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Figure 4 MBNL1 is antagonized by CELF1, CELF2, CELF6 and PTBP1. (A) Antagonistic effects of CELF1, CELF2, CELF6
and PTBP1 on the regulation of ABLIM1 splicing by MBNL1. The ABLIM1 minigene (0.15 ug) was cotransfected with MBNL1
(EXP42) or MBNL1 plus the CELF family or PTBP1 into C2C12 cells. Upper panel: lane 1, mock (pSecDK) transfected
(1.4 pg); lane Z—IQ, a constant amount of the MBNL1 construct (0.7 pg) and increasing amounts of CELF1, CELF2, CELF6 or
PTBP1 constructs were cotransfected at ratios of 3 : 0 (fane 2), 3 : 1 (lane 3, 5, 7, and 9) and 3 : 3 (lane 4, 6, 8, and 10). The
total amount of transfected plasmids (1.4 pig) was kept constant by adjusting the amount of mock control vector. The lower panel
shows the percentage of exon 11 inclusion relative to the total transcripts (means £ SEM, n = 3). Statistical significance was
assessed by aNova and Tukey’s multiple comparison test (***P < 0.001). (B) Effects of CELF2 and PTBP1 on ABLIM1 splicing.
The ABLIM1 minigene (0.15 ug) was cotransfected with MBNL1 (EXP42), MBNL1 plus CELF2 or MBNL1 plus PTBP1 into
C2C12 cells. Lane 1-6, a constant amount of MBNL1 construct (0.7 pg) and increasing amounts of CELF2 or PTBP1 constructs
were cotransfected at a ratio of 3 : 0.09 (lane 1, 4), 3 : 0.3 (lane 2, 5) and 3 : 0.6 (lane 3, 6). The total amount of transfected plas-
mids (1.4 pg) was kept constant by adjusting the amount of mock control.

isoform) was detected in skeletal muscles of non-DM
individuals, but not in most patients with DMI1
(Fig. 1A—C). Moreover, aberrant splicing of mouse
Ablim1 exon 11 also occurred in skeletal muscle of a
DM  mouse model, HSALR, which  expresses
expanded CUG repeats in skeletal muscle (Fig. 6A).
Therefore, ABLIM1 ex11+ may have a muscle-spe-
cific function, and the deficiency of ABLIM1 ex11+
in patients with DM might be involved in muscle
symptoms. The ABLIM1 protein contains four LIM
domains at its N-terminus and a villin headpiece

Genes to Cells (2015) 20, 121-134
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domain at its C-terminus. Four splicing isoforms in
humans and three splicing isoforms in mouse are
known (Fig. S8 in Supporting Information). ABLIM1
binds to filamentous actin (F-actin) via its villin head-
piece domain and is localized to the Z-disk in cardiac
muscle (Roof et al. 1997). Thus, it is assumed that
ABLIM1 could mediate the interaction between actin
filaments and a protein complex at a Z-disk. Exon 11
(84 nt) of human ABLIM1 codes for 28 amino acids
(aa), located 5 amino acid downstream of the fourth
LIM domain, which mediates protein—protein

© 2014 The Authors
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The ABLIMT minigene (0.15 pg) and mock (pSecDK) or
MBNL1 (EXP42) construct (0.7 pg) were cotransfected with
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The lower panel shows the percentage of exon 11 inclusion
relative to the total ranscripts (means &= SEM, n = 3). Statisti-
cal analyses were carried out by anova and Tukey’s multiple
comparison test by comparison with the normal (DM18)
CTG repeat (¥*P < 0.01,%**P < 0.001).

interactions (Schmeichel & Beckerle 1994). As the
exclusion of exon 11, which predominantly occurs in
DM1 muscle and nonmuscle tissues in normal adults,
does not result in a frame shift or non-sense-mediated
mRNA decay (NMD), the ex1l— isoform of the
ABLIMT1 protein should be expressed in DM1 mus-
cle. It is possible that the exclusion of exon 11 may
affect intercellular localization of ABLIM1 by differ-
ent protein—protein interactions, although no AB-
LIM1-interacting protein via its four LIM domains or
exon 11 coding region has yet been identified. Addi-
tional studies are required to show the relationship
between abnormal splicing of ABLIM1 and DM
symptoms.

The splicing of ABLIM{ exon 11 is antagonisti-
cally regulated by MBNL and CELF proteins. All
three MBNL proteins promoted the inclusion of
exon 11 of endogenous and the ABLIM1 minigene
in cultured cells (Figs 2, 3). Both MBNL1 and
MBNL2 promoted the inclusion of endogenous
ABLIMT1 exon 11 at a similar level, but MBNL2 did

© 2014 The Authors
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not promote that of the ABLIMT minigene to
the same degree as MBNLIT. We believe this is
because internal regions of intron 10 and intron 11 of
ABLIMT were excluded in the ABLIMT minigene
(Fig. 3A). The sequence mteracting with MBNL2
may be located in the deleted part. Another possibil-
iy is that MBNL2 protein expression in the mini-
gene splicing assay with C2C12 cells was lower than
that observed in endogenous ABLIM T splicing assay
with HEK293 cells (Fig. 3B). On the other hands,
CELF1, 2 and 6, and PTBP1 promoted the exclusion
of the ABLIMT minigene exon 11 (Fig. 3B). As the
ex!1+ isoform was nearly undetectable in HEK293
(Fig. 2), HeLa, SH-SY5Y and undifferenciated
C2C12 (data not shown) cells, it was impossible to
assess the effect of CELF1, 2 and 6, and PTBP1 on
endogenous  ABLIM1. Although the inclusion of
ABLIMT exon 11 was repressed by over-expression
of CELF1, splicing of ABLIMT exon 11 was not
changed by knockdown of Celfl in our experiments
(Fig. 3D). We presume that the high level of Celfl is
needed for exclusion of ABLIMT exon 11 and that
endogenous Celfl in C2C12 cells may be below this
level. The abnormality of Ablim1 splicing was also
detected in MBNL knockout mice and CELF1-over-
expressing mice {Kalsota ef al. 2008). Therefore, we
conclude that MBNL and CELF regulate ABLIM{
splicing. The results of Celf2 knockdown experiments
were different from siCelf2 (No. 11) and siCelf2
(No. 12; Fig. 3D), although the degrees of Celf2
knockdown at a protein level by those siCelf2s
were almost same (Fig. S6 in Supporting Informa-
tion). This might be because siCelf2 affected other
splicing factors by off-targets effect. Because at least
siCelf2 (No. 11) significantly promoted the inclusion
of ABLIM1 ex11 compared to control, we suggest
the possibility that endogenous Celf2 in C2C12
suppresses ex11 inclusion.

PTBP1 promoted exclusion of ABLIM1 exon 11
more strongly than CELF1, 2 and 6. Therefore, we
suspected that expression of PTBP1 may be increased
in patients with DM. RT-PCR analysis showed that
the expression of PTBP1 in patients with DM1 1s
similar to that of non-DM1 individuals at the RNA
level (Fig. S5 in Supporting Information). However,
it s still possible that PTBP1 protein is activated in
DM1, similar to CELF1, which is active in DM1 fol-
lowing stabilization by phosphorylation, but the
expression of CELF1 does not change at the RINA
level. In addition, the level of PTBP1 expression
appears to be correlated with ABLIM1 exon 11 splic-
ing because Ptbpl expression decreases gradually
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Figure 6 Mouse ABLIM! splicing. (A) Expanded CUG repeat RNAs affect mouse ABLIM1 splicing in vivo. HSA™™ mice have
250 expanded CTG repeats in the 3"-UTR of the human skeletal muscle actin gene and recapitulate DM1 symptoms. Mouse AB-
LIM1 exon 11 is homologous to the human ABLIM{ exon 11, but mouse ABLIM1 exon 12 is not homologous to any exon of
human ABLIM]1. Isoforms of ABLIM1-1 (exons 11 and 12 inclusion isoform) and ABLIM1-II (exon 11 inclusion isoform) are pre-
dominant in §ke]etal muscle of wild-type mice compared to ABLIM1-III (exons 11 and 12 exclusion isoform). In contrast, AB-
LIM1-1II is predominant in HSA™ mice. TA, tibialis anterior; Gast., gastrochemius. Exon 11 inclusion was calculated as (I + II)/
([ + 1L + III) (means £ SEM, n = 4). (B) The splicing pattern of ABLIM1 changes during C2C12 differentiation. RT-PCR of
endogenous ABLIM1 was carried out using C2C12 cells after induction of differentiation. The growth medium was replaced with
differentiation medium on day 0 (d0). D2, 4, 6, 8 and 12 indicate the day after differentiation. SK indicates adult skeletal muscle
of wild-type mice. ABLIM1-III is predominant at dO and d2, but ABLIM1-1 and ABLIM1-II are gradually increased after d4.

during C2C12 differentiation, whereas that of Mbnll
and Fox1 increase (Bland ef al. 2010) when Ablim1
exon 11 inclusion increases (Fig. 6B). In other words,
when PTBP1 protein expression is high, the exon 11
exclusion isoform predominates, like DM1. In con-
trast, it was reported that PTBP1 decreased the
TNNT2 exon 5 inclusion isoform, which is expressed
mainly in the heart and skeletal muscle of patients
with DM1 (Philips ef al. 1998; Charlet et al. 2002a).
Therefore, the role of PTBP! in DM1 muscle
remains elusive, and aberrant splicing of ABLIM1 and
other genes may be caused by an imbalance in those
splicing factors.

In this study, we identified an abnormal ABLIMI1
exon 11 splice variant in skeletal muscle of patients
with DM1 and HSA™ mice (a DM1 mouse model).
ABLIM1 protein is located on the Z-disk, a structure
important for mechanical stability and intracellular

Genes to Cells (2015) 20, 121-134

signaling in muscle cells. The pathomechanism of
muscle symptoms, such as muscle weakness and atro-
phy, in DM1 has not been elucidated. This study
may clarify the pathological mechanism of DM1.

Experimental procedures

Human skeletal muscle biopsies and mouse
samples

Biopsies were obtained from the biceps brachii or quadriceps
femoris muscle of six patients with DM1 and seven non-DM
individuals without muscular disease (Table S1 in Supporting
Information). Four non-DM individuals did not show any his-
tological abnormalities, and three non-DM individuals showed
mild atrophy or only type 2 fiber atrophy. Hematoxylin and
Eosin staining (H&E staining) of biopsies from a non-DM and
patients with DMT1 is shown in (Fig. S9 in Supporting Infor-
mation). All biopsies were stored at —80 °C. Clinically, all
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patients with DM had muscle weakness with myotonia, Four
DM padients had congenital onset, and two DM patients’
onset was during childhood or adolescence. Pathologically, all
patients with DM showed immature fiber type or myopathic
changes with varation m fiber size. All biopsies were acquired
with informed consent. Mouse samples were obtained from
the dbialis anterior (TAY muscle of HSA™ ynice and FVB
mice (WT), which were 28-33 weeks old.

Splice analysis of human tissue samples and
mouse muscle

Total RNAs were isolated from human muscle biopsies and
mouse TA muscle using TRIzol reagent (Invitrogen) accord-
ing to the manufacturer’s protocol withour DNase treatment,
Human total RNA master panel 1T (Clontech) was used for
the analysis of other human dssues. All ol RINAs were
stored at —80 °C. ¢DNAs were synthesized using a Prime-
Script frst=strand - ¢cDNA synthesis he (TaKaRa) in 10-pL
total volume with oligo dT primers and total RNA (0.5 pg
for human biopsies, 1.0 pg for other human tissue samples
and 0.2 pg for mouse samples). cDNA of fetal skeletal mus-
cle (BioChain) was synthesized from total RNA of one
donor {(male, 20 weeks old). All ¢cDNAs were stored at
—20 °C. PCR was carried out using Ex Tag DNA poly-
merase (TalaRa) according to the manufacturer's protocol.
Primer sequences and annealing temperatures are listed  in
Table S2 (Supporting Information). PCR conditions were as
follows: an initial denaturation step (96 °C for 2 min), quan-
titative cycles (96 °C for 30 s, annealing temperature for
30 s and 72 °C for 1 min) and a final extension step (72 °C
for 5 min). The cycle numbers were adjusted so that the
amplification was within the logarithmic phase. PCR prod-
ucts were resolved by electrophoresis on an 8% polyacryl-
amide gel strained with ethidium  bromide and analyzed
using a LAS3000 imager (FUJIFILM). The intensity of band
signals was quantified using the murTiGaUGE software (FUJI-
FILM). The ratio of exon 11 inclusion of human ABLIM{
and mouse Ablim1 was calculated as follows: (ex11 inclu-
sion)/ (ex11 exclusion) and  (ex11
sion + ex11 and ex12 inclusion)/(ex11 inclusion + ex11 and

inclusion + ex11 inclu-
ex12 inclusion + ex11 exclusion), respectively. Mean and P
values were determined using Student’s -test. PCR products
were cloned into pGEM-T Easy vector (Promega) and
sequenced.

Construction of ABLIM1 minigenes, splice factors
and DMPK constructs, and siRINAs

The genomic sequence of human ABLIM! from exon 10 to
exon 12 is too large to make a minigene construct. Therefore,
we constructed the minigenes containing relevant regulatory
elements of the alternative splice variant. Three genomic frag-
ments were amplified using Pfu Ultra high-fidelity DNA
polymerase (Stratagene) from human genomic DNA (Pro-
mega). The first fragment contained exon 10 and 343
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nucleotdes downsoeam of the exon: the second fragment
contained exon T and 343 nucleotdes upstream and down-
stream of the regulated exon: and the third contained exon 12
and 356 nucleotides upstream of the exon. The three frag-
ments were amplified by PCR with primers containing restric-
tion enzyme sites ac their 57 ends. The following primer sets
were used for PCIRC amplification: first fragment,  forward
B -GAAGATCTCGGCTCCACCGTTTGGC-3") and reverse
5 -COAGCTCCAAAACACTCTGGTGAGGTC-3);  sece-
ond fragment, forward 5-CCAGCTCGGGGCATTTGTA-
ACAACAGATT-3) and reverse (5-GGAATTCTTCTTGC
CTATGAGGCTGGATC-37); and  third  fragment,  forward
(5 -GOGAATTCGGAGGCCATTGCAATAATCT-3") and
reverse (57-GCGGTACCGATACTTACATAGATAGTATG
ACCT-3%). Three fragments were inserted into the Belll- Sadl,
Sacl- EeolRT and EeolRI- Kpul sites of pEGFP-C1 (Clontech)
one by one. The minigene was sequenced before use in the
experiments. Splice  factors MBNL1T, MBNL2, MBNL3,
CELF1, CELF2, CELF3, CELF4, CELF5, CELTF6, FOX1 and

PTBP1 were cloned as deseribed previously into pSecDK, a

mammalian expression vector with a myc-tag and 6xHis-tag
modified from pSecTagA (Invitrogen) by deleting the Igk
chain lfeader sequence (Kino ef al. 2009). Expression of these
constructs was confirmed by Western blotting using anti-Myce
(1 : 5000, R950-25; Invitorogen), anti-His (1 : 2000, 34670,
Qiagen) or real-time PCR. CTG repeat constructs, mRIFP-
DMPK3-CTGI8 (DMI18) and mRFP-DMPK3"-CTG 480
(DM480), were generated as described previously (Kino er al,
2009). mRFP-DMPK3-CTGO (IDMO) was made by perform-
ing inverted PCR from DMIS construct using primer set:
forward (5 -AAAGTCGACGGGGGATCACAGACCAT
TTC-37), (5"-AAAGTCGACCATTCCCGGCTAC
AAGGACC -37). Expression of these constructs was con-

TeVerse

firmed by fluorescence imaging [green fluorescence protein
(GFP) and red fluorescence protein (RFP)).

For knockdown experiment of the splicing factor, we used
the following stealth siRNAs (Invitrogen, the sense strand
sequences are given): siMBNLT (No. 82) (FISS142882), 5'-
GCUCCAGGGAGAACUGCAAAUAUCU-3";  siMBNL1
(No. 83) (HSS142883), 5-GCAGUUGGAGAUAAAUG
GACGCAAU-3"; siCELF1 (No. 15) (HSS173815), 5'-CCAC
UCUGUACAACCAGAAUCUUCU-3"; siCELF1 (No. 16)
(HSS173816),  5'-GGUCCAGAGGGAGCCAACCUGUU
CA-3"; siCELFl (No. 47) (HSS116447), 5-GGACAGAUU
GAAGAAUGCCGGAUAU-3";  siCelf2 (No. 11)  (MSS
204011), 5"-CCUUAUGGAGCUGUCUACCAGAUCA-3;
siCelf2 (No. 12) (MSS204012), 5'-GCUGGAGCCACUGUC
GGAUUGAAUA-3"; siPtbpl (No. 37) (MSS276537), 5°-GG
UGUGGUCAAAGGCUUCAAGUUCU-3";  siPtbpl  (No.
38) (MSS276538), 5'-CAGUGCUUCGUGGACAGCCCAU
CUA-3". The knockdown was confirmed by Western blotting
using anti-MBNL1 [1 : 1000 (3A4-1E9); Sigma], anti-CELF1
[1: 1000 (3B1); Ribonomics], anti-CELF2 [1 : 200 (1H2);
Santa Cruz) and ant-PTBP1 (1 : 250, 32-4800; Invitrogen).
Anti-Actin (1 : 400, A20066; Sigma) was used as internal
control (Fig. S6 in Supporting information).
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Cell culture, transfection and differentiation

HEK293 and C2C12 cells were grown in Dulbecco’s modi-
fied Eagle’s medium (DMEM) containing 10% and 20% fetal
bovine serum (FBS), respectively. C2C12 cells were subcul-
tured before reaching 80% confluency. Before transfection,
HEK?293 and C2C12 cells were plated at 90-95% and 75-80%
confluency on 12-well plates, respectively. C2C12 cells for
knockdown experiment were plated at 50% confluency on
12-well plates. For the endogenous splicing assay, splice factor
constructs or empty vectors (1.6 pg) were transfected into
HEK?293 cells with 4-uL Lipofectamine 2000 reagent (Invitro-
gen) according to the manufacturer’s protocol. In the ABLIM1
minigene splicing assay, minigenes (0.15-0.6 pg) and expres-
sion constructs or cognate empty vectors (1.3-1.4 pg) or
duplex RNAs (48 pmol) were transfected into C2C12 cells
with 8-puL Lipofectamine 2000 reagent (Invitrogen). C2C12
myoblasts were differentiated into myotubes by replacing med-
ium with DMEM containing 10% horse serum (differentiation
medium) on 35-mm dishes. Differentiation medium was
exchanged every 2 days.

Cell splicing assay

Forty-eight hours after transfection, total RNAs were
extracted using a GenElute mammalian total RNA miniprep
kit (Sigma) according to the manufacturer’s protocol. cDNA
synthesis was carried out as described above with total RNA
(2.5 pg for endogenous splicing assay, 0.4-1.5 pg for the
minigene splicing assay). For the minigene splicing assay,
PCR was carried:out using the pEGFP primer set: forward
(5"-CATGGTCCTGCTGGAGTTCGTG-3") and reverse
(5"-GCAAGTAAAACCTCTACAAATGTGG-3). PCR
conditions were -asifollows: an initial denaturation step (96 °C
for 2 min), 22-24 cycles (96 °C for 30 s, 60 °C for 30 s and
72 °C for 1 min) and a final extension step (72 °C for
5 min). For the endogenous splicing assay, the same primer
sets as those used for biopsies were used. PCR products were
sequenced.
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In some neurological diseases caused by repeat expansions such as myotonic dystrophy, the RNA-binding pro-
tein muscieblind-like 1 (MBNL1) accumulates in intranuclear inclusions containing mutant repeat RNA. The
interaction between MBNL1 and mutant BRNA in the nucleus is a key event leading to loss of MBNL function,
yet the details of this effect have been elusive. Here, we investigated the mechanism and significance of
MBNL1 nuclear localization. We found that MBNL1 contains two classes of nuclear localization signal (NLS), a
classical bipartite NLS and a novel conformational NLS. Alternative splicing of exon 7 acts as a switch between
these NLStypesand couples MBNL1 activity and intracellular localization. Depending onits nuclear localization,
MBNL1 promoted nuclear accumulation of mutant RNA containing a CUG or CAG repeat, some of which pro-
duced proteins containing homopolymeric tracts such as polyglutamine. Furthermore, MBNL1 repressed the
expression of these homopolymeric proteins including those presumably produced through repeat-associated
non-ATG (RAN) translation. These results suggest that nuclear retention of expanded RNA reflects a noveirole
of MBNL proteins in repressing aberrant protein expression and may provide pathological and therapeutic
implications for a wide range of repeat expansion diseases associated with nuciear RNA retention and/or
RAN translation.

INTRODUCTION

Expansions of repetitive sequences in non-coding regions cause
neurological diseases such as myotonic dystrophy (DM) types 1
and 2 (DM 1 and DM2), and spinocerebellar ataxia type 8 (SCA)
(1). The number of non-coding repeat expansion diseases is
still growing, as exemplified by recent findings of the mutat-
ions causing spinocerebellar ataxia type 36 and chromosome
9p-linked amyotrophic lateral sclerosis/frontotemporal demen-
tia (C9-ALS/FTD) (2—4). One common pathological feature
of these diseases is the presence of nuclear RNA inclusions
called ribonuclear inclusions or RNA foci. Notably, muscleblind-
like 1 (MBNL1) is a common component of ribonuclear inclu-
sions in DM1, DM2, SCAS8 and Huntington’s disease-like 2

(HDL2) (5-8). MBNL1 binds directly to CUG and CCUG-repeat
RNA (9), which are expressed in these diseases. Recruitment of
MBNLI into ribonuclear inclusions is thought to cause func-
tional depletion of MBNL1 (10,11).

MBNL proteins are evolutionarily conserved RNA-binding
proteins with variable numbers of C3H-type zinc finger motifs.
In vertebrates, three MBNL orthologs, MBNL1, MBNL2 and
MBNL3, have been identified (12). MBNL1 and MBNL2 are
expressed in a wide variety of adult tissues including brain,
heart and skeletal muscle, whereas MBNL3 is expressed pre-
dominantly in the placenta (12). MBNLI1 is a splicing factor
that directly regulates alternative splicing of numbers of tran-
scripts. Importantly, splicing misregulation of MBNL-regulated
genes has been found in DM1 and DM2 tissues (11). Indeed,
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Mbnl1 knockout mice manifest some DM-like phenotypes such
asmyotonia, cataracts and splicing misregulation, whereas over-
expression of Mbnl1 in DM model mice ameliorates the disease
phenotypes (13—15). MBNL2 also accumulates in RNA foci in
DM tissues, and Mbnl2 knockout mice exhibit myotonia or brain
abnormalities including sleep disorder and learning deficits
(10,16,17). Therefore, MBNL proteins are recognized as key
mediators, in addition to pathological molecular markers, of
repeat expansion diseases such as DMI.

One major class of coding repeat expansion diseases is
CAG-repeat diseases, which include Huntington’s disease
(HD). An expansion of CAG repeats encoding a polyglutamine
(polyQ) tract leads to production of an aggregation-prone protein
with various toxic effects (18). Although coding CAG-repeat
diseases and non-coding CTG repeat diseases have been attribu-
ted to protein and RNA gain-of-function mechanisms, respect-
ively, recent studies have revealed overlapping features
between these diseases. CAG-repeat-containing transcripts are
expressed from the disease allele and produce polyQ-containing
proteins in DM1, SCA8 and HDL2 (19-21), whereas toxic
effects of CAG-repeat RNA have been suggested in polyQ dis-
cases (22-—25). Furthermore, a recent study reports that
expanded-repeat RNA can be translated even without an ATG
codon (21). In this process, RAN translation, a single repeat
tract can produce-homopolymeric proteins in multiple frames
(21). Thus, gene products from an expanded allele are much
more complex than previously recognized. Interestingly,
MBNLI binds to CAG repeats in addition to CUG and CCUG
repeats and accumulates in CAG-repeat RNA foci (9,26,27).
In addition, MBNL1 and its orthologs can modulate the toxicity
of the CAG repeat in animal models (22,25). Thus, MBNL
proteins have become potential common players in many
repeat expansion diseases, not only CTG/CCTG repeat diseases.

A key issue related to both the abnormal regulation and
function of MBNL1"in repeat expansion diseases is the alter-
native splicing of exon 7 in this protein. The inclusion of this
exon is elevated in DM1, DM2 and SCAS patients and model
mice (8,11,28). Moreover, the same alteration is observed in
Mbnl123/4%3 {nockout mice, suggesting an autoregulation
ofexon 7 by MBNL1 (1 1,29). Furthermore, isoforms containing
this exon exhibit nuclear localization (11,30,31), although the
mechanism of nuclear localization of MBNLI is still elusive.
Another key issue related to MBNLI in the nucleus is the
precise effect of the RNA foci formation. As demonstrated in
DM pathogenesis, nuclear interaction between MBNL proteins
and mutant RNA leads to loss of MBNL function. However, it
is still unclear whether the colocalization of MBNLI1 and
repeat RNA in the inclusions reflects some active response of
MBNLI or a passive sequestration of MBNLI1. Indeed, recent
studies have shown that depletion of MBNL 1 reduces ribonuc-
lear inclusions (32—34), supporting the notion that MBNL1 is
involved in the process of foci formation.

In this study, we investigated the mechanism, regulation and
significance of MBNLI nuclear localization. We found that
nuclear localization is a major determinant of MBNL1 function.
We then focused on the regulation of nuclear localization of
MBNLI and identified novel conserved motifs that cooperat-
ively mediate nuclear localization of MBNLI1. Alternative spli-
cing of exon 7 acts as a regulatory switch that couples MBNL1
nuclear activity and nuclear localization. Finally, we identified

Human Molecular Genetics, 2015, Vol. 24, No. 3 741

the significance of the interaction between MBNL1 protein and
repeat RNA in the nucleus. MBNL1 promotes the nuclear reten-
tion of repeat-containing transcripts, which results in repression
of aberrant protein expression from the expanded repeats, point-
ing to a novel aspect of RNA foci formation as well as a poten-
tial strategy for preventing protein toxicity in repeat expansion
diseases.

RESULTS
Intracellular localization of MBNL isoforms

Mammalian MBNL proteins show complex splicing variations
(Fig. 1A and Supplementary Material, Fig. STA). We first tried
to identify the determinants of MBNL1 properties in relation
to splice variations. In this study, subcellular localization of
protein or RNA was evaluated by automated fluorescence ana-
lysis of individual transfected cells (33). The nucleocytoplasmic
index (NCI) ranges from 0 to 1 with higher values indicating
stronger cytoplasmic localization in a cell. An averaged NCI
value from a cell population was used as a representative value
of the transfected construct. Using this system, intracellular
localization of EGFP-fused MBNL1 isoforms was analyzed in
comparison with the control, EGFP. In COS-7 cells, only
MBNL 14, showed nuclear localization (Fig. 1B and C). Thus,
exon 7, which is included only in this isoform, must be involved
in nuclear localization (Fig. 1A). The other isoforms showed
more cytoplasm localization with MBNL1,4ys showing the
most cytoplasmic localization (Fig. |B and C). Protein expres-
sion of these isoforms was verified by western blot (Supplemen-
tary Material, Fig. S1C). We also confirmed that C-terminally
myc-tagged MBNLI isoforms showed subcellular localization
similar to that of N-terminally EGFP-tagged ones (Supplemen-
tary Material, Fig. S5C).

Next, we compared splicing regulatory activity of these iso-
forms using an Actn minigene (36,37). This minigene contains
two mutually exclusive alternative exons, NM (non-muscle) and
SM (smooth muscle) (Fig. ! D). In the basal splicing pattern, NM
inclusion was predominant. When the amount of MBNLI1 was
increased, NM inclusion was gradually reduced, whereas SM
inclusion was transiently increased and then decreased at
maximum MBNLI dose (Fig. 1D). Among MBNLI1 isoforms,
MBNL 1y, had the strongest effect on Actn/ splicing (Fig. 1E),
consistent with its strong nuclear localization. Isoforms 41, 40,
41 and 40s exhibited Actnl splicing regulation weaker than
that of MBNLI14, but stronger than isoforms 36 and 35
(Fig. 1E and Supplementary Material, Fig. S1D). Both
MBNL 134 and MBNL 155 lacked exon 5 (Fig. 1 A), suggesting
that the linker region between ZnF1/2 and ZnF3/4 encoded by
this exon determines the splicing regulatory activity of
MBNLI1. An N-terminal region of MBNL1 with four ZnF
motifs (MBNL1-N) alone showed much weaker activity com-
pared with MBNL 14, (Fig. IF). This reduction can be explained
by its weaker nuclear localization (Fig. 1C); the activity of
MBNL1-N splicing regulation was fully recovered by the add-
ition of an NLS, whereas it was further reduced by the addition
of a nuclear export signal (NES) (Fig. 1C and F). The regulatory
activity of MBNL1-N was weakened when exon 5 was deleted
(Fig. 1F, MBNL1-NAex5). However, the presence of exon 5 is
not an absolute requirement for splicing regulation, as
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Figure 1. Splice variation in MBNL proteins. (A) Structures of MBNL isoforms. Alternative exons (5, 7, 8.9, 10 and 11) are indicated by different colors. Blue boxes
indicate zinc finger motifs. (B) Intracellular localization of MBNL isoforms. The expression of EGFP-fused MBNL isoforms in COS-7 cells was observed by confocal
microscopy. Hoechst 33342 was used to stain the nucleus. Scale bar represents 20 wm. (C) Quantitative localization analysis of EGFP-fused MBNLI isoforms. Bars
indicate average NCI value (see text) of transformants in COS-7 cells. EGFP serves as a control. (D) Dose-dependent splicing regulation of Actin/ minigenes by
EGFP-MBNL1y; in COS-7 cells. Structure of 4ctn/ minigenes is shown at the top. Arrows indicate the position of primers used in the splicing assays. The results
of splicing assay of Actn] and western blots of EGFP-MBNL! and endogenous Lamin B are shown in the middle panels. Bar chart shows the quantified results of
Actnl splicing assay (mean + SD, n = 3). (E) Splicing regulation of Actn! by EGFP-fused MBNLI! isoforms in COS-7 cells. Bar chart shows quantified results
(mean + SD, n = 3). (F) dcinl splicing assay of the N-terminal region of MBNLI in COS-7 cells. An NLS or NES-fused MBNL1-N was also examined.
NAex5 is a common N-terminus region of MBNL 135 and MBNL 134. Bar chart shows quantified results as in (E).

NLS-fused NAex5 showed splicing regulation similar to that of
MBNL14, or NLS-MBNLI-N (Fig. {F). In conclusion, the spli-
cing regulatory activity of MBNL1 can be attributed to the
N-terminus region containing four ZnF motifs and a linker
region, although the activity is also determined by the degree

ofnuclear localization that is mediated by the C-terminus includ-
ing exon 7. Similarly, MBNL?2 has an alternative exon corre-
sponding to MBNL1 exon 7, which is associated with nuclear
localization and stronger splicing regulation (Supplementary
Material, Fig. S2A—C).
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Identification of a nuclear localization signal
in the C-terminus of MBNL1

As seen earlier, nuclear localization is a major determinant for
the functions of MBNL 1. We sought to identify the mechanism
of its nuclear localization using EGFP-fused MBNL1 mutants.
In both COS-7 and Neuro2a (N2a) cells, a C-terminal region

Human Molecular Genetics, 2015, Vol. 24, No. 3 743

of MBNL1,, was essential for nuclear localization, as the dele-
tion of the C-terminus disrupted nuclear localization (1-248,
Fig. 2A). In addition, the C-terminus of MBNL 14, (C42), but
not of the other isoforms (C40. C41, C40s and C41s), was suffi-
cient forinducing nuclearlocalization (Fig. 2A). Deletion analysis
of this region revealed that nuclear localization activity could be
narrowed to the regions 276—308, which comprises exon 7 and
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Figure 2. Determination of an NLS in the C-terminal region of MBNL14,. (A) Intracellular localization of MBNL1 deletion mutants in COS-7 and N2a cells. Bar chart
shows average NCI values of MBNL mutants (mean + SD,n = 3). The structure of the transfected constructs is indicated at the left. (B) Nuclear localization of the
C-terminal fragments of MBNL 14, fused with EGFP. ‘+’ indicates enhanced nuclear localization of the MBNLI mutant. The results are based on the analysis of
Supplementary Material, Figure S3A. (C) Point mutation analysis of MBNL 14,. Mutations were introduced into the full-length MBNL 1y, fused with EGFP. The
results are based on the analysis of Supplementary Material, Figure S3B. (D) Evolutionarily conserved motif of exon 8. (E) The effect of RFP-fused Bimax2
peptide on the localization of MBNLI. Bar chart shows average NCI values in the presence and absence of RFP-Bimax2 (mean + SD,» = 3). *P < 0.05, two-tailed

unpaired r-test (n = 3).
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a part of exon 8 (Fig. 2B and Supplementary Material, Fig. S3A),
Consistently, a peptide covering 270--308 was sufficient for
driving nuclear localization (Fig. 2B and Supplementary Material,
Fig. S3A). Point mutation analysis of this region in the context of’
full-length MBNL 14> revealed the importance of four basic amino
acids, K278, R279, K299 and R300 (Fig. 2C and Supplementary
Material, Fig. S3B). Single point mutation of cither R279A or
K299A was sufficient {or disrupting nuclear localization. In the
case of K278A and R300A, single mutation showed little or no
effect, whercas the simultaneous mutation of K278A and
R300A completely disrupted nuclear localization (K278A/
R300A, Fig. 2C and Supplementary Material, Fig. S3B). We
also examined the effect of NLS mutations on the splicing activity,
Both R279A and K299A mutants showed weakened splicing
regulation of MBNL1, cven though the protein expression of
these mutants was equivalent to that of wild type (WT) (Supple-
mentary Material, Fig. S3C and D).

All MBNL1 isoforms analyzed in this study, except for
MBNL140s contain a highly conscrved motif in cxon 8§,
KRPALE (Fig. 2D, Supplementary Material, Fig. S4A, and
pink boxes in Fig. 2B). A corresponding motif in the fruit fly is
involved in nuclear localization (30). However, this motif was
not sufficient for mammalian MBNL I nuclear localization, as
demonstrated by the non-nuclear localization of C40 and 288~
388, which contain this motif (Fig. 2B and Supplementary
Material, Fig. S3A). The identified residues essential for
nuclear localization were partly similar to a classical bipartite
NLS (biNLS), which is typically summarized as KRX(j¢.12,KR
and acts through the importin o/ pathway. Co-expression of
red fluorescent protein (RFP)-fused Bimax2 peptide, a specific in-
hibitor of the importin o/ 3 pathway (38), prevented nuclear local-
ization of C42 (Fig. 2I). Therefore, the NLS in the C-terminus of
MBNLI appears to be a bipartite NLS, even though the spacing
oftwo KR motifs (19 amino acids) is larger than a typical biNLS
(10—12 amino acids). In conclusion, both exon 7 and the con-
served motif of exon 8 provide KR motifs that constitute a
biNLS only when exon 7 is included in the alternative splicing.

The second NLS activity of MBNLI1 involves multiple
conserved motifs

During the above-mentioned analysis, we noticed a cell-type-
dependent difference in nuclear localization of MBNLI1. In
N2a cells, MBNL1,, showed significant nuclear localization
despite the absence of exon 7 (Fig. 2A). Interestingly, Bimax2
disrupted nuclear localization of MBNL 14, in COS-7 but only
partially in N2a cells (Fig. 2E). Furthermore, nuclear localization
of MBNL 14, in N2a was not affected by Bimax2 (Fig. 2E). These
results suggested that MBNL 1 contains another NLS independent
of the importin o/B pathway. We performed deletion analysis of
MBNL1, (identical to 1-388Aex7 in Fig. 3A, a designation
based on MBNL1y; to maintain the amino acid numbering). In
N2a cells, nuclear localization of MBNL1y, required at least
parts of both N- and C-terminus regions (Fig. 3A). Comparison
of 1-308Aex7 and 1-298Aex7 demonstrated the necessity of
the region around the conserved motif in exon 8 (pink box,
Fig.3A). Inaddition, deletion of an N-terminal region containing
ZnF1/2 resulted in the loss of nuclear localization, as shown
by 71-388Aex7 and 71-308Aex7 (Fig. 3A). Thus, the region
around the conserved motif in exon 8 and the N-terminus

region were essential for nuclear localization. We then tested
point mutations of the conserved motif on cxon 8 in the
context of MBNL 1 4¢. Similar to the case of MBNL 145, mutation
of K299A and R300A disrupted the nuclear localization of
MBNL Ly (Fig. 3B). However, other residues in the conserved
motif were also essential for nuclear localization as revealed
by the moderate to severe effects of P301D, A302D, L303A
and E304A (Fig. 3B). This stood in contrast to the case of
MBNL 142, in which mutations of these residues did not affect
nuclear localization (Fig. 2C).

Next, the involvement of the N-terminal region was cxam-
ined. ZnF /2 isa very highly conserved motif through evolution.
We noticed that flanking regions of ZnF1/2 are also highly con-
served and contain motifs, RD/KWL and KxQL/NGR (Fig. 3C
and Supplementary Material, Fig. S4A). These motifs are not
found in the flanking regions of ZnF3/4 of MBNLI1 or other
C3H ZnF proteins. Deletion of the first 13 amino acids from
the N-terminus disrupted nuclear localization (A13, Fig. 3C).
This could be partly explained by the depletion of the RD/
KWL motif as shown by its mutation, mut(9-14) (Fig. 3C).
Deletion of the KxQL/NGR motif, A(76-85), moderately wea-
kened nuclear localization of MBNLI (Fig. 3C). Interestingly,
ZnF1/2, but not ZnF3/4, was found to contribute to nuclear
localization (AZnF1/2 and AZnF3/4, Fig. 3C). Therefore, the
N-terminal region of MBNLI that comprises ZnF1/2 and its
flanking motifs and the C-terminal conserved motif in exon 8
are essential for a second NLS activity of MBNLI. In contrast
to the biNLS that comprises a linear motif, the second NLS
was mediated by multiple and discrete regions of MBNLI1.
This is consistent with the recent classification of a conform-
ational NLS (conNLS) (39).

We then analyzed whether the conNLS can act in the context
of MBNL 14, in N2a cells. A mutation of the KR motifinexon 7,
which disrupts the biNLS, weakened but still preserved nuclear
localization [1-388(K278A/R279A), Fig. 3D], suggesting that
conNLS activity is present in MBNL1,4,. However, deletion of
a C-terminus region including the conserved motif of exon 8
also weakened but still preserved nuclear localization (Fig. 3D,
compare 1-308, 1-298 and EGFP). This result was unexpected
asthis deletion was predicted to disrupt both biNLS and conNLS.
Further deletion of exon 7 resulted in the loss of nuclear local-
ization (1-269, Fig. 3D). Thus, exon 7 is involved in nuclear
localization even in the absence of exon 8. As exon 7 itself
was not sufficient for inducing nuclear localization (239-269,
Fig. 2B), this effect of exon 7 requires the presence of the
N-terminal region. We noticed that the sequence around the
KR motif in exon 7 (KRPLE) is similar to that of the conserved
motifinexon 8, KRPALE (Fig. 2D). When the KR motifof exon
7 was mutated in the context of 1-298, the mutant, 1-298
(K278A/R279A), exhibited loss of nuclear localization similar to
1-269 (Fig. 3D). Therefore, it appears that exon 7 contains another
copy of the conserved motifand constitutes a conNLS together with
the N-terminus region. In conclusion, MBNLI has two classes of
NLS (Fig. 3E). One is the biNLS consisting of two KR motifs em-
bedded in conserved motifs of exons 7 and 8. The other is the
conNLS, which involves the N-terminus region and either one of
the conserved motifs in exon 7 or exon 8. Thus, MBNL 14, possesses
three possible NLS combinations, biNLS, conNLS using exon 7
and conNLS using exon 8. Most other isoforms contain only one
conNLS using exon 8. MBNL 1 lacks any known NLS.
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Figure 3.Identification of the second NLS activity of MBNL1. (A) Deletion analysis of MBNL14,. Average NCI values of MBNL 1,4 deletion mutants in N2a cellsare
indicated (mean £ SD,n = 3). 1-388Aex7 is identical to MBNL1,,. (B) The effects of point mutations on the localization of MBNL 1 4. Mutations were introduced in
the conserved motif of exon 8. Bar chart shows average NCI values as in (A). (C) Mutation analysis of conserved motifs in the N-terminus region of MBNL1. Evo-
lutionary conservation of motifs flanking ZnF1/2 is shown at the top. Bar chart shows the nucleocytoplasmic localization of N-terminal mutants. The structure of the
mutants is shown at the left. (D) The conserved motifs in exon 7 act as a part of a conNLS. Bar chart shows average NCI values as in (A). The structure of the mutants is
shown at the left. (E) The mechanism of nuclear localization of MBNL1. See text for the detail.

Splicing-mediated coupling of MBNL activity
and subcellular localization

As demonstrated earlier, exon 7 is an important determinant of
the localization and function of MBNL1. In both N2a cells and
adult mouse striatum, we detected Mbnll isoforms with and
without exon 7 (Supplementary Material, Fig. S1A). Endogen-
ous Mbnll was localized in the nucleus and cytoplasm (Supple-
mentary Material, Fig. S5A). To analyze splicing regulation of
this exon, we analyzed a minigene covering exons from 6 to 8

of mouse Mbnli. Overexpression of the N-terminal regions of
all three Mbnl paralogs strongly reduced the inclusion of exon
7 (Fig. 4A). In contrast to the case of Actnl, the N-terminus of
Mbnl proteins did not require an NLS for strong repression of
Mbnll exon 7, suggesting the high sensitivity of this exon to
Mbnl proteins. Co-expression of the Mbnll minigene and a
DMPK construct with an interrupted CTG480, but not CTG18,
increased the inclusion of exon 7 (Fig. 4B). We also observed
a small but significant increase in exon 7 inclusion when the
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Figure 4. Splicing regulation of an Mbn// minigene. (A) Structure of'an Mba// minigene covering exons 6-8 (top). Mbn// minigene is regulated by the N-terminus
region of murine Mbnl paralogs in N2a cells (middle and bottom). Bar chart shows quantified results of the splicing assay (mean + SD,n = 3). (B) Results of splicing
assay using the Mbnll minigene and DMPK3’ constructs with a normal or an expanded repeat. Results are shown asin (A). (C) The effect of RNAi-mediated depletion
ofendogenous Mbnl1 in N2a cells. Splicing assay of Mbunll minigene was performed using cells depleted of Mbnl1 and/or Mbnl2 as indicated. Bar chart shows quan-
tified results of the splicing assay (mean = SD,» = 3).(D) An Mbnll fluorescent minigene to examine the relationship between splicing pattern and localization. The
Mbnl112 minigene contains shortened exons 6 and 8. An N2a-based cell line stably expressing Mbnl11/2 was established (line C3). Overexpression ol MBNL1-N and
simultaneous knockdown of endogenous Mbnl1 and Mbnl2 were examined. The splicing pattern of minigene mRNA (top) and endogenous Mbnll mRNA (middle)
were detected by RT-PCR. Minigene protein was detected by western blot using anti-GFP antibody (bottom). (E) Quantified results of EGFP localization in the
Mbnl1#2 cell line C3 when MBNL1 was overexpressed or depleted. Overexpression of RFP-Bimax2 was also tested as a control of biNLS inhibition. Bar chart
shows average NCI of RFP-positive cells (mean + SD, n = 3). *P < 0.05, Tukey’s test for multiple comparison (n = 3).

CAGA480 construct was overexpressed (Fig. 4B). RNAi-mediated
knockdown of endogenous Mbnl! induced a moderate increase
in the inclusion of exon 7, whereas knockdown of Mbnl2 alone
exhibited little effect (Fig. 4C and Supplementary Material,
Fig. S2D). Importantly, simultaneous knockdown of both Mbnl1
and Mbnli2 increased exon 7 inclusion more strongly than that of
Mbnl1 alone (miMbnl1/2, Fig. 4C and Supplementary Material,
Fig. S2D). These results demonstrated that alternative splicing of
Mbnll exon 7 isregulated by MBNL proteins in a dose-dependent
manner. We confirmed intracellular association between EGFP-
MBNL1 and endogenous Mbni! transcripts by ribonucleoprotein
immunoprecipitation analysis using a cell line stably expressing
EGFP-MBNL1y, (Supplementary Material, Fig. S4B). Thus,
MBNL1 associates with its transcript and autoregulates alterna-
tive splicing.

Asthe Mbnll minigene contains a region corresponding to the
biNLS identified earlier, we expected that the localization of
EGFP fused upstream of the minigene might be changed accord-
ing to the splicing pattern of exon 7. However, the EGFP fluor-
escence of this construct was not strong enough to be detected
clearly. We made another shortened minigene (Mbnll#2,
Fig. 4D), which still contained the biNLS region and showed
stronger fluorescence than the original minigene. A N2a-based
cell line stably expressing this minigene showed EGFP fluores-
cence in both nucleus and cytoplasm (Supplementary Material,
Fig. S4C). Patterns of minigene-derived protein or RNA were
altered when MBNL1 was overexpressed or knocked down
(Fig. 4D). The patterns of the transcript and the protein expressed
from the minigene were altered depending on the dose of
MBNLI (Fig. 4D). Notably, cytoplasmic localization of EGFP
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was enhanced when MBNL]1 was transfected, whereas nuclear
localization was enhanced when endogenous Mbnll and Mbnl2
were knocked down (Fig. 4E and Supplementary Material,
Fig. S4C). Thus, alternative splicing of Mbnll exon 7 directly
reflects the activity of MBNL proteins and alters nucleocytoplas-
mic localization of MBNL 1. This mechanism can be regarded as
a dynamic negative feedback where an increase in nuclear
MBNL activity leads to a decrease in the production of nuclear
isoform containing exon 7.

MBNL1 promotes nuclear accumulation of RNA
with expanded CUG and CAG repeats

Next, we analyzed the effect of MBNLI on the localization
of transcripts containing expanded CUG or CAG repeats. It
has been known that CUG repeat-containing RNA is retained
in the nucleus and co-aggregates with MBNL1 ({0). As repor-
ted previously (32), knockdown of MBNL proteins greatly
reduced RNA foci in DM1 fibroblasts (Supplementary Material,
Fig. S11B and C), indicating an essential role of MBNL proteins
in RNA foci formation. We then used constructs that contain an
interrupted repeat similar to the ones widely used in DM I studies
(Supplementary Material, Fig. S6A). CUG-repeat RNA in the
context of a DMPK fragment (DMPK3'-CTG480) was visua-
lized by fluorescence in situ hybridization (FISH). Unexpected-
ly, many cells showed RNA localization in the cytoplasm
(Fig. 5A). In contrast, co-transfection of MBNL14, with the
repeat constructs greatly enhanced nuclear accumulation of
repeat RNA mainly as foci (arrows, Fig. 5B and Supplementary
Material, Fig. S7A and B). We quantified the relative nucleocy-
toplasmic distribution of repeat RNA based on the FISH signal.
Nuclear localization of CUG repeat was enhanced by MBNL 14,
compared with EGFP (Fig. 5C). Mutation analysis revealed that
the enhancement of nuclear RNA localization was dependent on
the composition of zinc finger motifs (comparison of MBNL1-N
versus 71-248), linker region (MBNL 1,4, versus MBNL1;5 and
71-388 versus 174-388) and nuclear localization (NLS-
MBNLI1-N versus NES-MBNL1-N) (Fig. S5C and Supplemen-
tary Material, Fig. S8A, and see also Fig. 2A for the localization
of MBNL1 mutants). We also tested non-coding repeats in a
DMPK-independent context, in which CTG or CAG repeat is
downstream of a CMV promoter and no ATG codon is located
between the promoter and the repeat. As with DMPK3’-
CTG480, CAG240 did not show an efficient nuclear accumula-
tionin the absence of MBNL 14, overexpression (Fig. SD). Thus,
expanded RNA alone does not efficiently accumulate in the
nucleus in the absence of a sufficient amount of MBNL1. Com-
parative analysis of CAG and CTG constructs with various
lengths (Supplementary Material, Fig. S8B) revealed that (i)
CUG-repeat RNA tends to show stronger nuclear localization
than the length-matched CAG repeat, (ii) MBNL1,4, enhanced
nuclear localization of both CAG and CUG repeats, whereas
MBNLI1-N showed weak effects on CAG repeats and (iii) even
the same size of repeat (CTG480) can have differential degree
of nuclear localization depending on the context (V5 versus
DMPK'3). We also analyzed mutual effects of repeat RNA and
MBNLI1 on their nucleocytoplasmic localization. We used
MBNL1 variants with partial cytoplasmic localization, MBNL1 4,
(containing a conNLS) and MBNLI-N (containing no NLS).
While these proteins enhanced nuclear localization of RNA, that
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of these proteins were not altered (Fig. 3E). Finally, knockdown
of Mbnl proteins increased cytoplasmic localization of CUG
repeat (Fig. 5F). These results suggest that the nuclear retention
of CUG-repeat RNA can be actively caused by MBNLI in the
nucleus. Interestingly, we noticed that most endogenous Mbnll
was located outside of RNA foci that were induced by MBNL over-
expression (Supplementary Material, Fig. S7C). We also examined
a CAA repeat as a control. Although CAA108 occasionally formed
nuclear foci, EGFP-MBNL 14, did not colocalize with them (Sup-
plementary Material, Fig. S9A). Moreover, both overexpression
and knockdown of MBNLI1 did not affect the localization of
CAA-repeat RNA (Supplementary Material, Fig. S9B and C).
Thus, the effect of MBNLI1 is dependent on repeat sequences.

MBNL1 suppresses the expression of aberrant proteins
containing an expanded CUG or CAG repeat

A recent study reports protein expression from expanded repeats
in the absence of an initiation codon, in which the repeats tract
could be translated in all three frames (21). We examined
whether any proteins are expressed from the non-coding repeat
constructs used in Figure 5D (CTG240 and CAG240). CAG240
produced a high-molecular-weight protein detected by antibody
against V5-tag, which is located downstream of the repeat tract
(Fig. 6A). We also examined different lengths of CAG and CTG
repeats. Interestingly, CAG constructs expressed V5-positive pro-
teins in a length-dependent manner with peak expression at 360
repeats. In contrast, CTG constructs did not express proteins
detected by anti-V5 (Fig. 6A). Owing to 5-base interruptions for
every 20 CAG or CTG repeats, the interrupted CAG and CTG
repeat tracts encode (Q20-S22-A20), and (C20-A20-L21), poly-
peptides, respectively, if translated (Supplementary Material,
Fig. S6A). The large protein expressed from the CAG construct
was detected by 1C2 antibody, indicating the presence of polyQ
tracts. In the absence of an apparent start codon upstream of the
repeat tract, the reading frame of the repeat is not clear. We exam-
ined three different reading frames of the V5 tag downstream of the
repeat tract (Fig. 6B); reading frame 1 was used in the above-
mentioned experiments. CAG-repeat constructs with different
reading frames produced high-molecular-weight proteins detected
by anti-V5 and 1C2 antibodies (Fig. 6B). These constructs showed
some difference in the pattern of lower-molecular-weight proteins
(corresponding to 40—70 kDa) (Fig. 6B). In contrast, little or no
protein was expressed from the CTG constructs with different
reading frames of the V5 tag (Fig. 6B). Next, we tested the effect
of MBNL 1 on the expression of the protein from the CAG con-
struct. When the CAG360 construct was co-expressed with
MBNLI1,4, or MBNL24,, the anti-V5-reactive product was decre-
ased compared with control (Fig. 6C). MBNL 14, enhanced nuclear
localization of CAG360 mRNA (Supplementary Material,
Fig. S8B). Simultancous knockdown of both Mbnll and Mbnl2
increased the expression of CAG360 (Fig. 6D). Therefore, nuclear
retention of repeat-containing RNA induced by MBNL1 can result
in the reduction of aberrant proteins expressed from the repeat RNA.

MBNL1 suppresses the expression of
polyglutamine-containing proteins

Asshown earlier, MBNL1 can alter the localization of seemingly
non-coding CAG repeats and reduce the expression of
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Figure 5. MBNLI induces nuclear retention of repeat RNA. (A and B) Intracellular localization of CUG repeat in the context of the 3’ region of DMPK 3'.
DMPK3'-CTG480 was transfected with either EGFP (A) or EGFP-MBNL 14, (B) in N2a cells, and the localization of repeat RNA was detected by FISH. (C) Quan-
titative analysis of CUG-repeat RNA detected by FISH. DMPK3'-CTG480 was transfected with EGFP or EGFP-MBNL 1 mutants as indicated. Bars indicate average
NClI(mean + SD,n = 3). Seealso Supplementary Material, Figure S8A. (D) Structure of non-coding repeat construct (top). Long interrupted CTG or CAG repeat was
inserted between CMV promoter and a V5 tag. Intracellular localization of CAG240 RNA co-transfected with EGFP (middle) or EGFP-MBNL 14, (bottom). Nuclear
staining with Hoechst33342 is included in the merged panels. (E) Quantitative analysis of nucleocytoplasmic localization of MBNL1 variants and repeat RNA in N2a
cells co-expressing them. For RNA expression, repeat tracts in the DMPK3' context were transfected with EGFP or EGFP-fused MBNLI variants. Intracellular
localization of EGFP and FISH signals in GFP/Alexa-546 double-positive cells was quantified (mean + SD, n = 3). As a control, the localization of proteins was
quantified in the absence of RNA constructs. (F) The effect of depletion of endogenous Mbnl1/2 on the RNA localization of DMPK3'-CTG480. Bar chart shows
RNA localization as in (C). In (B and D), arrows indicate RNA foci. Scale bar indicates 10 pm.

polyQ-containing proteins. We next asked whether MBNL1 can  huntingtin exon 1 RNA was tested. Similar to the results in
alter the expression from apparently coding CAG repeats. For  Figure 5, MBNLI1 enhanced the nuclear localization of CAG-
this purpose, the effect of MBNLI1 on the localization of containing mRNA of huntingtin, as seen by FISH analysis

-90 -

Farys Ay Wotl PapRoIaOT

Rt

c1n7 % unmiar 1o {RIarT 0ANo 1 10 Ausiasmun 1 S0 swumainions



Human Molecular Genetics, 2015, Vol. 24, No. 3 749

A —
w5 H'BGH pa |
P>
frame
250 CTG240
150 CAG240
100 - >
75
50 250
37 150
100
25 -1 75 -
20
50 1
15 : i
vE 1C2 37 4
]“"”*ww*““ 25 ~
laminB n
15
C A A 19
SR R
S S
CAG368-V5{A}) + + =+ + o+ o+ l s —“"';i B2
.l 250
150
100
250
- D _tCAGI0VS
150
e 22
A9 N
100 RNAL: & &
75 - 37 Al 600@\'0 « «
- 5 b
50 P % L e a V5 (gel top)
b 20 | —
37 "
GFP Suo e | MBNLY
25 T
20 o s - MBNL.2
15 i
10 LaminB LaminB

Vs

Figure 6. MBNLI induces nuclear retention of repeat RNA. (A) Structure of non-coding repeat constructs. A long, interrupted CTG or CAG repeat was inserted
between the CMV promoter and a V5 tag. There is no ATG codon located between the CMV promoter and the repeat tract. (B) Three different reading frames of
V5 tag relative to the repeat tract were prepared. Repeat-derived proteins expressed from the CAG or CTG constructs. Protein expression was detected using
anti-V5 and 1C2 antibodies. Lamin B served as a loading control. (C) Western analysis of the expression of CAG-repeat-derived proteins co-transfected with
EGFP, EGFP-MBNLI1,, or EGFP-MBNL24,. (D) Western analysis of the aberrant protein from the CAG360 construct with or without RNAI treatment for

Mbnll and/or Mbni2.

(Fig. 7A and B). When protein expression was examined,
co-expression of EGFP-MBNL1 greatly reduced mutant hun-
tingtin protein fused with RFP or V5 tag detected mainly at the
gel top (Fig. 7C and Supplementary Material, Fig. S6B). Reduc-
tion in protein expression was much milder for huntingtin with
CAGI18 (Fig. 7C). Knockdown of both Mbnll and Mbnl2
resulted in the accumulation of mutant huntingtin (Fig. 7D).
Depletion of Mbnll/2 also led to cytoplasmic localization of
mutant huntingtin mRNA and increased the cytotoxicity (Fig. 7E
and F). RNAi-resistant mutant of MBNL14,, MBNL 1(res)y,, but
not WT MBNL1,4, counteracted the effect of Mbnl1/2 knock-
down (Supplementary Material, Fig. S10). The expression of
RFP-fused CAG78 encoding Q78 was reduced by the expression
of MBNL1 (Supplementary Material, Fig. S6C). Furthermore,

MBNLI reduced the expression of EGFP-fused CAG78 in dif-
ferent reading frames, which expressed polyglutamine, polyala-
nine or polyserine (Supplementary Material, Fig. S6D). Thus,
the repressive effect of MBNL1 was independent of the
context of huntingtin and was not restricted to the reading
frame of polyQ. In conclusion, MBNL1 has a repressive effect
on the expression of CAG-repeat-derived proteins.

In primary cultured mouse cortical neurons, we observed
RNA foci and RNA localization in the nucleus and cytoplasm
when DMPK3'-CTG480 or mutant huntingtin exon 1 was
transfected with EGFP, whereas co-expression of MBNL1,,
enhanced the localization of repeat RNA in the nuclear foci
(Fig. 8A and Supplementary Material, Fig. SI1A). We also ana-
lyzed the striatum of HD model mice, the R6/2 strain. Transcripts
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Figure 7. MBNL1 represses the expression of expanded huntingtin exon 1. (A) Nucleocytoplasmic localization of huntingtin exon I mRNA was altered by
EGFP-MBNL1,,. The huntingtin construct contains CAG105 and a V35 tag sequence. The localization of huntingtin mRNA was detected by FISH using Alexa-647-
labeled CTGS oligonucleotide. Scale bar indicates 10 wm. (B) Quantitative localization analysis of (A). Bar chart indicates average NCl of the CAG-repeat RNA of
huntingtin detected by FISH (mean £ SD, n=3). **P < 0.005 in comparison with EGFP (Tukey’s multiple test). (C) Western analysis of the effect of
EGFP-MBNLI on the expression of RFP-fused huntingtin exon 1 with CAG18 or CAG108 in N2a cells. Transfected proteins were detected using anti-GFP and
anti-RFP. (D) Western analysis of the effect of RNAi-mediated knockdown of MBNLI and/or MBNL2 on the expression of huntingtin exon 1 with CAG105 in
N2a cells. Huntingtin was detected by anti-V5 antibody. Knockdown of endogenous Mbn]1 and Mbnl2 was confirmed by specific antibodies. Lamin B serves as a
loading control. (E) Huntingtin mRNA localization was altered by RNAi-mediated knockdown of Mbnll and Mbnl2 (*P << 0.05, two-tailed r-test; n = 3).
(F) The effect of depletion of Mbnl proteins on the cytotoxicity of mutant huntingtin. RNAI vectors expressing RFP were transfected with mutant huntingtin and
treated with sytox green to label dying and dead cells. The fraction of cells with both green and red signals in the total transfected cells (red positive cells) were quan-
tified (mean + SD). *P = 0.022 (two-tailed unpaired t-test, n = 6). RNAI treatment of Mbnl1/2 itself did not show cytotoxicity (data not shown).

from Huntingtin transgene were detected by FISH in the trans-  in StHdh 111/111 cells (Fig. 8E, lower pancls). These results

genic (TG) mice but not in the WT control (Fig. 8B). Mutant  suggest that the expression of expanded-repeat transcripts is

RNA were localized mostly in the cytoplasm, and we hardly not sufficient for RNA foci formation in some cell-types.

observed RNA foci in the nucleus (Fig. $B). Mbnl proteins However, overexpression of MBNL proteins could induce

were distributed in both nucleus and cytoplasm, and the staining  RNA foci formation and/or nuclear RNA retention in such cells.

patterns were similar between WT and TG mice, except for slight

reduction of Mbnl2 staining in TG mice reflecting reduction in its

mRNA level (Fig. 8C, Supplementary Material, Fig. S2G). DISCUSSION

Alternative splicing of Mbnll exon 7 was not altered in TG . .
: . . ‘ : o Interplay of conserved motifs determines nuclear

mice (Fig. 8D), suggesting that the function of Mbnl proteins localizati T MBNLI1

was preserved in TG mice. In cells derived from striatal ocalization o

neurons of HD knock-in mice (StHdh 111/111), we did not Though previous studies indicated that exon 7 of MBNLI is

detect specific FISH signals above background, as we observed  involved in nuclear localization (11,3 1,40), the mechanism has

diffuse staining in StHdh 7/7 that may reflect CAG-containing  been uncharacterized. Here, we clarified the role of exon 7 in

transcripts other than huntingtin (Fig. 8E, upper panels). nuclear localization. Two clusters of KR residues in the

However, overexpression of MBNL 1,4, manifested RNA foci  C-terminus region were essential for the function of the NLS.
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Figure8. Localization of expanded RNA and MBNL proteins in cultured neurons and disease model cells. (A) Subcellular localization of mRNA of DMPK3'-CTG480
in primary cultured cortical neurons. The localization of repeat RNA was detected by FISH using Cy3-labeled CAGS8. MAP2 serves as a marker of neurons. (B) FISH
analysis of huntingtin transgene in the striatum of R6/2 mice. Mutant huntingtin mRNA was detected using DIG-labeled antisense RNA of human huntingtin.
(C) Immunohistochemical analysis of Mbnl proteins in the striatum of R6/2 mice. (D) Splicing analysis of MbnlI exon 7 in the striatum of R6/2 mice. The inclusion
of exon 7 was not different between WT and TG mice (# = 4). (E) FISH analysis of StHdh cells transfected with EGFP-MBNL 14,. RNA foci were detected in StHdh
111/111 cells expressing EGFP-MBNL] (arrows), but not in untransfected cells. Scale bars indicate 10 pum.
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The activity of this NLS was inhibited by a specific inhibitor of
the importin alpha/beta pathway (Bimax2), clearly demonstrat-
ing that the two KR clusters constitute a biNLS. We also found
the second NLS that is dependent on the cell type. This latter
NLS involves multiple conserved regions of the protein
(Fig. 3E). None of the conserved motifs, namely KRPALE,
ZnF1/2, RD/KWL and KxQL/NGR, was sufficient for the
NLS activity by itscll. Thus, the second NLS is consistent with
a conNLS (39). It is currently unclear which import pathway
mediates the activity of the conNLS. As ZnF1/2 is involved in
RNA-binding activity (9), the status of RNA binding of
MBNLI might be related to the activity of the conNLS. We
also found that MBNL! contains two KRP(A)LE motifs in
exons 7 and 8 and that cach of these motifs can act as a part of
the conNLS. Thus, MBNL 1,4, can utilize two combinations of
the conNLS in addition to the biNLS. Therefore, the inclusion
of exon 7 acts as a switch for multiplying the pathways of
nuclear import, ensuring efficient nuclear localization. Finally,
the residues in the KRP(A)LE motifs are differently required
in the context of biNLS and conNLS (Figs 2C and 3B), providing
a unique example of motif usage in two different import path-
ways.

Alternative splicing of exon 7 couples nuclear activity
and intracellular localization of MBNLI1

It has been suggested that MBNL | autoregulates exon 7 splicing
(11,29). Mousc studies also suggested cross-regulation among
MBNL proteins (11,41). Here, we show that alternative splicing
ofexon 7 directly couples activity of MBNL proteins and nuclear
localization of MBNLI at the cellular level. Overexpression of
any Mbnl paralogs repressed exon 7 inclusion, whereas simul-
taneous knockdown of Mbnll and Mbnl2 was required for effi-
cient skipping of exon 7 (Fig. 4A and C). MBNL2 has an
alternative cxon corresponding to exon 7 of MBNLI1, which is
involved in the nuclear localization as well as splicing activity
of MBNL2 (Supplementary Material, Fig. S2B and C) and is
misregulated in DM1 (11). These explain why knockdown of
either Mbnl1 or Mbnl2 showed weak effects on the splicing regu-
lation and the repression of repeat-derived proteins (Figs 4C, 6D
and 7D), because a reduction in one MBNL protein would be
compensated by the increased nuclear isoforms of the other
MBNL protein. Importantly, we showed that the NLS activity
of MBNLI closely reflects its splicing activity in a dynamic
manner using a cell line expressing a fluorescent minigene, dem-
onstrating that depletion of Mbnl proteins induced nuclear accu-
mulation of the Mbnll minigene (Fig. 4D and E). Moreover,
co-expression of repeat RNA and MBNLI per se did not
induce translocation of cytoplasmic MBNL1 into the nucleus
(Fig. 5E), suggesting that an extensive nuclear accumulation
of MBNL1 observed in disease conditions may require enhanced
production of nuclear isoforms. Altogether, we established an
activity-dependent nuclear localization of MBNL1, in which
MBNL isoforms containing exon 7 are predominantly produced
when the nuclear amount or activity of MBNL proteins is low,
whereas isoforms without exon 7 are predominantly produced
after the amount of nuclear MBNL proteins reaches a certain
amount. This mechanism would keep the amount of nuclear
MBNL protein to a certain level in an autoregulatory feedback
loop (Fig. 9A) and suggests the status of exon 7 splicing as an

indicator of MBNL activity. Morcover, the increase of nuclear iso-
forms in discase conditions would accelerate the interaction
between MBNL1T and CUG-repeat RNA in the nucleus (Fig. 9B).

Repression of aberrant protein expression by MBNL1

Previous reports suggest that knockdown of MBNL proteins
reduces RNA foci formation (32-34), We have shown that
MBNL1 promotes the accumulation of expanded-repeat-
containing RNA in the nucleus. As a consequence of nuclear
RNA retention, MBNLI represses the expression of mutant
protein from transcripts containing an expanded CAG repeat
(Figs 6 and 7). The effect of MBNL1 was observed for both
coding and non-coding repeat tracts. To date, mislocalization
or accumulation of MBNLI in the nuclear foci has been
thought to cause a loss of MBNL 1 function leading to misregula-
tion of alternative splicing (Fig. 9B). We propose that such accu-
mulation of MBNLI has another aspect, the repression of
cytoplasmic transport of mutant RNA and its subsequent trans-
lation (Fig. 9B). This process might be regarded as an RNA
quality control mechanism that limits the production of aberrant
proteins from non-physiological transcripts with certain struc-
tural properties. Thus, MBNLI is not simply a victim of ex-
panded repeats but can be a guardian against protein toxicity.
As MBNL proteins have cytoplasmic roles (42,43), we do not
rule out the contribution of cytoplasmic MBNLT in repressing
repeat-derived proteins.

We observed protein expression from non-coding repeats
with interruptions, which have not been examined previously
(21). We observed the expression of polyQ-containing proteins
from interrupted CAG repeats, which were repressed by MBNL
proteins (Fig. 6C). Importantly, similar results were obtained for
mutant huntingtin with a pure CAG repeat (Fig. 7C), suggesting
that some important properties of pure repeats are retained in
interrupted repeats. We hardly observed protein expression
from interrupted CTG repeats even when Mbnl proteins were
depleted (data not shown). There might be an orientation-
dependent preference in the expression of these repeats. Consist-
ently, RAN translation is dependent on the context surrounding
the repeat (21). Alternatively, the homopolymeric proteins may
have different susceptibility to degradation.

RNA-binding proteins as potential modifiers of repeat
expansion diseases

Our results suggest MBNL proteins as potential modifiers of
polyQ diseases. Interestingly, MBNL1-containing RNA foci
were recently detected in the fibroblasts of human HD and spino-
cerebellar ataxia type 3 (24,44). However, RNA foci were hardly
detected in HD model mice and cells derived from HD knock-in
mice, in our hands. There might be cell-type-dependent differ-
ences in the interaction between MBNL proteins and repeat
RNA. Mbnl2 is a major MBNL protein in the mouse brain (Sup-
plementary Material, Fig. S2F). We observed a slight reduction
in the expression of Mbnl2 (Fig. 8C and Supplementary Mater-
ial, Fig. S2G). However, alternative splicing of MbnlI exon 7
was unchanged, suggesting that the activity of Mbnl proteins
was not markedly altered in HD mice. In contrast, MBNL pro-
teins are found in RNA fociin DM1 and SCAS that is accompan-
ied by splicing misregulation of Mbnll exon 7 (8,11,28). These
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