 transcription factor binding 9.65E04
GO:0051082 unfolded protein binding 0.003184
GO:0019904 protein domain specific binding 0.006603
MBNL1 GO:0008092 cytoskeletal protein binding 7.31E20
G0O:0008134 transcription factor binding 2.20E-08
G0O:0003723 RNA binding 0.001893
GO:0019899 enzyme binding 0.002046
G0:0032553 ribonucleotide binding 0.004210
We utilized the mRNAs that have more than 8-fold coverage of CLIP tags in their 3'UTR for the analysis by DAVID*-54,
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