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In myotonic dystrophy, muscleblind-like protein 1
(MBNL1) protein binds specifically to expanded CUG
or CCUG repeats, which accumulate as discrete nu-
clear foci, and this is thought to prevent its function
in the regulation of alternative splicing of pre-mRNAs.
There is strong evidence for the role of the MBNL1
gene in disease pathology, but the roles of two related
genes, MBNL2 and MBNL3, are less clear. Using new
monoclonal antibodies specific for each of the three
gene products , we found that MBNL2 decreased dur-
ing human fetal development and myoblast culture ,
while MBNL1 was unchanged. In Duchenne muscu-
lar dystrophy muscle , MBNL2 was elevated in im-
mature , regenerating fibres compared with mature
fibres , supporting some developmental role for
MBNL2. MBNL3 was found only in C2C12 mouse
myoblasts. Both MBNL1 and MBNL2 were partially
sequestered by nuclear foci of expanded repeats in
adult muscle and cultured cells from myotonic dys-
trophy patients. In adult muscle nucleoplasm, both
proteins were reduced in myotonic dystrophy type
1 compared with an age-matched control. In nor-
mal human myoblast cultures , MBNL1 and MBNL2
always co-distributed but their distribution could
change rapidly from nucleoplasmic to cytoplasmic.
Functional differences between MBNL1 and MBNL2
have not yet been found and may prove quite sub-

tle. The dominance of MBNL1 in mature , striated
muscle would explain why ablation of the mouse
mbnl1 gene alone is sufficient to cause a myotonic
dystrophy. (Am J Pathol 2009, 174:216–227; DOI:

10.2353/ajpath.2009.080520)

Myotonic dystrophy type 1 (DM1) is a progressive multi-
systemic disorder showing considerable clinical variation
between individuals. DM1 is characterized by skeletal
muscle weakness, wasting and pain, as well as myoto-
nia.1 Other symptoms may include cardiac arrhythmias,
cataracts, insulin resistance, hypogonadism, neurologi-
cal problems and premature male balding.1–4 The ge-
netic mutation responsible for DM1 has been identified as
the expansion of a CTG repeat in exon 15 in the 3�-
untranslated region of the DM protein kinase (DMPK)
gene on chromosome 19q13.3.5–7 The largest germline
expansions occur during maternal transmission but the
length of repeats may also increase somatically in af-
fected individuals.8 The size of the CTG expansion is
related to the disease severity. More than 50 CTG repeats
cause mild to classical adult-onset DM and 700 to greater
than 3000 repeats often result in the severe congenital
form of the disease. However, repeat size in muscle and
other tissues can be much higher than in lymphocytes.9 A
second form of DM (DM2) is due to a CCTG repeat in
intron 1 of the ZNF9 gene on chromosome 3q21.3.10

Clinical features of DM1 and DM2 are similar but not
identical. DM2 patients may show proximal rather than
distal muscle involvement, and the severe congenital
form occurs in DM1 only. The number of repeats in DM2
may be 10-fold greater than in DM1.10
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Current evidence suggests that DM pathogenesis is
due to the toxic gain of function of the mutant RNA.
Transgenic mouse models with expanded CUG repeats
in the 3�-UTR of the unrelated muscle-specific actin or the
human DMPK transcripts develop features of DM1,11,12

suggesting that the major clinical features of DM1 are
due directly to the repeat expansion. The expanded re-
peats in DM1 and DM2 accumulate in the nuclei as
discrete foci.13–16 The relationship between these ribo-
nuclear inclusions, which may consist of double stranded
hairpin loop structures,17,18 and DM pathogenesis is not
entirely clear.19 Mutant DMPK mRNA in nuclear foci of
DM1 cells appears to be spliced and polyadenylated
normally,15 whereas DM2 foci appear to consist of
spliced-out introns.16 As a result of this difference, DM1
foci accumulate at the periphery of nuclear splicing
“speckles” on the mRNA export pathway, whereas DM2
foci do not.20

The Drosophila muscleblind protein, first described as
a regulatory factor required for the differentiation of pho-
toreceptor cells and muscle Z-bands,21,22 is an RNA
binding protein. There are three human homologues of
the muscleblind gene, MBNL1, MBNL2, and MBNL3 on
chromosomes 3q25, 13q32.2 and Xq26.2 respectively,
with different RNA splice forms occurring.23 Muscleblind
proteins have been shown to bind specifically to ex-
panded dsCUG RNA but not normal size CUG repeats, in
a manner proportional to the size of the triplet repeat
expansion.24 Transfected MBNL1, MBNL2, and MBNL3
colocalize with the expanded CUG/CCUG ribonuclear
inclusions in DM cells.19,23,25,26 Several studies have re-
ported the colocalization of endogenous MBNL1 with
ribonuclear foci,19,20,24,27–31 and one study suggests that
MBNL1 is required for focus formation.32 In addition, a
mouse functional knockout of MBNL1 shows DM fea-
tures, such as myotonia, abnormal myofibers, cataracts
and aberrant splicing of chloride channel, cardiac tropo-
nin T, and fast skeletal troponin T.33

At least some of the pathological features of DM are
thought to be due to misregulated alternative splicing of
RNA. Misregulated alternative splicing in DM has been
reported for at least 20 gene transcripts (cited by Os-
borne and Thornton,34), including the muscle-specific
chloride channel, insulin receptor, brain microtubule-as-
sociated tau, MBNL1 and MBNL2. MBNL proteins have
been shown to bind specific targets on cardiac troponin
T pre-mRNA (from the TNNT2 gene) and to regulate
alternative splicing by repressing exon inclusion in
TNNT2 mRNA and inducing exon inclusion in insulin re-
ceptor mRNA.35 Recently, overexpression of MBNL1 in a
poly(CUG) mouse model for DM has been shown to
reverse myotonia and correct the mis-splicing of four
pre-mRNAs.36 Sequestration of MBNL1 by CUG repeats
is therefore strongly implicated in the pathogenesis of
DM,34 but there is also evidence that elevation of CUG-
BP1 may also play a role.37,38 Endogenous MBNL2 has
been little studied, but it does colocalize with ribonuclear
foci in sections of cortical neurons29 and heart30 from
DM1 patients and is able to regulate alternative splic-
ing.35 MBNL2 has also been reported to colocalize with
integrin alpha3 mRNA at integrin-containing adhesion

plaques, and it was suggested that MBNL2 may transport
integrin alpha3 mRNA from the nucleus to the cyto-
plasm,39 but the question of whether MBNL1 has a similar
role was not examined. MBNL3 mRNA was present in
placenta but was absent from all other tissue tested
including skeletal muscle and heart.23 MBNL3 has been
shown to inhibit markers of muscle differentiation in
mouse myoblast cultures.40

Faustino and Cooper37 have reviewed the arguments
in favor of a contribution of CUG-BP upregulation to mis-
splicing in DM1. CUG-BP is not elevated in DM2 muscle
biopsies or in muscle from the DM mouse model express-
ing 250 CUG repeats in the 3�-UTR of the skeletal muscle
actin mRNA.31 A recent mouse model with 960 repeats in
DMPK exon 15 did show CUG-BP upregulation with as-
sociated splicing changes,38 although the 960 repeats
were multiple interrupted concatamers rather than typical
DM1 repeats. Large CUG and CAG transfected 960-
repeats form nuclear foci that bind MBNL1, but only CUG
repeats caused the RNA splicing changes associated
with DM1, suggesting that MBNL sequestration alone is
insufficient to alter splicing.19 In contrast, Miller et al24

found that (CAG)54 bound very little MBNL1 in vitro, com-
pared with (CUG)54, but in neither study is the CUG
repeat sequence typical of DM1. On the relationship
between nuclear foci, clinical severity and repeat size,
two individuals with around 60 CUG repeats had no foci
and no clinical signs of muscle disease, whereas two
DM1 patients with around 75 repeats had “infrequent”
foci and mild, late-onset muscle weakness.27 However,
with repeat sizes �100, no correlation with the number or
size of nuclear foci was observed.27

Ebralidze et al41 suggested an alternative or additional
mechanism, showing that expanded CUG repeats se-
quester transcription factors, such as Sp1, STAT1,
STAT3, and RAR-gamma, from chromatin and that this
can result in a decreased level of the muscle chloride
channel, which is reversible by overexpression of Sp1.

In the present study, we have developed and charac-
terized new monoclonal antibodies against the three hu-
man MBNL proteins. We have shown that MBNL2 de-
creases during myoblast differentiation and human
muscle development, leaving MBNL1 as the major iso-
form in mature muscle.

Materials and Methods

Antibody Production

Human MBNL1 cDNA was amplified from pEGFP/
MBNL125 using primers 5�-GCGGATCCCGTCACAC-
CAATTCGGGA-3� and 5�-GCGTCGACGTCAGATGTTCG-
GCAGATATTATGG-3� with BamHI and SalI sites (underlined)
for cloning into pET21b (as described previously20). The
amplified sequence of MBNL1 for recombinant protein pro-
duction contained exons 1, 2, 3, 4, and 6 of MBNL1 variant
1 (Accession NM021038) (exon numbering from Pascual et
al,42). MBNL2 cDNA was amplified from pEGFP/MBNL223

using primers 5�-GCGAATTCCATGGCTTTGAACGTTGC-3�
and 5�-GCGTCGACGATCCGGTGGATCCGC-3� with EcoRI
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and SalI sites (underlined) for cloning into pET21b. (Note:
the reverse primer codes for part of the pEGFP plasmid
sequence). This cDNA is MBNL2 variant 2 (Accession
AF061261) containing exons 1, 2, 3 and part of exon 4
(exon numbering from Pascual et al,42). The MBNL2 cDNA
used for recombinant protein production is present in all
three of the MBNL2 variants described in42). MBNL3 cDNA
was digested directly from pEGFP/MBNL324 using EcoRI
and SalI and cloned into pET21b. This cDNA is MBNL3
variant 5 (AY372211).42 Therefore, this sequence will be
present in MBNL3 variants 1, 5 and 6; but may not neces-
sarily be present in MBNL3 variants 2, 3 and 4.

After transformation of E. coli BL21(DE3) with the pET
constructs and induction with IPTG, bacterial pellets were
washed by sonication in TNE buffer and recombinant
protein extracted by sonication in 6 mol/L urea in PBS.
MBNL1 and MBNL2 were purified by His-tag column
chromatography in 6 mol/L urea. The recombinant pro-
teins were used as immunogens for production of mono-
clonal antibodies using the hybridoma method.43 Result-
ing hybridoma culture supernatants were screened
initially by enzyme-linked immunosorbent assay and
Western blot against the recombinant protein. Enzyme-
linked immunosorbent assay-positive supernatants were
further screened by western blotting of human muscle
extracts and for colocalization with transfected pEGFP/
MBNL1, 2 or 3 in COS-7 cells. Hybridomas were cloned
twice by limiting dilution and Ig subclasses were deter-
mined using an isotyping kit (Zymed Labs Inc., San Fran-
cisco). Monoclonal antibody MB1a (20 and Results) rec-
ognizes the linker between two zinc finger domains (exon 342)
since it failed to bind recombinant MBNL1 lacking only
this region (data not shown).

SDS-Polyacrylamide Gel Electrophoresis and
Western Blotting

Cell and muscle samples were extracted in 1% SDS
buffer and boiled for 3 minutes. Proteins (30 �g) were
subjected to SDS-polyacrylamide gel electrophoresis
(PAGE) using 10% polyacrylamide gels and transferred
to nitrocellulose membranes (BioRad). After blocking
non-specific sites, membranes were incubated with pri-
mary antibodies: the monoclonal antibodies against
MBNL were used at a dilution of 1/100 of the culture
supernatant and a monoclonal antibody against emerin
was used as a loading control for cell culture extract.44

Antibody reacting bands were visualized following devel-
opment with peroxidase-labeled goat anti-mouse Ig and
a chemiluminescent detection system (SuperSignal,
Pierce). The sum of the peak areas of major protein
bands on a stain gel were used to estimate relative pro-
tein content of muscle extracts.

Biopsies and Eukaryotic Cell Culture

Biopsies for Western blot were obtained from quadriceps
muscles during autopsies, in accordance with French
legislation on ethical rules. Control biopsies (20 and 31
weeks) were from aborted fetuses and the adult muscle

was from a 56-year-old male, all showing no sign of
neuromuscular disease. Myoblasts were isolated from
normal and DM1 fetal quadriceps muscles and estab-
lished in culture as described previously.45 One DM1
myoblast cell line (“800 CTG”) came from a subject with
a CTG repeat size of 800 determined prenatally in tro-
phoblasts, while another (“1300 CTG”) had a CTG repeat
size of 1300 determined prenatally in trophoblasts and
2300 determined in the myoblast cells. CTG repeat sizes
are usually higher in muscle9 and may also vary during
cell culture. Human myoblasts were grown in Dulbecco’s
Minimal Essential Medium (DMEM) (Gibco) supple-
mented with 20% decomplemented fetal bovine serum
(FBS; Gibco) and antibiotics. To promote differentiation,
growth medium was changed to skeletal muscle cell
differentiation medium (PromoCell, Heidelberg). DM1
and DM2 fibroblasts were established in culture from a
skin biopsy,23 following appropriate local ethical regula-
tions. The CTG repeat size was greater than 2000 for the
DM1 fibroblast line, but not determined for the DM2 cells.
Human fibroblasts and COS-7 (monkey kidney fibro-
blasts) were grown in DMEM with 20% fetal bovine serum
and antibiotics. All cultures were incubated at 37°C in a
humid air atmosphere containing 5% CO2. After the in-
cubation period, cells on coverslips were either fixed with
50:50 acetone-methanol for 5 minutes, or with 1% forma-
lin in PBS followed sequentially by 1% Triton X-100 in PBS
and 0.1 mol/L glycine in PBS.

Immunohistochemistry

Cells on coverslips were washed four times with casein
buffer (0.1% casein in 154 mmol/L NaCl, 10 mmol/L Tris,
pH 7.6). Culture supernatants containing anti-MBNL
monoclonal antibodies were diluted 1:3 in PBS and incu-
bated on coverslips for 1 hour. Alternatively, to stain for
creatine kinase (CK), cells were incubated with 1:3 mono-
clonal anti-CK JAC46 for 1 hour. Primary antibody was
then removed by washing four times with casein buffer.
Cells were then incubated with 5 �g/ml goat anti-mouse
ALEXA 488 (Molecular Probes, Eugene, Oregon, USA)
secondary antibody diluted in PBS containing 1%
horse serum, 1% fetal bovine serum and 0.1% BSA, for
1 hour. Ethidium bromide or 4,6-diamidino-2-phenylin-
dole (DAPI) was added for the final 5 minutes of incuba-
tion to counterstain nuclei before mounting in Hydro-
mount (Merck).

To identify regenerating muscle fibers, unfixed cryostat
sections (5 �m) of skeletal muscle from a Duchenne
muscular dystrophy patient were incubated with mono-
clonal anti-neonatal myosin antibody (Novocastra, NCL-
MHCn). Serial sections that had been fixed with 1% for-
malin were incubated with monoclonal anti-MBNL2.
Secondary antibody and ethidium bromide stain are de-
scribed above. For densitometry measurements, 5 �m
skeletal muscle biopsies from a congenital DM1 patient
and an aged matched control (diagnostic biopsy with a
non-DM diagnosis) were fixed with formalin and incu-
bated with monoclonal antibodies MB1a, MB2a, or MB3a,
or with culture medium control. Secondary antibody and
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DAPI are described above. Research protocols were
approved by the RJAH Orthopaedic Hospital Research
Committee. Human tissue was obtained with appropriate
informed consent and ethical approval.

In Situ Hybridization

Labeling of ribonuclear foci was based on the methods of
Taneja et al13 and Fardaei et al.25 Cells on coverslips
were fixed in 4% paraformaldehyde, 5 mmol/L MgCl2 in
PBS for 10 minutes and washed with 2� SSC (300
mmol/L sodium chloride, 30 mmol/L sodium citrate pH 7).
Cells were treated with 40% deionized formamide in 2�
SSC for 5 minutes, which was removed before addition of
the in situ hybridization mix. The in situ hybridization mixes
were prepared in 10% dextran sulfate, 40% formamide in
2� SSC as follows: 0.2% bovine serum albumin, 0.1
mg/ml herring sperm DNA, 0.1 mg/ml baker’s yeast trans-
fer RNA (Sigma), 4 mmol/L ribonucleoside vanadyl com-
plexes (Sigma). The probes used were either: 200 nmol/L
Cy3-labeled (CAG)10 oligonucleotide (Qiagen Operon,
Cologne, Germany) for DM1, or 200 nmol/L Cy3-labeled
(CAGG)10 oligonucleotide for DM2. 200 �l in situ hybrid-
ization mix was added to each coverslip and placed in a
humidified incubated at 37°C for 16 hours. Cells were
then washed thoroughly in 2� SSC and mounted in Hy-
dromount. For combined immunofluorescence and in situ
hybridization, all washing steps were done with 2� SSC
and antibodies diluted in 2� SSC. Cells on coverslips
were fixed in 50:50 acetone-methanol for 5 minutes and
washed. Monoclonal antibody was diluted 1:3 in 2� SSC
and placed on the coverslips for 1 hour at 37°C. Follow-
ing washing, 5 �g/ml goat anti-mouse ALEXA 488 (Mo-
lecular Probes, Eugene, Oregon) in 2� SSC was added
for 1 hour at 37°C. The labeled cells were then treated

with 4% paraformaldehyde, 5 mmol/L MgCl2 for 1 minute
and 40% formamide for 1 minute before addition of the in
situ hybridization mix, as described previously.

Cells were examined and sequential confocal scans
performed with a Nikon Eclipse E600 epifluorescence
microscope with a BioRad MicroRadiance 2000 confocal
scanning system (Zeiss, Welwyn Garden City, UK) or a
Leica TCS SP5 spectral confocal microscope (Leica Mi-
crosystems, Milton Keynes, UK). The imaging lasers
used were a Blue Diode 405 nm laser for DAPI, an Argon
488 nm laser for ALEXA 488 and a Helium/Neon 543 nm
laser for Cy3 and ethidium bromide. Analysis of confocal
images was performed with ImageJ software (NIH).

Transfection of Small Interfering RNA

The small interfering RNA (siRNA) duplexes were synthe-
sized by Genecust Europe (Dudelange, Luxembourg).
The following sequences against MBNL1 were used: (a)
5�-CACUGGAAGUAUGUAGAGA-3�32 and (b) 5�-CAGA-
CAGACUUGAGGUAUG-3�.35 An siRNA against GADPH
was used as control. HeLa cells were transfected using a
solution of siRNA (100 nmol/L) and Oligofectamine (In-
vitrogen) according to the manufacturer’s instructions.
Proteins were harvested 72 hours after transfection.

Results

Endogenous MBNL1 and MBNL2 Both
Associate with Ribonuclear Repeat Foci in DM1
and DM2

Eight monoclonal antibodies (two each against MBNL1
and MBNL3, plus four against MBNL2) were produced

Table 1. Characterization of Anti-MBNL Monoclonal Antibodies

ELISA (A490)

Western blot Immunofluorescence

mAb name
Antigen, clone and

subclass MBNL1 MBNL2 MBNL3
Transfected
myoblasts HeLa

Fetal human
muscle

Transfected
myoblasts DM1 myo

MBNL1
MB1a 4A8 2.9 �0.1 �0.1 � � � � �

IgG1
MB1b 5F9 2.4 2.4 2.8 � � � � �

IgG1
MBNL2

MB2a 3B4 0.1 2.8 �0.1 � � � � �
IgG2b

MB2b 6A10 0.1 2.8 �0.1 � � � � �
IgG2b

MB2c 8B1 0.1 2.6 0.1 � � � � �
IgG1

MB2d 9F11
IgG1 0.1 2.3 �0.1 � � � � �
MBNL3

MB3a 5A11 �0.1 �0.1 1.8 � � � � �
IgG1

MB3b 2F9 �0.1 0.9 1.9 � � � � �
IgG2b

Hybridoma clones were initially screened by ELISA. Selected clones were subsequently screened by western blot (extracts of COS-7 transfected
with appropriate muscleblind isoform, HeLa cell extract, and human muscle cell extract) and by immunofluorescence microscopy (COS-7 cells
transfected with appropriate muscleblind isoform and staining of foci in human DM myoblasts). ELISA results are shown as A490 values. Western blot
and immunofluorescence results are shown as � (positive) or – (negative).
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using the hybridoma method (Table 1) and their spec-
ificity for each protein was demonstrated by both west-
ern blotting of transfected enhanced green fluorescent
fusion proteins at about 60 kD (Figure 1A) and immu-
nofluorescence microscopy (Figure 1B). One antibody
against each protein was selected for subsequent
studies, MB1a against MBNL1, MB2a against MBNL2,
and MB3a against MBNL3. The availability of antibod-
ies against two different epitopes for both MBNL1 and
MBNL2 suggest that localizations reported here are
authentic and not due to cross-reactions with other
proteins. In the case of MBNL1, this was further con-
firmed using a polyclonal rabbit antiserum. Endoge-
nous MBNL1 and, in smaller amounts, MBNL2 were
detected at 40 – 42kDa in COS-7 cells (Figure 1A), but
MBNL3 was only detected in mouse C2C12 myoblasts
(Figure 1C), as reported previously.40 Further evidence
for the specificity of the mAbs is the presence of only a

single band or doublet on western blots of total HeLa
cell extract (Figure 2A) or C2C12 extracts for MB3a
(Figure 1C). The mAb, MB1b, reacts with both isoforms
(Table 1) and recognizes both MBNL1 and MBNL2
bands (Figure 2A). Knockdown of MBNL1 in HeLa cells
using 2 different siRNAs showed that both bands in the
40 to 42-kD doublet were authentic MBNL1 (Figure 2B).

In myoblasts from DM1 patients (Figure 3A) and in
skin fibroblasts from both DM1 (not shown) and DM2
(Figure 3B) patients, expanded CUG or CCUG repeats
could be identified in nuclear foci using in situ hybrid-
ization. Both MBNL1 and MBNL2 colocalized with
these nuclear foci, but MBNL3 was not detected (Fig-
ure 3). The present results show that, with a suitable
antibody, endogenous MBNL2 can easily be localized
in cultured cells and that it had a similar distribution to
MBNL1, although the fluorescent signal was weaker.

Figure 1. MBNL monoclonal antibodies are specific for each of the three isoforms in both Western blot and immunolocalization. A: COS-7 cells were transfected
with EGFP constructs with MBNL1, MBNL2, or MBNL3 (1, 2, and 3) or left untransfected (N). The mAbs MB1a, MB2a, and MB3a detected their respective
EGFP-fusion proteins on western blots, but did not cross-react with the other two fusion proteins. Endogenous monkey MBNL1 and MBNL2 have a lower Mr than
the EGFP fusion proteins and were detected in all cell extracts. No endogenous MBNL3 was detected in COS-7 cells. B: COS-7 cells were transfected with EGFP
constructs containing MBNL1, MBNL2, or MBNL3. Green fluorescence identified the transfected cells (left image of each pair). Each mAb showed intense staining
of cells transfected with the corresponding MBNL isotype (right image of each pair) but did not cross-react with the other two isotypes. Some endogenous nuclear
staining of COS-7 cells was seen with the MBNL1 mAb. Scale bar � 10 �m. C: Endogenous MBNL3 is detected in the mouse C2C12 myoblast cell line (lane 1),
but not in human myoblast primary cultures (lane 2).
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MBNL1 and MBNL2 Colocalize in Either the
Nucleus or Cytoplasm of Differentiating
Myoblasts, Depending on Culture Conditions

In an earlier study, endogenous MBNL1 was mainly cy-
toplasmic in mouse C2C12 myoblasts but more evenly
distributed in human myoblasts.24 When transfected as
GFP-fusions, all three MBNL proteins were found in both
nucleus and cytoplasm.23 We now show that the subcel-
lular distribution of MBNL1 and MBNL2 can vary with
myoblast cell culture conditions. Figure 4 shows that both
MBNL1 and MBNL2 are mainly nucleoplasmic for at least
6 hours after normal human myoblasts adhere to cover-
slips, with clear absence of nucleolar staining. At 16–21
hours of culture, however, both proteins had become
mainly cytoplasmic in this experiment, but by 24 hours
their distribution was nucleoplasmic again and this per-
sisted through the process of myoblast differentiation
to form multinucleate myotubes. Similar relocation of
MBNL1 and MBNL2 were seen when plating myoblasts
on three separate occasions. Although the function of this
redistribution is presently unclear, it is clearly a function
shared by MBNL1 and MBNL2. In other experiments with
the same cells, the cytoplasmic distribution persisted
longer into the myotube stage (not shown), suggesting
that the subcellular distribution of MBNL proteins is re-

sponding to local signals or culture conditions, rather
than any internal myogenic program.

MBNL2 Levels Decrease during Muscle
Development, but MBNL1 Remains Unchanged

The levels of MBNL1 remained constant during the dif-
ferentiation of both normal (Figure 5A) and DM1 (Figure
5B) myoblasts in culture. The levels of MBNL2 had clearly
declined at day 3, and they continued to decline to day 9
(Figure 5). The process of myoblast fusion to form myo-
tubes and expression of muscle-specific proteins had
begun by day 3 and continued through day 9 of culture.
This observation was repeated in three independent ex-
periments. Immunostaining for desmin showed that the
human muscle cultures used in Figures 4 and 5 were
�90% myoblasts

Western blotting was also performed on extracts of
human muscle at different stages of development (Figure
5C). A decrease in MBNL2 was observed during devel-
opment. In contrast, levels of MBNL1 in the same muscle
extracts did not change significantly. Endogenous
MBNL3 was not detected. The minor upper band of
MBNL1 in human muscle may represent an alternatively
spliced isoform. Kanadia et al36 observed MBNL1 bands
at 40 and 41 kDa in adult mouse muscle, and the upper
band was also a minor component.

These results show that MBNL1 should have the dom-
inant role in mature muscle and may partly explain why

Figure 2. MBNL1 and MBNL2 antibodies do not cross-react with non-MBNL
proteins on western blots of HeLa cells. A: MB1a mAb recognizes only
MBNL1 (unresolved doublet at 40 to 42 kDa) and MB2a mAb recognizes only
MBNL2. MB1b mAb recognizes both MBNL1 and MBNL2, but no non-MBNL
proteins. Vertical strips of the same HeLa blot were developed with the three
different antibodies for different exposure times. The intensities of the
MBNL1 and MBNL2 bands stained by the same MB1b mAb may reflect the
relative abundance of the two isoforms in HeLa cells. B: Two different siRNAs
knocked down MBNL1 in HeLa cells without affecting the control protein
glyceraldehyde-3-phosphate dehydrogenase (38.4 kDa). This shows that
both bands in the doublet are authentic MBNL1. Control glyceraldehyde-3-
phosphate dehydrogenase silencing did not affect MBNL1 levels.

Figure 3. Colocalization of MBNL1 and MBNL2 with expanded RNA repeats
in nuclear foci of DM1 and DM2 cultured cells. Immunolocalization (upper
image of each pair; mAbs MB1a, MB2a, and MB3a) and in situ hybridization
(lower image of each pair; A: (CAG)10 probe and B: (CAGG)10 probe) in (A)
DM1 myoblasts (800 CTG) and (B) DM2 skin fibroblasts (repeat size un-
known). MBNL3 was not detected. Cells were fixed with acetone-methanol.
Scale bar � 5 �m. Images are shown as inverted grayscale.
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MBNL2 cannot replace the functions of MBNL1 in MBNL1
knockout mouse muscle.

MBNL2 Remains Elevated in Regenerating
Muscle Fibers Expressing Neonatal Myosin

Regenerating fibers in muscle biopsies from patients with
neuromuscular disorders can be identified by their ex-
pression of neonatal myosin. Figure 6, A�C shows a
group of five such fibers identified in this way in a section
of muscle from a patient with Duchenne muscular dys-
trophy. When this same area of muscle was immuno-
stained for MBNL2 in a serial section (Figure 6, D�F), the
nuclei of the regenerating fibers were clearly more
strongly stained than the nuclei in surrounding mature
fibers. Microdensitometry of nuclear MBNL2 staining
gave values of 113 � 14 for regenerating fibers com-
pared with 56 � 13 for mature fibers (P � 0.001; Stu-
dent’s t-test). This is not due to redistribution of MBNL2

Figure 4. Changes in subcellular distribution of MBNL1 and MBNL2 during
myoblast culture. Normal human myoblasts were grown on coverslips for var-
ious times before fixation with formalin, permeabilization with Triton X-100, and
development with MB1a or MB2a mAbs, as described in the Methods. At day 1,
the growth medium was changed to differentiation medium.

Figure 5. MBNL2 levels decrease during myogenesis in vitro and in vivo. A,
B: Western blots with mAbs against MBNL1 (MB1a), MBNL2 (MB2a), or
emerin (MANEM5) with extracts of (A) control or (B) DM1 (1300 CTG)
muscle cell cultures during differentiation (0 to 9 days). To control for
loading variations, the intensity of MBNL1 or MBNL2 was expressed as a ratio
of intensity of the corresponding band of emerin. Day 0 was assigned a value
of 1.0. With values from two control and two DM1 experiments combined
(n � 4), levels of MBNL1 were not significantly different between 0 and 9
days (ratio � 0.85 � 0.17; P � 0.2), whereas levels of MBNL2 decreased
between these time points (ratio � 0.21 � 0.10; P � 0.001; Student’s paired
t-test). C: Western blots with MB1a and MB2a mAbs with extracts of control
or DM1 muscle at different stages of development. Approximately equal
amounts of total protein from each extract were loaded after determination of
the peak areas of major protein bands on a stain gel.
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from the cytoplasm to the nucleus because the cyto-
plasm of the regenerating fibers is also rather more
strongly stained than surrounding fibers (Figure 6D). This
shows that the down-regulation of MBNL2 during muscle
development has not yet occurred in the immature regen-
erating fibers, which are derived from precursor satellite
cells in the mature muscle tissue.

MBNL1 and MBNL2 Are Partially Sequestered
by Ribonuclear Foci

DM pathogenesis is thought to involve the sequestration
of MBNL1 into nuclear foci and loss of MBNL1 function in
the nucleoplasm. This simple model appears to require a
significant reduction in nucleoplasmic MBNL1 levels in
DM nuclei. For reliable visualization of nuclear foci with-
out high nucleoplasmic MBNL staining, we have used
acetone:methanol fixation, which allows partial loss of
“soluble” MBNL proteins from both cytoplasm and nucle-
oplasm (Figures 3 and 7), while the MBNL in nuclear foci
remains attached to the nuclear matrix15 and/or splicing
speckles.20 Cross-linking fixation with formalin prevents
protein loss47 to give a more accurate view of authentic

MBNL distribution. With formalin fixation of DM1 myo-
blasts, nucleoplasmic MBNL1 staining was quite high,
which sometimes obscured the foci (Figure 7). This nu-
cleoplasmic staining is not due to smaller (31kD) splicing
isoforms lacking the CUG repeat binding region,33 be-
cause our MBNL1 mAb does not recognize these smaller
isoforms.

Sequestration of MBNL1 by expanded repeat foci is
clearly incomplete in cultured myoblasts (Figure 7B), but
it may be greater in adult muscle in vivo, where DMPK
mRNA is expressed at higher levels. We therefore com-
pared formalin-fixed muscle biopsy sections from a neo-
nate with congenital DM1 and an age-matched control
muscle biopsy. Figure 8 shows that nucleoplasmic
MBNL1 and MBNL2 were still present in DM1 myonuclei
with nuclear foci, although they both appear depleted
visually. Microdensitometry of areas outside foci in Figure
8 confirmed reduced levels of both MBNL1 and MBNL2
in the DM1 nucleoplasm (Table 2). The intensity of nucle-
oplasmic staining was variable in both DM1 and control
biopsies, but was always greater than the anti-MBNL3
(absent from muscle) background control. This extends
earlier studies of MBNL1 depletion31 to show that MBNL2
is also depleted in DM1 nucleoplasm, though a wider
study with more biopsies will be needed to quantify the
effect more accurately.

Since DMPK levels increase during skeletal muscle
development,45 one might expect the nuclear foci of
DMPK mRNA to be larger or more numerous after myo-
blast differentiation. Using CK expression to identify dif-
ferentiated cells (Figure 9), the average number of foci
per nucleus in CK-positive cells was twice that of CK-
negative cells (Table 3). Significantly, this was true both
on day 0 and day 9, confirming the link with muscle gene
expression rather than cell density or time in culture.
Davis et al15 showed an increase in both DMPK and
numbers of foci after transfection of DM1 fibroblasts with
MyoD and, in congenital DM1 myoblast cultures, foci

Figure 6. Higher levels of MBNL2 in regenerat-
ing muscle fibers in a skeletal muscle biopsy
from a Duchenne muscular dystrophy patient.
Five regenerating fibers were identified by im-
munostaining with MHCn mAb (Novocastra,
Newcastle, UK; 1:20) against neonatal myosin
(A�C). In a serial section (D�F), nuclei in the
regenerating fibers were more strongly stained
for MBNL2 than nuclei in mature fibers (MB2a
mAb; 1:4). The center panels show ethidium
bromide staining of nuclei and the right panels
are merged images. In (F), MBNL2 staining is
indicated by horizontal white arrows in the
nuclei of regenerating fibers and by vertical
white arrows in the nuclei of mature fibers.

Figure 7. Fixation method affects visualization of MBNL1 in the nucleus.
Cultured human DM1 myoblasts (800 CTG) were fixed and permeabilized
either with acetone-methanol (A: two nuclei) or with formalin followed by
Triton X-100 (B: one nucleus), as described in Materials and Methods. MBNL1
protein was detected using MB1a mAb. Scale bar � 10 �m.
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were brighter and more abundant in myotube nuclei com-
pared with myoblast nuclei.45 Mankodi et al,28 however,
reported a decrease in DM1 nuclear focus numbers dur-
ing myogenesis in vitro.

Discussion

We have found that MBNL2 levels decrease during mus-
cle development in vivo and in vitro, while MBNL1 levels
remain unchanged. Miller et al24 found that MBNL1 in-
creased dramatically during C2C12 mouse myoblast dif-
ferentiation, in parallel with a myosin heavy chain myo-
genic marker, but this may be a property of mouse or
C2C12 only since they did not see it in human myoblast
cultures. The C2C12 cell line also differs in expressing
MBNL3, which we did not find in human myoblasts. Hu-
man MBNL1 is clearly not a muscle-specific protein since
it is present in both fused and unfused cells in the same
culture (Figure 4) and is also present in nuclear foci in DM
skin fibroblasts (Figure 3; 20). The decrease in MBNL2
levels during muscle development in vivo is consistent
with the higher MBNL2 levels in regenerating fibers,
which also represents an early stage in muscle develop-
ment. Regenerating fibers differ from surrounding mature
fibers in their continued expression of fetal muscle iso-
forms. Lin et al31 observed a postnatal decline of MBNL1
in mouse muscle in vivo, but did not study either the
prenatal period or MBNL2. Some caution is required in
making correlations with specific events in muscle devel-
opment. Thus, MBNL2 declines during muscle fiber or
myotube formation in culture, but the decline in MBNL2
observed in vivo during fetal development occurs during
the period of muscle maturation (20 to 31 weeks), after
initial fiber formation and the activation of muscle-specific
genes has occurred.48 This is the period during which
expression of fetal/neonatal myosin also declines
sharply,49 so it is consistent that muscle regeneration is
associated with both maintenance of higher MBNL2 lev-

Figure 8. Nucleoplasmic levels of both MBNL1 and MBNL2 were lower in a
muscle biopsy from a congenital DM1 patient (repeat size unknown) com-
pared with an age-matched control biopsy (with a non-DM diagnosis).
Frozen sections of DM1 and control skeletal muscle biopsies, were immu-
nostained with MB1a, MB2a, MB3a, or control mAB. A: Nuclear foci were
identified by in situ hybridization in the DM1 sections but not in the control.
DM1 nuclear foci of mutant RNA are also intensely stained for MBNL1. Scale
bar � 10 �m. B: Nucleoplasmic staining for MBNL1 and MBNL2 outside foci
is visibly reduced, but not eliminated, in DM1 sections. The ten random
nuclei shown were subjected to image analysis using ImageJ software (Table 2).

Table 2. MBNL1 and MBNL2 are Reduced but Still Present in the Nucleoplasm of DM1 Skeletal Muscle Sections

MBNL1 MBNL2 MBNL3
MBNL1 minus
MBNL3 (bgd)

MBNL2 minus
MBNL3 (bgd)

Control 60.8 � 13.6 41.2 � 11.9 14.2 � 3.9 46.6 27.0
DM1 40.7 � 8.8* 24.9 � 2.4* 17.9 � 4.2** 22.8 (49%) 7.0 (26%)

Frozen sections (5 �m) of skeletal muscle biopsies from a congenital DM1 patient and an age-matched control with a non-DM diagnosis, were
immunostained with MB1a, MB2a, or MB3a mAbs and confocal images were collected under identical conditions. Nuclei were identified by DAPI
staining, and their MBNL-stained images were converted to inverted gray scale (Figure 8B). ImageJ software was used to determine the mean gray
values, outside nuclear foci, of ten nuclei in Fig.8. Results are shown as mean gray values � SD. P values obtained by Student’s t-test are
comparisons of control and DM1 nuclei. There was no significant difference between culture medium control and MBNL3 in either control or DM1
nuclei (P � 0.05; not shown), so MBNL3 was used as a background control. The last two columns show MBNL1 and MBNL2 values minus the MBNL3
background (bgd). The values for DM1 as a percentage of the control are shown in brackets. *P � 0.001, **P � 0.05.

Figure 9. Differentiation of DM1 myoblasts (800 CTG) leads to a doubling in
the number of foci per nucleus. Creatine kinase (CK) antibody46 was used to
distinguish a CK-positive differentiated cell and a CK-negative myoblast in
the same field (left, green). In situ hybridization was used to identify nuclear
foci of mutant RNA in the same cells (center, red). Nuclei are counterstained
with DAPI (blue). The CK-negative myoblast contains 4 foci and the CK-
positive myoblast nucleus contains 7 to 10 foci.
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els and continued expression of the fetal/neonatal myosin
isoform (Figure 6). However, this maturation from embry-
onic and fetal myosin isoforms to fast and slow muscle
isoforms, characteristic of adult muscle, does not occur
during myogenesis in vitro. Diversity of MBNL proteins is
further increased by alternative splicing, MBNL1 having
seven splice variants and MBNL2 having three.42 Our
mAb MB2a against MBNL2 recognizes all three variants
since the immunogen used was a shared N-terminal se-
quence. This observation rules out the possibility that the
developmental changes in MBNL2 protein levels in Fig-
ures 4�6 were due to splice variant switching.

Transfection with recombinant MBNL proteins has pre-
viously shown that all three MBNL gene products can
bind to nuclear foci of expanded repeats,19,23,25,26 and
we have shown that endogenous MBNL2, like MBNL1, is
sequestered by nuclear foci in adult DM1 muscle and in
cultured myoblasts and fibroblasts from both DM1 and
DM2 patients. These data are important in view of the
continuing search for functional differences between
MBNL1 and MBNL2. Labeling of nuclear CUG-repeat foci
by antibodies against MBNL was originally demonstrated
using a polyclonal antiserum and a mAb, 3B10, both of
which recognized all three muscleblind family mem-
bers.24 Later, a specific mAb, 3A4, was used to confirm
MBNL1 colocalization with nuclear foci in DM1 and DM2
muscle and cultured cells.27,28 A different mAb, 2D9, has
recently been used to localize MBNL2 in nuclear foci in
brain29 and heart30 tissues from DM1 patients. Although
cell lines expressing recombinant MBNL3 have been
produced,40 neither we, nor others, have yet been able to
detect endogenous MBNL3 in cultured human cells, pos-
sibly because the mRNA for MBNL3 is mainly expressed
in placenta.23 The two mAbs, MB1a and MB2a, appear to
have similar avidities for antigen, judging by their equally
strong binding to recombinant proteins (Figure 1); this
suggests that the weaker staining of MBNL2, compared
with MBNL1 (Figure 5), is due to lower expression levels
of MBNL2, especially in skeletal muscle. Consistent with
this, microarray studies of adult human muscle found that
MNBL2 mRNA levels were 10-fold, and MBNL3 100-fold,
lower than MBNL1 mRNA levels.28

Lin et al31 found that nucleoplasmic MBNL1 was re-
duced by at least 78% in human DM1 muscle sections,
using an antibody against a C-terminal MBNL1 peptide
and a careful method designed to ensure that this differ-
ence was not due to selection of optical sections. In DM1

neuronal cell nucleoplasm, the reduction in MBNL1 im-
munostaining was 57%, suggesting only partial seques-
tration by the nuclear foci.50 In the present study, using a
similar method, we observed reduced levels in DM1 nu-
cleoplasm of 51% and 74% for MBNL1 and MBNL2 (Fig-
ure 8). The anti-MBNL1 mAb used in this study, MB1a,
recognizes the linker between the two zinc finger do-
mains (the same epitope region as mAb, 3A428), since it
failed to bind to a recombinant MBNL1 lacking only this
region (data not shown). MB1a recognizes the larger
variants around 40 to 42 kDa but not MBNL1 variants 4
and 5 around 35 kDa. In variants lacking this linker, the
zinc finger domains cannot interact with expanded CUG
repeats.18 Our localization studies for MBNL1, therefore,
detect only those functional variants that are capable of
sequestration by foci. All studies agree that nucleoplas-
mic MBNL1 is only partially sequestered into the large
nuclear expanded repeat foci, but the existence of less
aggregated CUG repeats that still interfere with MBNL1
function remains a possibility. Consequently, the contin-
ued presence of MBNL1 immunostaining in DM nucleo-
plasm does not rule out the sequestration hypothesis for
DM pathogenesis.

The striking redistribution of MBNL protein from cyto-
plasm to nucleus during DM1 myoblast cell culture (Fig-
ure 4) occurs with both MBNL1 and MBNL2 but is not
restricted to differentiated muscle cells (ie, cells express-
ing muscle-specific creatine kinase). An earlier study
noted that MBNL1 was present in both cytoplasm and
nucleus in normal human myoblasts, whereas it was
mostly cytoplasmic in mouse C2C12 myotubes.24 A re-
cent study on neonatal mouse development observed a
postnatal redistribution of MBNL1 from mainly sarcoplas-
mic to mainly nucleoplasmic between P2 and P20 in both
normal mice and a DM1 transgenic model.31 The balance
between nuclear and cytoplasmic MBNL proteins, and
how this balance is regulated, is clearly important if myo-
tonic dystrophy is caused by sequestration of nuclear
MBNL1 into foci.20 What prevents nuclear uptake of cy-
toplasmic MBNL1 to replace that sequestered into foci?
The C-terminal region of Drosophila muscleblind is re-
quired for nuclear localization since splicing isoform A is
predominantly cytoplasmic, while longer splice forms B
and C are nuclear.51 Removal of an exon 7-encoded
sequence from mouse MBNL1 reduced its nuclear local-
ization, and exon 7 exclusion increased postnatally in
mice alongside nuclear localization.31 (Note that exon 7
described by Lin et al31 is equivalent to exon 5 described
by Pascual et al42). However, the redistribution in Figure
4 may be too rapid to explain by isoform turnover and
replacement.

Although the existence of three genes for MBNL pre-
sumably implies some differences in function between
the three proteins, functional differences have not yet
been clearly demonstrated. An unexpected function for
MBNL2 in cytoplasmic mRNA transport has been re-
ported,39 but it is not yet known whether MBNL1 can also
perform this function. In embryonic chick retina develop-
ment, MBNL1 and MBNL2 become distributed in different
regions of the photoreceptor,52 but it is not known
whether they perform similar or different functions there.

Table 3. The Mean Number of Nuclear Foci is Greater in
DM1 Cells Expressing Muscle-Specific Proteins
(Creatine Kinase)

Mean number of foci per
nucleus (�SD)

Differentiation (days) CK positive CK negative

0 (n � 100) 9.5 (�4.2) 4.7 (�2.1)
9 (n � 100) 10.7 (�3.6) 5.6 (�1.9)

Nuclear foci in DM1 myoblast cultures were labeled by in situ
hybridization, and creatine kinase (CK) was labeled with CK-JAC mAb
	46
. Significantly fewer foci per nucleus were present in CK-negative
compared with CK-positive cells (P � 0.001 at both timepoints;
Student’s t-test).
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The MBNL1-deficient mouse has a DM-like phenotype,33

so the continued presence of MBNL2 evidently does not
compensate for MBNL1 depletion, but this may be be-
cause MBNL2 levels are too low to do this in skeletal
muscle after the developmental decline (Figure 5). When
MBNL1 is more abundant, MBNL2 deficiency might af-
fect only MBNL2-specific functions without affecting
common functions. Lin et al31 found that a mouse with
�90% reduction in MBNL2 had no effect on muscle
histology, myotonia or splicing of three RNAs that are
affected by mbnl1 knockout (Serca1, ZASP and titin);
however, this study was done in adult muscle, which may
contain relatively little MBNL2 compared with MBNL1.
More recently, Hao et al53 described a different mbnl2
knockout mouse that did display myotonia and chloride
channel mRNA splicing defects, though much less se-
vere than the mbnl1 knockout. This appears to suggest
that MBNL1 and MBNL2 proteins have similar functions,
but is difficult to reconcile with the lack of DM phenotype
in heterozygotes of the MBNL1-deficient mice.33 Al-
though a clear distinction between MBNL1 and MBNL2
functions has not yet been shown, our observation that
MBNL2 specifically declines during muscle develop-
ment, but remains high in regenerating muscle fibers,
could reflect a role for MBNL2 in relation to specific RNAs
involved in muscle development.
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