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ABSTRACT Myotonic dystrophy type 2 (DM2) is a neuromuscular disease caused by an
expansion of intronic CCTG repeats in the CNBP gene, which encodes a protein regulat-
ing translation and transcription. To better understand the role of cellular nucleic acid
binding protein (CNBP) in DM2 pathology, we examined skeletal muscle in a new model
of Cnbp knockout (KO) mice. This study showed that a loss of Cnbp disturbs myofibrillar
sarcomeric organization at birth. Surviving homozygous Cnbp KO mice develop muscle
atrophy at a young age. The skeletal muscle phenotype in heterozygous Cnbp KO mice
was milder, but they developed severe muscle wasting at an advanced age. Several pro-
teins that control global translation and muscle contraction are altered in muscle of
Cnbp KO mice. A search for CNBP binding proteins showed that CNBP interacts with the
� subunit of the dystroglycan complex, a core component of the multimeric dystrophin-
glycoprotein complex, which regulates membrane stability. Whereas CNBP is reduced in
cytoplasm of DM2 human fibers, it is a predominantly membrane protein in DM2 fibers,
and its interaction with �-dystroglycan is increased in DM2. These findings suggest that
alterations of CNBP in DM2 might cause muscle atrophy via CNBP-mediated translation
and via protein-protein interactions affecting myofiber membrane function.
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Myotonic dystrophy type 2 (DM2) is a multisystem disease characterized by muscle
weakness and atrophy, myotonia, cardiac involvement, impairment of central

nervous system (CNS) function, insulin resistance, cataracts, hypogonadism, and day-
time sleepiness (1). DM2 is caused by an expansion of unstable CCTG repeats in intron
1 of the gene encoding cellular nucleic acid binding protein (CNBP) (also known as zinc
finger factor 9 [ZNF9]) (2). The DM2 phenotype is similar to that of myotonic dystrophy
type 1 (DM1), a multisystem neuromuscular disease caused by unstable CTG repeats in
the 3= untranslated region (UTR) of the DMPK gene (3). However, DM2 pathology affects
mainly proximal muscles, whereas DM1 affects distal muscles (1, 4). In both DM1 and
DM2, mutant transcripts accumulate in patients’ cells, misregulating RNA metabolism
via specific RNA binding proteins (5, 6).

CNBP possesses DNA and RNA binding activities and may regulate transcription and
cap-dependent and cap-independent translation (7). CNBP binds to the 5= UTRs of
mRNAs containing a terminal oligopyrimidine tract (TOP), which encode proteins
controlling global translation: ribosomal proteins (such as RPS17), eukaryotic elonga-
tion factors (eEF1/2), and RNA binding proteins controlling translation [such as the
poly(A) binding protein PABPC1] (8, 9). The translation of the TOP-containing mRNAs
(TOP-mRNAs) requires fine control during stress to quickly repress translation to
preserve energy and reactivate translation during stress recovery. A recent study
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connected CNBP function to repression of translation in response to stress (10). In
agreement, CNBP binds to multiple mRNAs, regulating their translation (11).

The ability of CNBP to regulate RNA processing at the level of translation suggests
that misregulation of CNBP in DM2 tissues might contribute to the abnormal RNA
metabolism. Examination of a single model of Cnbp knockout (KO) mice showed that
a loss of Cnbp is lethal and that heterozygous mice develop skeletal and cardiac muscle
abnormalities similar to those in patients with DM2 (12). Later studies revealed that
CNBP is reduced in DM2 muscle biopsy specimens and in DM2 muscle precursors (8, 13,
14). However, other studies found no changes of CNBP in DM2 (15–17).

We have previously shown that CNBP is reduced in cytoplasm of DM2 biopsied
muscle and that proteins encoded by the TOP-mRNAs (RPS17, PABPC1, and eEF1/2)
were also reduced in DM2 muscle (8). These findings suggested that the cytoplasmic
reduction of CNBP in DM2 might cause muscle atrophy through reduction of synthesis
of muscle proteins. In addition to the TOP-containing mRNAs, human CNBP or its yeast
ortholog Gis has putative binding sites in mRNAs encoding major muscle proteins and
their regulators (18). Therefore, the reduction of CNBP in DM2 might cause misregu-
lation of expression of major muscle proteins, leading to muscle weakness.

To better understand the role of CNBP in DM2, we examined the effect of Cnbp deletion
on skeletal muscle structure during the mouse life span and found that a reduction of Cnbp
causes severe muscle atrophy in old mice, whereas loss of Cnbp leads to muscle atrophy
at a young age. We also examined the CNBP intracellular distribution in human myofibers
and searched for protein partners of CNBP. These studies confirmed a reduction of
cytoplasmic CNBP in DM2 human muscle sections and showed that CNBP is located mainly
in DM2 fiber membrane. We found that in skeletal muscle, CNBP interacts with
�-dystroglycan (�-DG), which binds through �-dystroglycan with the dystrophin-associated
protein complex (DAPC). These findings suggest that alterations of CNBP in DM2 might
cause muscle atrophy not only via misregulation of mRNA but also via protein-protein
interactions with membrane proteins.

RESULTS
Generation of Cnbp KO mice. A previous study showed that the deletion of Cnbp

in mice affects development, causing the embryonic lethality of homozygous (hom)
Cnbp KO mice (19). Although examination of heterozygous (het) mice in a following
study (12) suggested that a reduction of Cnbp causes multitissue abnormalities,
including muscle wasting and weakness, the muscle loss in Cnbp KO mice was not
quantified. In addition, the muscle histopathology was analyzed only in adult, 2- to
6-month-old het Cnbp KO mice. Since DM2 usually affects patients in their 60s,
examination of skeletal muscle in older mice is important to determine if a reduction
of CNBP in human patients contributes to the worsening of muscle atrophy with age.
To address these questions, we generated Cnbp KO mice using a gene trap approach
(Fig. 1A and B). Insertion of the trap vector disrupted expression of Cnbp protein. We
found that the levels of Cnbp were �2-fold reduced in skeletal muscle of het Cnbp KO
mice and that Cnbp was undetectable by Western blotting assay in hom Cnbp KO mice
(Fig. 1C to G). The reduction of Cnbp in het Cnbp KO mice was observed with two types
of antibodies (Abs), i.e., affinity-purified rabbit antibodies, previously developed in our
lab (8) and commercial goat antibodies (Fig. 1C and E). Cnbp was reduced not only in
skeletal muscle of het Cnbp KO mice but also in heart (Fig. 1F and G). Thus, we conclude
that the expression of Cnbp is not detectable in hom Cnbp KO mice and is approxi-
mately 2-fold reduced in het Cnbp KO mice.

Gross analysis of Cnbp KO mice showed that the deletion of Cnbp interferes with
normal development (Fig. 2A). For that reason, Cnbp KO mice were maintained as
heterozygous. The breeding of het Cnbp KO females and het males produced 47 litters
with an average size of 6.6 pups per litter. In contrast to the previous study (12),
approximately 43.6% of expected hom Cnbp KO mice in our colony were born, and a
portion of them survived until 16 to 20 months of age (Fig. 2B). The difference between
the two mouse strains cannot be due to minor expression of Cnbp in our strain,
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because Cnbp was not detectable in tissues of our mice (Fig. 1C to G). The difference
also cannot be explained by possible disruption of additional genes in the previous
strain, because crossing of Cnbp KO with Cnbp transgenic mice corrected the pheno-
type in Cnbp KO mice (12). We suggest that the milder phenotype in our strain could
be due to differences in genetic background. Whereas our mice were generated on a
pure C57BL background, the mice in the previous study were generated using pseu-
dopregnant foster mothers on a mixed C57BL/6J � CBA background (19). The increased
rate of homozygous survivors in our strain could be also due to careful monitoring of
Cnbp KO mice during the postnatal period. We noticed that whereas some small
newborn pups died shortly after birth, others could survive despite their small size and
delayed development when kept with foster mothers until 2 to 3 months of age.

hom Cnbp KO mice were smaller than wild-type (WT) littermates, and they remained
smaller during their life span (Fig. 2A, C, and D). Approximately 12% of surviving hom
Cnbp KO mice were very weak and died during the first month. het Cnbp KO mice of
both genders steadily gained weight from 1 to 12 months, with a minor reduction of
body weight at 12 months in het females and at 6 months in het males (Fig. 2C and D).
However, hom Cnbp KO mice (males and females) were significantly smaller at all ages
examined (1, 3, 6, and 12 months). There was a delay of development of hom Cnbp KO
males and females during 3 to 6 months as judged by the lack of body weight gain
during this period (Fig. 2C and D). The significant reduction of the body weight of hom
Cnbp KO mice and almost normal weight of het mice show that the delay of develop-
ment and growth is dependent on the Cnbp dose.

Loss of Cnbp disturbs the sarcomeric structure in neonatal skeletal muscle.
Several reports showed that CNBP is reduced (but not completely lost) in muscle biopsy

FIG 1 Generation of Cnbp KO mice. (A) Location of an intronic insertion of the trap vector, containing �geo (a fusion
of lacZ and neo) in front of ATG codon of the Cnbp gene. �geo generates �-galactosidase and provides resistance
to neomycin. (B) Example of genotyping of Cnbp KO mice. M, DNA markers. WT and mutant bands are shown by
the arrows. (C) Western blot analysis of whole-cell extracts from skeletal muscle samples (gastrocnemius) from 3-
to 4-month-old WT, het, and hom Cnbp KO mice (all males) with two antibodies: affinity-purified rabbit anti-peptide
CNBP (8) and goat anti-CNBP from Abcam. �-Actin was used as a control for loading. (D and E) Quantification of
Cnbp signals as ratios to �-actin in panel C obtained with rabbit (D) and goat (E) antibodies. (F) Western blot
analysis of Cnbp from whole-cell protein extracts from cardiac muscle of 3- to 4-month-old WT, het, and hom Cnbp
KO mice with affinity purified rabbit anti-CNBP antibodies and �-actin as a control. (G) Quantification of Cnbp
signals shown in panel F.
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specimens from patients with DM2 (8, 13, 14). Therefore, we focused mainly on the
examination of skeletal muscle in Cnbp KO mice. Since many hom Cnbp KO mice die at
birth, we analyzed the effect of Cnbp loss on skeletal muscle morphology in neonatal
mice. The hematoxylin and eosin (H&E) staining of transverse and longitudinal sections
of the hind limbs of 4-day-old WT and Cnbp KO mice showed that the neonatal skeletal
muscle in hom Cnbp KO mice contains small and thin fibers (Fig. 3A and B). Some fibers
in postnatal hom Cnbp KO muscle contain centralized nuclei.

Previous reports showed that CNBP is associated with sarcomeres (14, 17). Therefore,
we examined whether the loss of Cnbp affects the sarcomeric structure. The hind-limb
muscles of 1-day-old WT and hom Cnbp KO mice were examined by electron micros-
copy (EM) (Fig. 3C to G). This analysis showed that the number of myofibrils and the
number of sarcomeres were significantly reduced in neonatal muscle of hom Cnbp KO
mice (Fig. 3D and E). Sarcomeres were shorter in neonatal hom Cnbp KO muscle, and
some of them were disorganized (Fig. 3C and F). Approximately half of sarcomeres in
1-day-old hom Cnbp KO muscle contained disrupted I bands (Fig. 3G). The sarcomere
length might be changed in DM2 muscle because of the presence of myotonia.
However, disruption of the I bands in the sarcomeres of Cnbp KO muscle suggests that
the sarcomeric structure is affected by the deletion of Cnbp. Since CNBP is located in
the I bands in human muscle (17), the lack of Cnbp in hom Cnbp KO mice possibly leads
to the disorganization of I bands and significant disruption of the sarcomeric structure
in neonatal skeletal muscle.

Loss of Cnbp causes muscle atrophy at young age, whereas a reduction of
Cnbp causes muscle loss at advanced age. We previously found that the rate of
protein synthesis is reduced in DM2 myoblasts, possibly due to a reduction of cyto-
plasmic ZNF9/CNBP (8). It was expected that the reduction of the rate of protein
synthesis in Cnbp KO mice leads to muscle wasting. To examine whether the deficit of
Cnbp causes muscle atrophy, we analyzed skeletal muscle histology in Cnbp KO mice

FIG 2 Effect of deletion of Cnbp on development and growth. (A) Top panels, WT and hom Cnbp KO littermates
at 3 and 17 days of age. Bottom, the 7-month-old hom Cnbp KO mice have abnormal posture, likely due to muscle
weakness. (B) Deletion of Cnbp interferes with development, reducing the number of hom Cnbp KO mice. The P
value is 2.27E�05, determined by Fisher’s test. (C and D) Body weights of Cnbp KO females (C) and males (D) at
different ages. The numbers of examined mice are shown above the bars. *, P � 0.05; **, P � 0.01; ***, P � 0.001
(for WT versus mutant mice).
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at different ages. H&E analysis showed that skeletal muscle in young hom Cnbp KO mice
is characterized by general fiber atrophy (Fig. 4A). The average fiber area is significantly
reduced in muscle of 1-month-old hom Cnbp KO mice but not in matched het mice (Fig.
4A and B).

Skeletal muscle in 1-month-old hom Cnbp KO muscle contains small atrophic fibers,
pyknotic nuclei (which are often observed in patients with DM2), and hyaline fibers (Fig.
4A). These histological findings suggest that general fiber atrophy in muscle of hom
Cnbp KO mice at a young age is not due to a delay in development but is associated
with muscle pathology. The presence of small angulated fibers and pyknotic nuclei/
pyknotic nuclear clumps in hom Cnbp KO muscle indicate a neurogenic component of
muscle damage, which is frequently found in human DM2 biopsy specimens (20). The
H&E analysis of the fiber size in muscle of young het Cnbp KO mice showed a variability
of myofiber size with the presence of some angulated atrophic fibers (data not shown).
A variability of myofiber size is one of the features of muscle pathology in DM1 and in
DM2. A variability of myofiber size in muscle of het Cnbp KO mice at a young age shows
that a partial loss of CNBP in DM2 is sufficient to lead to muscle pathology.

The presence of many small, atrophic fibers in muscle of young hom Cnbp KO mice
suggests that the loss of Cnbp might cause muscle atrophy at a young age. To address
this issue, we compared the weight of the gastrocnemius muscle (gastroc) relative to
body weight in 1-month-old WT, het, and hom Cnbp KO mice. This analysis showed that
the gastroc weight was almost normal in 1-month-old het Cnbp KO mice; however, the

FIG 3 Deletion of Cnbp affects sarcomeric structure in neonatal mice. (A and B) H&E analysis of transverse (A) and longitudinal (B) sections
of the hind-limb muscles of 4-day-old WT and hom Cnbp KO mice. Arrows point to fibers with centralized nuclei. Scale bars, 20 �m. (C)
EM images of hind-limb muscle of 1-day-old WT and hom Cnbp KO mice. Scale bars, 500 nm. Sarcomeres are shown by arrows. Two EM
images of skeletal muscle from hom Cnbp KO mice demonstrate sarcomeres with different degrees of disruption. (D to G) Average
myofibril number (D), sarcomere number (E), average length of sarcomeres (F), and percentage of intact I bands (G) in skeletal muscle of
1-day-old WT and hom Cnbp KO mice per view at a magnification of �30,000. **, P � 0.01; ***, P � 0.001 (for WT versus mutant mice).
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gastroc weight was significantly reduced in young hom Cnbp KO mice, to approxi-
mately 76% of that of WT littermates (Fig. 4C). Thus, the loss of Cnbp in vivo leads to
a severe muscle wasting even at a young age, while the reduction of Cnbp in young het
Cnbp KO mice does not result in muscle atrophy.

Patients with DM2 develop pathology at old age (1, 6). Therefore, we examined
muscle histology in adult and old het and hom Cnbp KO mice. H&E analysis showed the
presence of small atrophic fibers and variability of fiber size in 4-, 12-, and 16-month-old
hom Cnbp KO mice (Fig. 4A). Examination of the average fiber area in 4- and 16-month-
old hom Cnbp KO mice showed that the fiber size in adult and old hom mice remains
reduced (Fig. 4A and B).

The average myofiber area was normal in adult (4-month) het Cnbp KO muscle (Fig.
4B). However, the average cross-sectional fiber area was significantly increased in
16-month-old het Cnbp KO mice. The H&E analysis showed that the increase of the
average fiber area in old het mice could be due to the increase of very large,

FIG 4 Muscle atrophy in young hom and old het Cnbp KO mice. (A) H&E staining of gastroc of 1-month-, 4-month-, 12-month-,
and 16-month-old WT and hom Cnbp KO mice (males). Note the generalized fiber atrophy in 1-month-old hom Cnbp KO mice.
Markedly atrophic and hyaline fibers are shown by black arrows. A group of very small atrophic fibers appears as nuclear clumps
(red arrow). Note the fiber size variability in 4-, 12-, and 16-month-old hom Cnbp KO mice. Fibers with very large and small areas
in muscle of 12- and 16-month-old hom Cnbp KO mice are shown by arrows. Scale bars, 15 �m. (B) Average fiber area in cross
sections of gastroc from 1-month, 3.5-month, and 16-month-old WT, het, and hom Cnbp KO mice. Three mice per group were
analyzed in 1- and 3.5-month-old groups of WT, het, and hom mice. The 16-month-old group contained 3 WT, 3 het, and 2 hom
mice. Only two 16-month-old hom Cnbp males were available, whereas a few hom females lived until approximately 20 months.
The P values in the 1-month-old group were �0.01 by ANOVA and �0.01 for WT versus hom mice and for het versus hom mice
by the Student t test. In the 3.5-month group, the P values were �0.0001 by ANOVA and �0.01 for het versus hom mice and
�0.001 for WT versus hom mice by the Student t test. In the 16-month group, the P values were �0.01 by ANOVA and �0.05
and 0.01 for WT versus hom and WT versus het mice, respectively, by the Student t test. (C) Percentage of gastroc weight relative
to body weight in 1-month-old WT (n � 3), het (n � 4), and hom (n � 3) Cnbp KO mice (all males). The P values were �0.01
by ANOVA and �0.001 for WT versus hom mice by the Student t test. Sample standard deviations are shown. (D) H&E staining
of soleus from the matched 18.5-month-old WT and het Cnbp KO mice. Scale bars, 20 �m. The images show normal fibers in WT
muscle and increased fiber size variability with small atrophic fibers (black arrows) in het Cnbp KO mice. A basophilic
degenerating fiber (blue arrow) and a muscle spindle (red arrow) can be seen in muscle of old het Cnbp KO mice. (E) Percentage
of gastroc weight relative to the body weight in 16-month-old WT (n � 4), het (n � 4), and hom (n � 2) Cnbp KO mice. The P
values were �0.01 between groups by ANOVA and �0.05 and �0.01 by the Student t tests for WT versus het and WT versus
hom mice, respectively. Standard deviations are shown.
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hypertrophic fibers, including degenerated fibers (Fig. 4D). Muscle in old het Cnbp KO
mice also contains small fibers, which likely represent atrophic fibers (Fig. 4D). We
identified severe muscle wasting in old Cnbp KO mice of both genotypes. As shown in
Fig. 4E, the gastroc weight, determined as a percentage of the body weight, was
significantly reduced in 16-month-old het and hom Cnbp KO mice. The muscle wasting
in old Cnbp KO mice of both genotypes is likely associated with the accumulation of
atrophic, angulated fibers (Fig. 4A and D).

Myofibers in patients with DM2 accumulate central nuclei. The H&E staining showed
that the number of central nuclei was increased in muscle of hom Cnbp KO mice (Fig.
5A). The appearance of central nuclei in fibers in these mice was associated with a
significantly increased number of fibers, especially at a young age (Fig. 5B).

The accumulation of small atrophic fibers in muscle of Cnbp KO mice was accom-
panied by grip weakness. het Cnbp KO mice of both genders had significantly reduced
grip strength during their life span (1, 3, 6, and 12 months) (Fig. 6A and B). We found
that hom Cnbp KO mice were much weaker than het littermates.

It is known that muscle wasting in DM1 and DM2 may occur due to muscle loss
alone or in combination with fat accumulation. We found that the total body fat was
increased and lean mass was reduced in het Cnbp KO mice (Fig. 6C to F). These findings
suggest that metabolism is changed in Cnbp KO mice. Additional studies are needed to
determine whether Cnbp plays a role in the regulation of metabolism.

Based on the studies described above, we conclude that the loss of Cnbp in hom
survivors causes muscle atrophy characterized by the accumulation of very small and
atrophic fibers with central nuclei and a significant loss of muscle that begins at a
young age. The muscle pathology in young and adult het Cnbp KO mice is mild and is
characterized mainly by a significant variability of fiber size with the accumulation of
small and enlarged fibers. Myofiber size variability progresses in het Cnbp KO mice
during their life span, leading to severe muscle loss at an advanced age, possibly due
to the increase of atrophic fibers.

Alteration of proteins encoded by TOP-containing mRNAs and proteins regu-
lating muscle contraction in muscle of hom Cnbp KO mice. Previously, we showed
that the TOP-containing mRNAs encoding ribosomal protein RPS17 and RNA binding
protein PABPC1 are putative targets of CNBP and that RPS17 and PABPC1 are reduced
in skeletal muscle biopsy specimens from patients with DM2 (8). To examine whether
these proteins are altered in Cnbp KO mice, we analyzed protein levels of RPS17 and
PABP1C1 in skeletal muscle of 3-month-old hom Cnbp KO mice and found that both
proteins were decreased in hom Cnbp KO mice relative to those in matched WT mice
(Fig. 7A and B). Thus, proteins encoded by the TOP-mRNAs are reduced in Cnbp muscle.

To identify additional proteins affected by the deletion of Cnbp, we examined
proteins in muscle of hom Cnbp KO mice using two-dimensional (2D) gel separation

FIG 5 (A) Average number of centralized nuclei per view at a magnification of �20 in gastroc of gender-
matched (male) 1-month-old WT (n � 3) and hom Cnbp KO (n � 3) mice, 7.5-month-old WT (n � 3) and hom
(n � 3) mice, and 16-month-old WT (n � 3) and hom (n � 2) mice. (B) Average fiber number in gastroc of
1- and 7.5-month-old WT and hom Cnbp KO mice. Three mice per group were analyzed. *, P � 0.05; **, P �
0.01 (for WT versus Cnbp KO mice).
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and mass spectroscopy analysis. This analysis identified 79 protein spots with altered
expression. Mass spectroscopy analysis of 10 well-separated spots identified 8 proteins
with high confidence scores (100%) (Fig. 7C). These proteins include heat shock protein
Hsp70, tropomyosin beta chain (TPM2), fast skeletal muscle troponin T (TNNT3), and
skeletal muscle isoform of myosin regulatory light chain 2. In addition, phosphogluco-
mutase 1, carbonic anhydrase 3, dual-specificity protein phosphatase 3, and adenylate
kinase were altered in Cnbp KO muscle. Cofilin 2 showed a reduction in Cnbp KO
muscle, but the protein score was low due to a possible mix of this protein with other
proteins in the 2D gel. Microphthalmia-associated transcription factor also showed a
reduction in Cnbp KO muscle, but this protein spot was likely mixed with another large
protein.

The increase of Hsp70 in muscle of hom Cnbp KO mice was expected because we
previously observed the elevation of Hsp70 in DM2 myoblasts (21).

It has been shown that human and yeast CNBP proteins have predicted binding sites
within mRNAs encoding skeletal muscle proteins involved in muscle contraction, such
as myosins, utrophin, titin, triadin, laminin, dystrophin, TNNT3, and TPM2 (18). Some
muscle mRNAs might contain multiple CNBP binding sites. For instance, mRNAs
encoding TNNT3 and titin contain 28 and 30 to 50 predicted CNBP binding sites,
respectively. Therefore, we expected alterations of proteins controlling the contractile
apparatus in Cnbp KO muscle. Western blot analysis showed that TNNT3 and TPM2 are
elevated in muscle of hom Cnbp KO mice (Fig. 7D and E). Thus, deletion of Cnbp in
skeletal muscle leads to the alterations of proteins encoded by mRNAs containing
predicted binding sites for Cnbp.

CNBP protein is reduced in cytoplasm of myofibers in human DM2 muscle
biopsy specimens. The development of muscle atrophy and weakness in Cnbp KO

FIG 6 (A and B) Grip weakness in het and hom Cnbp KO females (A) and males (B) during their life span. (C to F) Increase of body fat
and reduction of lean mass in het 3- to 4-month-old Cnbp KO males (C and D) and 10-month-old het females (E and F). The numbers
of analyzed mice are shown above the bars. *, P � 0.05; **, P � 0.01; ***, P � 0.001 (for WT versus Cnbp KO mice).
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mice demonstrated the significance of CNBP for the structure and function of skeletal
muscle. Previously, we found a reduction of cytoplasmic CNBP/ZNF9 in human DM2
muscle biopsy specimens using Western blot analysis (8). However, the immunological
analysis of CNBP in DM2 myofibers produced contradictory results in different labs (14,
17). Therefore, we examined CNBP expression in cross-sectional muscle from patients
with DM2 using a quantitative immunofluorescence (IF) when the images were taken
at the same brightness and time of exposure. This analysis showed that in normal
human fibers, the CNBP signal is predominantly cytoplasmic, whereas in DM2 fibers,
CNBP is reduced in cytoplasm and it is located predominantly in membrane (Fig. 8A).
Thus, cytoplasmic CNBP is reduced in human DM2 myofibers, suggesting a reduction
of cytoplasmic function of CNBP in patients with DM2.

IF analysis of skeletal muscle sections from WT and Cnbp KO muscle showed that
Cnbp is localized in nuclei and in cytoplasm (Fig. 8B). Like in human muscle, the Cnbp
signal was also detected in the membrane region.

CNBP protein interacts with �-DG. The accumulation of the CNBP signals in the
myofiber membrane region suggested that CNBP might have a possible membrane
function and prompted us to examine the interactions of CNBP with other proteins. To
identify proteins interacting with CNBP, we used a recombinant CNBP protein fused
with a maltose binding protein (MBP-CNBP). This protein was bound to amylose resin,
and protein extracts from C2C12 and DM2 myotubes were incubated with MBP-CNBP.
After intensive washing, proteins bound to MBP or MBP-CNBP were eluted with maltose
and analyzed by gel electrophoresis. The staining of the eluted proteins showed that

FIG 7 Disruption of TOP proteins and proteins involved in contractile function in skeletal muscle of Cnbp KO mice. (A) Western blot
analysis of RPS17 and PABPC1 in gastroc of 2-month-old WT and hom Cnbp KO mice. Actin was used as a control. (B) Quantification
of RSP17 and PABPC1 signals as a ratio to actin (shown in panel A). (C) Several proteins misregulated in soleus of hom Cnbp KO mice,
identified by 2D separation and mass spectroscopy, include Hsp70 and proteins associated with contractile function. A protein score
of 100% shows high confidence of sequence data, whereas a score below 100% shows low confidence due to a possible mix of
proteins. (D) Western blot analysis of TNNT3 and TPM2 in gastroc of 2-month-old WT, het, and hom Cnbp KO littermates. �-Actin was
used as a control. (E) Quantification of the TNNT3 and TPM2 signals shown in panel D.
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several proteins bind to MBP-CNBP in C2C12 myotubes (Fig. 9A). We found that among
MBP-CNBP-bound proteins in DM2 myotubes there was a major protein with an
approximate molecular mass of 156 kDa. A low-intensity protein band with the same
mobility was also visible in the C2C12 pulldown proteins that interact with MBP-CNBP.
We searched the literature for known muscle proteins with an approximate molecular
mass of 150 kDa which might be located in the membrane and found that glycosylated
�-dystroglycan (�-DG) migrates at a position corresponding to a protein with an
approximate molecular mass of 156 kDa.

During studies of Duchenne muscular dystrophy (DMD), dystroglycans were iden-
tified as a part of a multimeric protein complex which contains dystrophin, sarcogly-
cans, sarcospan, dystropbrevin, and syntrophins (22). �-DG links to the extracellular
matrix, whereas �-dystroglycan connects �-DG to the actin skeleton through dystro-
phin or utrophin.

To test whether the 156-kDa protein is �-DG, we analyzed the pulldown proteins
from DM2 myotubes that interact with MBP-CNBP by Western blotting assay using
antibodies to �-DG. This analysis showed that antibodies to �-DG recognize a protein
with an approximate molecular mass of 156 kDa in MBP-CNBP pulldown samples from
DM2 myotubes (Fig. 9B). Coimmunoprecipitation (co-IP) studies have shown that
endogenous CNBP also interacts with �-DG in whole-cell protein extracts from normal
and DM2 human muscle biopsy specimens and that this interaction is increased in

FIG 8 CNBP is reduced in cytoplasm of myofibers from human muscle biopsy specimens from patients with
DM2. (A) IF analysis of CNBP in transverse muscle sections derived from two normal individuals (males, 45
and 50 years of age) with normal muscle histology and from two patients with DM2 (males, 43 and 44 years
of age) was performed with antibodies to CNBP (8) with the same brightness and time of exposure, allowing
quantification of the signals. Results of an IF assay with antibodies to the basement membrane protein
collagen 4A (used as a control for membrane protein) are also shown, as are results from a negative IF assay
lacking primary antibodies. Nuclear staining with DAPI (4=,6=-diamidino-2-phenylindole) is shown below
each image. Scale bars, 15 �m. (B) IF analysis of Cnbp in skeletal muscle (gastrocnemius) of 1-month-old
WT, het, and hom Cnbp KO mice with affinity-purified antipeptide antibodies to CNBP. Nuclei were stained
with DAPI. Scale bars, 10 �m.
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skeletal muscle biopsy specimens from DM2 patients (Fig. 9C and D). These findings
suggest that CNBP levels might be, at least partially, reduced in cytoplasm of DM2
muscle due to increased binding of CNBP to �-DG. Since �-DG is one of the compo-
nents of the multimeric membrane complex DAPC, containing dystrophin and glyco-
proteins, it is possible that CNBP has increased interaction with DAPC in DM2. Figure 9A
shows that several lower-molecular-mass proteins with reduced intensity relative to
�-DG were detected in MBP-CNBP pulldown samples from C2C12 myotubes and to a
lesser degree in pulldown samples from DM2 myotubes. Therefore, it is possible that,
in addition to �-DG, CNBP interacts in DM2 with other proteins, including membrane
proteins. Further studies are needed to determine whether these proteins represent
other CNBP binding protein partners.

DISCUSSION

It has been shown that the pathogeneses of both DM1 and DM2 are associated with
the disruption of RNA metabolism due to accumulation of toxic RNAs containing CUG
and CCUG repeats (5). Despite phenotypic similarities between DM1 and DM2, there are
distinct differences between these disorders, suggesting the involvement of an addi-
tional factor(s) in DM2. Our previous studies showed that the expanded CCUG repeats
cause a cascade of toxic events in DM2 pathogenesis, including the reduction of
cytoplasmic CNBP in skeletal muscle of patients with DM2 (8). These findings suggested
that some symptoms in DM2 skeletal muscle might be associated with the reduction of
CNBP.

In agreement, a previous study of adult het Cnbp KO mice showed that the
reduction of Cnbp might disrupt skeletal and cardiac muscles, mimicking DM2 pathol-
ogy (12). However, until now, the role of CNBP in DM2 has remained underappreciated
because of (i) severe underdevelopmental defects (such as defects of the forehead) in

FIG 9 CNBP interacts with �-DG. (A) Electrophoretic analysis of C2C12 and DM2 proteins eluted from MBP or CNBP-MBP
amylose. Amylose was incubated with whole-cell protein extracts from C2C12 and DM2 myotubes, with differentiation for
5 days. Eluted proteins were stained with Coomassie blue using a high-sensitivity protein detection protocol. A protein
with an approximate molecular mass of 156 kDa bound to MBP-CNBP is shown by an arrow. Further immunological studies
indicated that this protein is �-DG. (B) Western blot analysis of the pulldown samples from control resin, resin containing
MBP, and resin containing MBP-CNBP incubated with whole-cell protein extracts from DM2 myotubes with antibodies to
�-DG. The position of the immunoreactive band is shown by an arrow. (C) Endogenous CNBP binds to �-DG in human
skeletal muscle. CNBP was immunoprecipitated from protein extract of C2C12 myotubes and protein extracts from human
muscle biopsy specimens from normal control and DM2 patients with antibodies to CNBP. CNBP IPs were examined by
Western blotting assay with antibodies to �-DG. Control immunoprecipitation was performed without primary antibodies.
The IgG signal shows that equal amounts of antibodies to �-DG were added. The input signal (Western blotting) of �-DG
shows the amounts of �-DG used in immunoprecipitation. (D) Quantification of the �-DG signals in the CNBP IPs from
normal and DM2 muscle biopsy specimens (shown in panel C) as ratios to input signal. *, P � 0.05 for normal versus DM2
muscle.
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described Cnbp KO mice (19) and (ii) contradictory results on whether CNBP is truly
reduced in muscle of patients with DM2 (8, 13–17). Gross analysis of Cnbp KO mice
generated in our lab showed that although approximately half of hom Cnbp KO mice
were not born or died after birth, the other half survived. hom survivors showed a delay
of development, characterized by reduced size and weakness, but did not have obvious
gross defects. het Cnbp KO mice did not show any gross developmental defects, as
were observed in the previous study (19). Their muscle phenotype was very mild at a
young age, but they developed a severe muscle wasting at an older age (Fig. 4D and
E). They also showed grip weakness at all examined ages (Fig. 6A). Based on the analysis
of our mouse model, we conclude that the reduction of Cnbp in vivo causes mild
myopathy which is accompanied by weakness and leads to severe muscle atrophy at
old age.

A complete loss of Cnbp causes a delay of neonatal myogenesis affecting sarcomere
integrity. hom Cnbp KO survivors develop muscle atrophy at a young age. Fibers in hom
Cnbp KO muscle are also variable in size and include both large and small atrophic
fibers with centralized nuclei.

Protein analysis suggests that muscle atrophy in Cnbp KO mice may occur due to a
reduction of translation of the TOP-mRNAs, putative targets of Cnbp. Since proteins
encoded by the TOP-mRNAs regulate synthesis of muscle proteins, it is expected that
the reduction of these proteins might cause the reduction of muscle mass.

Alterations of the regulators of muscle contractile proteins TNNT3, TPM2, and
myosin regulatory light-chain 2 skeletal muscle isoform (MRLC) in Cnbp KO mice
suggest that Cnbp might control muscle mRNAs with predicted Cnbp RNA binding sites
(18). MRLC interacts with calcium ions and controls the structural integrity of myofiber.
Reduction of MRLC in Cnbp KO muscle suggests that Cnbp may play a role in muscle
contraction. TPM2 and TNNT3 are associated with the troponin complex and actin
filaments. The increase of these proteins in muscle of Cnbp KO mice might be due to
Cnbp-dependent misregulation of TPM2 and TNNT3 at the level of translation or
transcription. It also might be a compensatory response to the deletion of Cnbp.

Muscle wasting in DM1 and DM2 may occur in combination with fat accumulation.
DM2 is associated with insulin resistance and other metabolic changes. We found that
the total body fat is increased and lean mass is reduced in het Cnbp KO mice. It remains
to determine whether these changes are secondary response to the reduction of Cnbp
or whether Cnbp function is associated with the regulation of metabolism.

Besides skeletal muscle, other tissues, such as cardiac muscle and CNS tissue, are
affected in DM2. Therefore, it is critical to determine whether the Cnbp deficit in brain
and heart in our Cnbp KO mice causes alterations reminiscent of the DM2 phenotype.
We are investigating this issue, and our initial studies revealed underdevelopment of
brain and heart in postnatal hom Cnbp KO mice (data not shown). Detailed analysis of
these tissues in Cnbp KO mice of both genotypes is under way. We expect that a
reduction of Cnbp in mice contributes to at least some defects in cardiac muscle and
in the CNS.

One of the critical results of our study is that the intracellular distribution of CNBP
is altered in mature fibers from patients with DM2. This result is in agreement with a
report from R. Krahe’s lab (14). The reduction of cytoplasmic CNBP in DM2 myofibers
suggests that the cytoplasmic function of CNBP, associated with translation, is reduced
in DM2. Interestingly, the CNBP signal is increased in the membranes of DM2 fibers (Fig.
8A). Our studies showed that CNBP interacts with a peripheral subunit of the
membrane-spanning dystroglycan complex, �-DG, in DM2 muscle biopsy specimens
(Fig. 9C and D). CNBP also interacts with �-DG in normal muscle, but this interaction is
stronger in DM2 muscle (Fig. 9C and D). The dystroglycan complex is a core component
of DAPC that is critical for protection of sarcolemma from the mechanical stress during
muscle contraction. The increased binding of CNBP to �-DG in DM2 suggests that the
function of �-DG and the DAPC complex might be affected in DM2 muscle.

What is the explanation for the fact that the CNBP protein with DNA and RNA
binding activities is located on the fiber membrane? The existing knowledge demon-
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strates that ZNF proteins are multifunctional. In addition to their binding to DNA and
RNA, they function via interaction with other proteins and membrane association (23).
For instance, the zinc finger domain FYVE, first identified in proteins Fab1p, YOTB,
Vac1p, and early endosomal antigen 1 (EEA1), mediates the recruitment of proteins
associated with membrane trafficking (24, 25). Therefore, it is possible that CNBP has
several functions in skeletal muscle and in other tissues and that alteration of CNBP in
DM2 cause muscle atrophy and weakness through reduction of CNBP in cytoplasm and
through increased interactions of CNBP with membrane proteins affecting membrane
functions. Although these mechanisms need to be determined, in vivo studies of our
model of Cnbp and the previously described model show that CNBP may be considered
a therapeutic target in DM2.

MATERIALS AND METHODS
Cnbp KO mouse model. All animal experiments were approved by the IACUC at Baylor College of

Medicine (BCM) and the Cincinnati Children’s Hospital Medical Center (CCHMC). The ES clone, containing
the gene trap insertion in the first intron of the Cnbp gene, from the Texas A&M Institute for Genomic
Medicine (TIGM) (Houston, TX) was used to generate the Cnbp KO model in C57BL/6 mice in the TIGM
facility. The gene trap vector contains two viral long terminal repeats (LTR) surrounding a �geo sequence
(fused lacZ and neo), which produces a �-galactosidase reporter and provides resistance to neomycin.
The splice acceptor in the gene trap vector is located upstream of �geo, and a phosphoglycerate kinase
(PGK) promoter is located downstream of �geo. The Cnbp insertion site was confirmed by sequencing.

For genotyping, the tail genomic DNA was extracted with the Kapa Express kit. The genotyping was
performed using the following primers: 5=-CCAGGCACTTTCAGAGGAAG-3= (forward), 5=-TCTCCAGAATTG
GGTCAAGC-3= (reverse), and 5=-CCAATAAACCCTCTTGCAGTTGC-3= (downstream reverse). The PCR assay
produced two products with the sizes 250 bp and 290 bp, corresponding to the WT and mutant Cnbp
(Fig. 1B).

Grip strength analysis. The grip strength was determined as described previously (26, 27) using a
grip strength meter (Columbus Instruments) in gender- and age-matched groups of WT, het, and hom
Cnbp KO mice at 1, 3, 6, and 12 months.

Muscle histology and EM. Skeletal muscle histology was examined in gastroc and soleus of the age-
and gender-matched mice. Paraffin sections were stained with H&E in the Pathology Core facilities of
BCM and CCHMC. The average fiber area, the number of central nuclei, and the number of fibers in the
gastroc were determined from the matched WT and Cnbp KO mice using the MetaMorph (Molecular
Devices) software as described previously (26, 27). For the examination of the average fiber area, 600 to
1,300, 1,000 to 2,200, and 900 to 1,700 fibers were examined in the gastroc from 1-, 4-, and 16-month-old
WT, het, and hom Cnbp KO mice, respectively. Since the gastroc weight of hom Cnbp KO mice is reduced
relative to that of WT mice, the measurements of the average fiber area in WT and hom muscles were
corrected to the muscle weight.

The average number of central nuclei was determined by counting central nuclei in the matched
gastroc in random areas at a magnification of �20 in gender (male)- and age-matched WT and hom Cnbp
KO mice.

The total number of fibers in the matched gastrocs of WT and hom mice was determined by counting
fibers in random locations of similar muscle areas at a magnification of �20. The counts of the fiber
number in WT and hom mice were corrected to adjust to the reduction of gastroc weight in hom mice
relative to WT mice.

For the EM analysis, the entire fresh hind limbs of 1-day-old WT and hom Cnbp KO mice were
sequentially fixed in 4% formaldehyde and in 3% glutaraldehyde supplemented with 0.4% tannic acid
and analyzed in the Pathology Core of CCHMC as described previously (26). Fixed muscle samples were
postfixed in 1% osmium tetroxide for 1 h at 4°C, counterstained with 1% uranyl acetate for 2 h, and
infused with epoxy resin. The quality of muscle sections was verified by light microscopy after staining
with 1% toluidine blue O. Ultrathin sections (50 to 70 nm) were stained with uranyl acetate and Sato lead
stain and analyzed using a Hitachi transmission electron microscope (model H-7650). The number of
myofibrils was counted in 49 images in WT muscle and in 82 images in hom Cnbp KO muscle at a
magnification of �30,000. The numbers of the analyzed sarcomeres were 286 (WT muscle) and 233 (Cnbp
KO muscle).

The integrity of the I bands was analyzed in 286 sarcomeres in WT muscle and in 233 sarcomeres in
hom Cnbp KO muscle. To determine the percentage of intact I bands, the number of all counted I bands,
including intact and disrupted I bands in each muscle, was set at 100%.

Immunoanalysis. Mouse skeletal or cardiac muscle samples were homogenized in radioimmuno-
precipitation assay (RIPA) buffer. Western blot analysis was performed as described previously (8) using
antibodies to RPS17, PABPC1, TNNT3, TPM2, and �-DG from Santa Cruz Biotechnologies, actin (Sigma-
Aldrich), affinity-purified antibodies to CNBP (8), or goat antibodies to CNBP from Abcam. IF analysis of
human muscle sections was performed with affinity-purified rabbit Abs to CNBP (8) and with goat
anti-CNBP from Abcam according to the manufacturer’s protocol. An IF assay lacking primary Abs was
used as a negative control. As a control for membrane staining, IF with antibodies to collagen 4A (Abcam)
was used. The images of human muscle sections from three healthy control persons with normal
histopathology and four patients with DM2 were analyzed using a Nikon microscope with the same time
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of exposure and the same brightness. CNBP and �-DG co-IP experiments were performed using total
protein extracts from human muscle biopsy specimens as described previously (26). The use of human
muscle samples was according to the Human Subjects Protocol, approved by the Institutional Review
Board at Baylor College of Medicine. The use of human samples without direct interactions with patients
is considered not to be human subject research at CCHMC and did not require a human subject protocol.

2D gel separation and mass spectroscopy analysis. Total muscle proteins extracted from soleus of
3-month-old WT and hom Cnbp KO mice (males, three mice per genotype) were labeled with fluorescent
dyes at Applied Biomics (Hayward, CA). Proteins were separated by isoelectrofocusing and SDS-gel
electrophoresis. Three pair of gels containing proteins from WT and Cnbp KO muscles were scanned
using a Typhoon scanner, and the intensities of the spots were compared for each pair of WT and Cnbp
KO muscles. As an internal standard, a mix of equal portions of all 6 protein samples was labeled with
Cy2 and separated by 2D gel electrophoresis. Approximately 3,300 spots were identified on each gel. The
volume of each spot was determined, and the standard deviations based on three repeats were deduced.
The numbers of spots with increased and reduced levels in Cnbp KO muscle were determined. A total of
79 spots with altered expression were identified. The P values were calculated based on the ratios
between signals in WT and Cnbp KO muscle using three pairs of gels. Fifty-eight spots showed P values
of �0.05. Fourteen protein spots, including 10 well-separated spots from Cnbp KO muscle and four
positive-control spots (�-galactosidase), were subjected to initial mass spectroscopy. These protein spots
were gel cleaned and digested with trypsin, and peptides were extracted. After desalting, the peptides
were subjected to tandem matrix-assisted laser desorption ionization–time of flight (MALDI-TOF/TOF)
analysis. The identified sequences were analyzed using the NCBI or Swiss-Prot database. Twelve proteins,
including four positive controls, showed high protein scores, suggesting high confidence for the results.
The protein spot for cofilin 2 showed a low score (54%). The spot for Hsp70 showed possible contam-
inations for annexin A6 and myosin 4, and the spot for microphthalmia-associated transcription factor
(MITF) showed possible contaminations with fragments of other large proteins.

CNBP protein interaction. A recombinant human CNBP fused in frame with maltose binding protein
(MBP-CNBP) was attached to amylose resin. Total protein extracts was prepared from C2C12 and human
DM2 myotubes grown for 5 days in fusion medium as previously described (27). Two hundred to 300 �g
of protein extracts was loaded on the amylose column bound with MBP or MBP-CNBP. The column was
intensively washed with the loading buffer, and bound proteins were eluted with 10 mM maltose. Eluted
proteins were analyzed by polyacrylamide gel electrophoresis and subjected to high-sensitivity staining
with Coomassie blue (28).

Statistical analysis. Protein signals in the Western blot assay were determined by scanning densi-
tometry relative to control protein (�-actin), and mean data based on three repeats are presented.
Statistical analysis was performed using a two-tailed Student t test. Comparison between three groups
of mice was performed by analysis of variance (ANOVA). A P value of �0.05 was considered statistically
significant. The ratio of expected and observed results for WT, het, and hom mice was examined by
Fisher’s exact test.
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