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MBNL1 Associates With YB-1
Cytoplasmic Stress Granules
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Department of Life Sciences, Graduate School of Arts and Sciences, University of Tokyo, Tokyo, Japan
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The muscleblind-like (MBNL) protein family-is thought
to be involved in the molecular mechanism of myotonic
dystrophy (DM). Although it has been shown to have
splicing activity, a broader function in cellular RNA me-
tabolism has been implicated. In this study, we
attempted to find the binding proteins of MBNL1 in
order to elucidate its physiological function. First, we
performed a GST pull-down assay using GST-MBNL1-
6xHis as bait. Several proteins were identified, includ-
ing YB-1, a multifunctional DNA/RNA-binding protein,
and DDX1, a DEAD box RNA helicase. MBNL1 formed
an BNP complex with YB-1 and DDXt1 in binding
assays. YB-1 also showed a weak but significant effect
on «a-actinin splice site selection. Interestingly, in
response to stress, MBNL1 moved to cytoplasmic
stress granules, where it colocalized with YB-1, which
was previously reported to be a component of stress
granules. We found that DDX1 also colocalized with
MBNL1 at stress granules. These results provide new
insight into the dynamics of MBNL1 in response to
stress, and they suggest a role for MBNL1 in mRNA
metabolism in the. cytoplasm. © 2008 Wiley-Liss, Inc.

Key words: myotonic dystrophy; MBNL1; YB-1; stress
granules; splicing - ;

Myotonic dystrophy (dystrophia myotonica; DM)
is one of the most common human muscular dystro-
phies, occurring at a frequency of 1 in 8,000 (Harper,
2001). The clinical features of DM include myotonia,
cataracts, insulin resistance, and cognitive dysfunction
(Meola et al., 2003). DM is an autosomally inherited dis-
order that is classified into two types, DM1 and DM2,
based on the expansion of ti (CTG)- and tetra
(CCTG)-nucleotide repeats in the 3-UTR of DMPK
(Brook et al., 1992; Mahadevan et al, 1992; Fu et al.,
1993) and intron 1 of ZNF9 (Liquori et al, 2001),
respectively. DM1 and DM2 have similar phenotypes
even though they are caused by unrelated mutations
(Day et al, 2003). Various hypotheses have been pro-
posed to explain how untranslated mutations can lead to
a dominant pathogenic phenotype; however, several
lines of evidence support a “‘gain-of-function”™ model for
expanded RINA repeats. No DMPK mutation except for
the repeat expansion has ever been reported, indicating

© 2008 Wiley-Liss, Inc.

that loss of function of DMPX is not the major cause of
DM1. Although mice deficient in DMPK show mild
myopathy and abnormalities in cardiac conductance,
they do not reproduce other symptoms of DM1 (Jansen
et al., 1996; Reddy et al,, 1996; Berul et al.,, 1999). On
the other hand, mice expressing expanded CUG repeats
inserted in the 3-UTR of the muscle-specific actin gene
developed myotonia and DM-like myopathy (Mankodi
et al., 2000). There are several reports that CUG or
CCUG repeat RNAs form nuclear foci in cells or tissues
of DM1 or DM2 patients and mice expressing expanded
CUG repeats by using fluorescent in situ hybridization:
(FISH; Taneja et al., 1995; Davis et al.,, 1997; Amack
et al., 1999; Mankodi et al.,, 2000, 2001; Liquori et al,,
2001). This evidence suggests that the expressions of
expanded CUG or CCUG repeats are likely to be cen-
eral features and sufficient for causing these symptoms.
The RNA repeat foci seem to sequester several
RNA binding proteins, such as those of the well-known
MBNL family (Fardaei et al., 2001, 2002; Mankodi
et al., 2001). MBNL1, which has four Cys;His zinc-fin-
ger domains, is a human homologue of Drosophila
muscleblind (Begemann et al., 1997), which has been
reported to play some role in the differentiation of eye
and muscle (Begemann ¢t al., 1997; Artero et al.,- 1998).
MBNL1 was first isolated as a CUG repeat binding pro-
tein 1n relation to DM (Miller et al., 2000). Previously,
the binding specificity of MBNL1 was characterized, and
target RINA sequence was determined (Kino et al,

2004). The MBNLs have been established as regulators

of alternative splicing (Ho et al., 2004). Recently, it was
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suggested that Musdeblind has a role in translational con-
trol through a modulation of RNA stability in the cyto-
plasm (Houseley et al., 2005). In addition, it was shown
that localized expression of the integrin a3 is regulated
at the level of RNA localization by MBNL2 (MLP1), a
human paralogue of MBNL1 (Adereth et al., 2005).
These findings imply that MBNL1 might also have a
similar role in mRNA metabolism in the cytoplasm.
The physiological functions of MBNL1 are largely
unknown except that it has splicing activity and its func-
tion is down-regulated in DM. Although therapeutic
strategies that restore MBNL1 function to normal would
likely benefit those with DM, a broader understanding
of MBNL1 function is important for elucidating DM
pathogenesis.

MATERIALS AND METHODS

Plasmid Construction

The open reading frames for YB-1, DDX1, TIA-1, and
DCP2 were amplified by PCR from a human skeletal muscle
c¢DNA library (Clontech, Logan, UT) and cloned into
pcDNA3.1-V5 (Invitrogen, Carlsbad, CA), pECFP-C1 (Clon-
tech), or pcDNA3-HA (Invitrogen) using conventional mo-
lecular biological techniques. MBNL1,, was cloned into
pEGFP-N1 (Clontech) or pSecDk. The pSecDDk vector was
generated by deleting the IgG sequence from pSecTagA (Invi-
trogen). The EF1-EF2 region of a-actinin was amplified by
PCR. from rat genome DNA and cloned into the Bglll-Sall
site. of pEGFP-C1 (Clontech). The nucleotide sequences of
the DNA inserts were confirmed by sequencing.

Antibodies

Anti-MBNL1 rabbit polyclonal antibodies were raised
using bacterially expressed MBNL1,,-6xHis as the antigen.
The serum was purified with MBNL1y-coupled Affigel 10
(Bio-Rad, Hercules, CA) and cleared by GST-6xHis-bound
glutathione Separose (Amersham. Arlington Heights, IL).
Goat anti-TIA-1 was purchased fraim Santa Cruz Biotechnol-
ogy (Santa Cruz, CA). Rat anti-HA 3F10 was purchased from
Roche (Indianapolis, IN). Mouse anti-V5 and anti-myc anti-
bodies were purchased from Invitrogen. Alexa Fluor 568-
labeled goat anti-mouse IgG, Alexa Fluor 488-labeled donkey
anti-rabbit IgG, Alexa Fluor 346-labeled donkey anti-goat
IgG, and Alexa Fluor 488-labeled donkey anti-rat IgG were
purchased from Molecular Probes (Eugene, OR).

Protein Purification

Recombinant GST-MBNL1,4-6xHis was expressed in
bacteria and purified as described elsewhrere (Kino et al.,
2004). Briefly, pET-GX containing MBNL1,, was trans-
formed into BL21 (DE3) cells and cultured overnight in LB
medium. The culture was then diluted and shaken at 37°C
for 1.5 hr, or untl the ODggy reached 0.3-0.4, and then
0.2 mM IPTG was added. During induction, the culture was
shaken at 25°C for 4 hr. The bacterial cells were then col-
lected and lysed twice in a French pressure cell press (Ohtake
Works, Co.) before being centrifuged at 5,000¢ for 20 min.
The supernatant was subjected to affinity purification using

glutathione Sepharose 4B (Amersham Biosciences). The beads
were washed with ATP MgSO, buffer to exclude DnaK, and
GST-MBNL1.,-6xHis was eluted with 50 mM Tris-HC], pH
8.8, and 10 mM glutathione (reduced type). The eluate was
then mixed with NaCl and imidazole before the addition of
Talon Metal Affinity Resin (Clontech) according to the man-
ufacturer’s protocol. Finally, the purified proteins were dia-
lyzed against a stock buffer (50 mM Tris-HCl, pH 8.,
100 mM NaCl, and 2 mM 2-mercaptoethanol). The quantity
and purity of the samples were checked by SDS-PAGE with
Coomassie brilliant blue (CBB) staining. The idendty of
GST-MBNL145-6xHis was confirmed by peptide mass finger-
printing with mass spectrometry (AXIMA-CFR; Shimadzu)
following digestion with trypsin.

GST Pull-Down Assay

Mouse muscle and heart (2 g each) were homogenized
in lysis buffer (50 mM Tris-HC], pH 8.0, 100 mM NaCl,
2 mM 2-mercaptoethanol, 0.53% NP-40, 0.5% Triton X-100,
and 1/1,000 vol protease inhibitors) using a Hitachi homoge-
nizer and centrifuged at 15,000g for 20 min. Next, the super-
natant was precleared with 500 pl of glutathione Sepharose
for 2 hr and with GST-6xHis-bound glutathione Sepharose
for 2 hr ar 4°C. Finally, the supernatant was mixed with
20 pg of GST-MBNL14p-6xHis and rotated overnight at 4°C.
The beads were washed five times with lysis buffer, and the
complex was cluted by cleavage with 3 U thrombin for 1 hr
at 20°C, then subjected to SDS-PAGE.

In-Gel Trypsin Digestion and Analysis by Matrix-
Assisted Laser Desorption/lonization Tandem Time-
of-Flight (MALDI-TOF/TOF) Mass Spectrometry

Pull-down assays were performed as described above.
The bound proteins were separated by 12.5% SDS-PAGE and
stained with Silver Quest (Invitrogen). The bands were
excised from the gel and destained, dehydrated with acetoni-
trile for 10 min, and dried completely under a vacuum pump
for 10 min; Each band was placed in 20 pl of 5 mM
NH,HCO; containing 1 pmol sequencing-grade trypsin
(Promega, Madison,WI) at 37°C overnight. Aliquots of the
trypsinized samples were analyzed by nanoliquid chromatogra-
phy and automatcally spotted with alfa-cyano-4-hydroxyl-
cinnamic acid solution on a stainless-steel target and air dried.
MALDI-TOF/TOF analysis was conducted with a Proteomics
analyzer 4700 (Applied Biosystem, Foster City, CA). The pro-
teins were identified by database searches on the web with
Mascot (Matrix Science, Ltd., London, United Kingdom).

Western Blotting

The samples were subjected to 10% SDS-PAGE and
transferred to PVDF membranes (Immobilon-P; Millipore,
Bedford, MA). The membranes were then blocked with 5%
skim milk in TPBS (0.05% Tween 20 in PBS) for 1 hr at
room temperature and incubated with primary antibodies in
TPBS. After washing, the membranes were incubated for 1 hr
with horseradish peroxidase (HRP)-conjugated secondary
antibodies. The immunoreactive bands were visualized with
the LAS-3000 imaging system (Fujifilm, Tokyo, Japan).

Journal of Neuroscience Research

ID: jaganm Date: 27/2/08 Time: 21:11

Path: J:/Production/JNR#/Vol00000/080044/3B2/C2JNR#080044

'—r



J_ID: Z3P  Customer A_ID: 21655 Cadmus Art: JNR21655 Date: 27-FEBRUARY-08

Stage: | Page: 3

Immunoprecipitation

COS-7 cells were transfected with myc-tagged con-
structs of MBNL1 and V3-tagged constructs of YB-1 or
DDX1 using FuGENE6 (Roche, Basel, Switzerland). Cells
from two 10-cm plates were homogenized in 500 pl lysis
buffer {50 mM Tris-HCI, pH 8.0, 150 mM NaCl, 5 mM di-
thiothreitol (DTT), 1 mM EDTA, 1% (w/v) Triton X-100,
and protease inhibitor cocktail]. The lysates were then centri-
fuged at 100,000g for 15 min at 4°C. The supernatant was
precleared with protein G Sepharose 4 fast flow beads (Amer-
sham Biosciences, Piscataway, NJ) for 1 hr and then incubated
with anti-V5 antibodies fixed on beads. After the beads were
washed five times with lysis buffer, the precipitates were ana-
lyzed by SDS-PAGE and immunoblotted with either ant-
myc or anti-V5 antibodies.

Immunocytochemistry and Image Analysis

Hela and COS-7 cells were fixed with PBS containing
4% (w/v) paraformaldehyde for 15 min and permeabilized
with 0.1% (w/v) Triton X-100 in PBS for 15 min. After the
buffer was exchanged for 3% (w/v) BSA in PBS, the cells
were incubated with the first antibody in 3% BSA in PBS for
1 hr, washed with PBS, and then incubated with the second
antibody in 3% BSA in PBS for 1 hr. After washing with
PBS, the samples were embedded in Mowiol (Calbiochem, La
Jolla, CA). Cell images were acquired on a Zeiss LSM510
Meta laser scanning confocal microscope (Carl Zeiss, Jena,
Germany) or IX70 microscope (Olympus, Tokyo, Japan).

Polysome Analysis

HeLa {10-cm dish) cells were exposed to 30 pg/ml cy-
cloheximide at 37°C for 10 min, washed twice. with cold
PBS, and resuspended in 300 pul TKM buffer (10 mM Tris-
HCIl, pH 7.5, 100 mM KCl, 5 mM MgCl,, and 50 pg/ml cy-
cloheximide). The cells were then homogenized by passing
them through a 27-gauge needle 10 times. Both the PBS and
the TKM contained 50 pg/ml cvcloheximide. The homoge-

nate was centrifuged at 2,000g for 10 min at 4°C, and the su-

pernatant was then loaded onto a gradient of 15-40% (w/v)
sucrose in TKM and sedimented for 60 min at 4°C at 40,000 rpm
(18 kG) in a swinging bucket rotor. The gradient was
collected in 15 fractions, with concomitant measurement of
the absorbance at 254 nm. The proteins were precipitated
with trichloroacetic acid and subjected to SDS-PAGE and
Western blot analysis, as described above.

Splicing Assays

For the in vivo splicing assays, HEK293 cells were
plated in 3.5-cm or 6-cm dishes and cultured for 24 hr in
DMEM plus 10% FBS before plasmid transfection. Cells were
grown to 60-80% confluence and then transiently cotrans-
fected using FuGENE 6 (Roche) according to the manufac-
turer’s instructions with 300 ng splicing reporter and 4 pg
YB-1-V5, MBNLI-myc, or DDX1-V5. The cells were col-
lected after 48 hr, total RNA was extracted using an RNeasy
Kit (Qiagen, Valencia, CA), and the samples were analyzed by
RT-PCR. Reverse-transcription was done by using Prime-
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Script Reverse Transcniptase (TaKaRa). Spliced products were
amplified using EGFP primer (Fw: CATGGTCCTGCTGGA
GTTCGTG, Rv: GTTTCAGGTTCAGGGGGAGGTGTG)
and separated by 6% polyacrylamide gel.

RESULTS

Pull-Down Screening of MBNL1

MBNL1 has nine splicing isoforms (Kino et al,
2004; Pascual et al., 2006). The ratio of each isoform is
likely to change during development and differentiation
of muscle (Kanadia et al., 2006). Recently, it was shown
that MBNL2 (MLP1) is involved in the local translation
of the integrin a3 by transporting the transcript to spe-
cific points in the cytoplasm (Adereth et al, 2005).
Therefore, we focused on both the nuclear and the cy-
tosolic compartment of MBNL1, and we selected
MBNL1,,, which localizes to both compartments, for
use as bait in a GST pull-down' assay. Double-tagged
GST-MBNL1-6xHis was purified in a two-step proce-
dure. Punfied GST-MBNL1-6xHis was bound to gluta-
thione beads and mixed with 2 mouse muscle or heart
lysate. Afrer incubation overnight, the beads were
washed extensively, and the proteins were eluted by
thrombin cleavage. After elution, the complexes in the
experimental and control samples were compared by
SDS-PAGE (Fig. 1). About 20 bands were detected in
the sample containing muscle lysate as prey. Each band
was excised from the gel and digested with trypsin. The
uwypsinized peptides were then subjected to MADLI-
TOF/TOF analysis, and each protein was identified in
MASCOT software (Suppl. Table I). Seven proteins
among 20 bands were identified, and these were YB-1,
DDX1, phenylalaninyl-tRINA synthetase o and 8 subu-
nits, amylo-1,6-glucosidase, and several small and large
ribosomal subunits. YB-1 is a multifunctional RNA/
DNA binding protein and has a role in transcriptional
and postranscriptional  RNA - metabolism, including
splicing (Suckeler et al., 2001; Rapp et al., 2002; Kohno
et al., 2003; Raffetseder et al., 2003; Allemand et al.,
2007). DDX1 1s part of the DEAD box RNA helicase
family (Cordin et al., 2006). From all of the proteins
identified, we focused our attention on the two proteins
known to be involved in mRNA metabolism.

Interactions Between MBNL1 and YB1 or DDX1

To confirm the interaction between MBNL1 and
YB-1 or DDX1, we performed a pull-down assay.
Forty-eight hours after transfection with YB-1-V5 or
DDX1-V5, each COS-7 lysate was mixed with GST-
MBNL14,-6xHis bound to glutathione Sepharose. After
4 hr, the beads were washed thoroughly and boiled in
SDS sample buffer. The binding of these proteins was
confirmed (Fig. 2A). As negative controls, RNNA binding
proteins HuR and calreticulin were shown not to bind
MBNL1 (data not shown). Next, immunoprecipitation
(IP) assays were performed against MBNLIl-myc and
YB-1-V5 expressed in COS-7 (Fig. 2B). MBNL1-myc
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bated for 16 hr with 2 g mouse muscle (M) or heart (H) lysate. The
MBNL1 complex was cluted by thrombin cleavage. Twenty bands that
were reproducibly. observed in the GST-MBNL1 4,-6xHis pull-down
with muscle were subjected to MALDI-TOF/TOF analysis and identi-
fied as indicated. Accession Nos. are as follows: amylo-1,6-glucosidase,
XM_131166.8; DEAD (Asp-Glu-Ala-Asp) Box polypeptide 1, NM_
134040.1; phenylalanyl-tRNA synthetase « subunit, NM_011811.3;
phenylalanyl-tRNA synthetase B subunit, NM_025648.2; ribosomal
protein $3, NM_012052.2; Y-box transcription factor, NM_011732;
and ribosomal protein L7a, NM_013721.3.

was specifically coimmunoprecipitated with YB-1-V5 by
anti-V5 antibody. Because these associations diminished
when the lysates were pretreated with RNase A (Fig. 2B),
it was suggested that these proteins are assembled into
RNPs on an RNA scaffold.

a-Actinin Minigene Splicing Assay

Previously, YB-1 was shown to interact with
MeCP2 through RNA and to mediate the alterative
splicing of CD44 (Young et al, 2005). To investigate
the functional interaction between MBNL1 and YB-1,
we tested the splicing activity of YB-1 on one of the
targets of MBNL1, the «-actinin minigene (Vicente
et al.,, 2007). HEK293 cells were transfected with the
minigene and each effector protein plasmid. RT-PCR
analysis showed that YB-1 promoted exon skipping, as
did MBNL1, although the response was weaker (Fig. 3).
It suggests that MBNL1 and YB-1 may cooperate in the
alternauive splicing of a-actinin. The effect of DDX1
was not significant. We also determined the splicing ac-
tivity of YB-1 and DDX1 on Clenl minigene, but no
significant change was observed (data not shown).

Fig. 2. Interactions of MBNL! with YB1 or DDX1. A: Pull-down
assays were performed with GST-MBNL1,-6xHis as bait. In the
upper panel, transiently expressed DDX1- or YB-1-V5 was pulled-
down by GST-MBNLI1,,-6xHis. Binding was diminished by the
addition of RNase A. B: Immunoprecipitation (IP) was performed
using COS-7 cells transiently transfected with MBNL1,-myc and
YB-1-V5. As indicated by an arrow, MBNL1-myc was present in
the YB-1-V35 complex precipitated by anti-V5 antibody. When an
RNase A-containing lysis buffer was used, the MBNL1 band was
diminished.

Colocalization of MBNL1, YB-1, DDX1,
and TIA-1 in HeLa Cells

Although YB-1 affected the splicing of a-actinin,
the effect was weak. Combining this with the fact that
some ribosomal proteins were identified as MBNL1-
binding proteins (Fig. 1), we speculate that the interac-
tion between MBNLI1 and YB-1 occurs in the cyto-
plasm rather than in the nucleus. YB-1 is one of the
components of mRINA processing bodies (P-bodies) and
stress granules (SGs; Goodier et al., 2007; Yang and
Bloch, 2007). Considering that MBNL1 also functions
in mRNA metabolism in the cytoplasm, we investigated
the localization of GFP-MBNL1 or MBNL1-myc, YB-
1-V5, and DDX1-V5 in Hela cells (Fig. 4). Under nor-
mal conditions, MBNL1 and DDX1 localized mainly to
the nucleus. On the other hand, nuclear localization of
YB-1 was weak. When Hela cells were subjected to
arsenite stress, MBNL1 and YB-1 or DDX1 strongly
colocalized to SGs (Fig. 4A,B). CFP-tagged TIA-1, a
SGs marker, also colocalized with MBNL1 in SGs
(Fig. 4C).
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