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icroRNAs (miRNAs) are functional small noncoding RNAs
21 to 23 nucleotides in length. miRNAs bind to 3= untranslated regions (UTRs) of target mRNAs, leading to either mRNA
degradation or translational inhibition. The functions of miRNAs
influence biological phenomena and diseases such as development (1, 2), cell proliferation (3), differentiation (4), apoptosis
(5), as well as tumorigenesis (6, 7).
The biogenesis of miRNAs involves several steps (8). First,
miRNA genes are transcribed as primary miRNAs (pri-miRNAs)
by RNA polymerase II (9). Subsequently, these pri-miRNAs are
processed into precursor miRNAs (pre-miRNAs) by a microprocessor complex composed of Drosha and DGCR8 (10–14). Thereafter, the pre-miRNAs are transported from the nucleus to the
cytoplasm (15–17) and processed into mature miRNA duplexes
by the Dicer complex (18–20). The functional strand of the duplex
(mature miRNA) is loaded into the RNA-induced silencing complex (RISC) (21–23). As part of the RISC, miRNA binds to target
mRNAs and induces their translational inhibition or degradation
(20, 22–24). Recently, it was reported that some RNA-binding
proteins negatively regulate miRNA biogenesis. For example,
Lin28A/B (25), the Musashi homolog 2/Hu antigen R complex
(26), and the nuclear factor 90 (NF90; also referred to as interleukin enhancer binding factor 3 [ILF3], NFAR1, or DRBP76)-nuclear factor 45 (NF45) complex (27) suppress miRNA processing
through binding to pri- or pre-miRNAs.
NF90 contains a functional nuclear localization signal, two
double-stranded RNA (dsRNA)-binding motifs, a zinc finger nucleic acid-binding domain, and a glutamic acid-rich region. NF90
forms a complex with NF45, which carries out biological functions. We previously showed that the NF90-NF45 complex suppresses pri-miRNA cleavage and mature miRNA production
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through binding to pri-miRNAs in HEK293T cells (27). In addition, it has been reported that NF90 or the NF90-NF45 complex is
involved in mRNA stabilization (28), translational repression (29,
30), replication of viral RNA (31), and transcription (32, 33) in
vitro. However, the physiological functions of NF90 and/or NF45
remain largely unknown because NF90 or NF45 knockout (KO)
mice exhibit perinatal lethality due to respiratory failure or embryonic lethality (32, 34). We have found that the overexpression
of NF90 evokes heart failure and skeletal muscle atrophy through
the repression of transcription factors, such as peroxisome proliferator-activated receptor ␥ coactivator 1 and nuclear respiratory
factor 1, to regulate nuclear genes relevant to mitochondrial function in vivo (35). In contrast, the biological functions of the NF90NF45 complex are uncertain in vivo. To address this issue, we
generated and studied NF90-NF45 double-transgenic (dbTg)
mice to uncover the functions of the NF90-NF45 complex in vivo.
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MicroRNAs (miRNAs) are involved in the progression and suppression of various diseases through translational inhibition of target
mRNAs. Therefore, the alteration of miRNA biogenesis induces several diseases. The nuclear factor 90 (NF90)-NF45 complex is known
as a negative regulator in miRNA biogenesis. Here, we showed that NF90-NF45 double-transgenic (dbTg) mice develop skeletal muscle
atrophy and centronuclear muscle fibers in adulthood. Subsequently, we found that the levels of myogenic miRNAs, including
miRNA 133a (miR-133a), which promote muscle maturation, were significantly decreased in the skeletal muscle of NF90-NF45
dbTg mice compared with those in wild-type mice. However, levels of primary transcripts of the miRNAs (pri-miRNAs) were
clearly elevated in NF90-NF45 dbTg mice. This result indicated that the NF90-NF45 complex suppressed miRNA production
through inhibition of pri-miRNA processing. This finding was supported by the fact that processing of pri-miRNA 133a-1 (primiR-133a-1) was inhibited via binding of NF90-NF45 to the pri-miRNA. Finally, the level of dynamin 2, a causative gene of centronuclear myopathy and concomitantly a target of miR-133a, was elevated in the skeletal muscle of NF90-NF45 dbTg mice.
Taken together, we conclude that the NF90-NF45 complex induces centronuclear myopathy through increased dynamin 2 expression by an NF90-NF45-induced reduction of miR-133a expression in vivo.
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FIG 1 NF90-NF45 dbTg mice exhibit atrophy of skeletal muscle. (A) Transgene constructs of NF90 and NF45 used to generate dbTg mice. (B) Representative

photographs of WT and dbTg1 mice at 15 weeks of age. (C) Growth curves of WT (n ⫽ 7), dbTg1 (n ⫽ 7), and dbTg2 (n ⫽ 3) mice (male) and those of WT and
dbTg1 mice (female) (n ⫽ 7) at 7 to 13 weeks of age. Data are expressed as means ⫾ standard deviations. *, P ⬍ 0.01 compared to the WT, determined by
two-tailed Student’s t test. (D) Western blot analysis of the levels of NF90 and NF45 in skeletal muscles of WT, dbTg1, and dbTg2 mice at 15 weeks of age. GAPDH
was used as a loading control. (E) Visual observation of hindlimbs from WT and dbTg1 mice at 15 weeks of age. (F) Axial computed tomography images of the
center of distal hindlimbs in WT and dbTg1 mice at 14 weeks of age. (G) X-ray computed tomographic analysis of the muscle masses of right and left hindlimbs
in WT and dbTg1 mice at 14 weeks of age. Data are expressed as means ⫾ standard deviations (n ⫽ 4). **, P ⬍ 0.01 compared to the WT, determined by two-tailed
Student’s t test.

Here, we found that NF90-NF45 dbTg mice showed a decrease in
muscular mass and that their skeletal muscles exhibited centronuclear muscle fibers. Moreover, the level of dynamin 2 (Dnm2),
which is a known causative agent in centronuclear myopathy
(CNM), was elevated in the skeletal muscle of NF90-NF45 dbTg
mice, whereas the level of microRNA 133a (miR-133a), which
translationally represses Dnm2 expression, was reduced in the
same skeletal muscle. These observations revealed that the overexpression of NF90-NF45 leads to the development of centronuclear myopathy through an increase in the Dnm2 level caused by a
downregulation of mature miR-133a.
MATERIALS AND METHODS
Generation of NF90-NF45 dbTg mice and genotyping. NF90 transgenic
(Tg) mice were generated as described previously (35). To generate NF45
Tg mice, mouse NF45 (mNF45) cDNA was amplified from the DC2.4
mouse dendritic cell line by reverse transcription-PCR (RT-PCR). The
cDNA fragment was subcloned into the XhoI site of the pCAGGS vector
provided by Jun-ichi Miyazaki, Osaka University (Osaka, Japan) (36).
After digestion with SalI and HindIII, the fragment carrying the cytomegalovirus immediate early (CMV-IE) enhancer, the chicken ␤-actin promoter, mNF45 cDNA, and rabbit ␤-globin poly(A) was used for micro-
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injection into fertilized eggs recovered from C57BL/6CrSlc females
crossed with C57BL/6CrSlc males. NF90-NF45 dbTg mice were obtained
by crossing NF90 Tg mice with NF45 Tg mice. Tg mice were identified by
PCR analysis of genomic tail DNA using primers specific for mouse NF90
and NF45 cDNAs. All animal experiments were approved by the Division
of Laboratory Animal Science, Science Research Center, Kochi University.
Western blot analysis. Western blot analysis was performed as described previously (37).
Antibodies. An anti-mouse NF90 antibody was produced as described
previously (35). An anti-mouse NF45 antibody was produced by immunizing New Zealand White rabbits with a full-length recombinant Hismouse NF45 protein as described previously (38). Other antibodies used
were anti-glyceraldehyde-3-phosphate dehydrogenase (anti-GAPDH)
(Cell Signaling Technology, MA), anti-ILF3 (GeneTex, USA), and antiDnm2 (Abcam, United Kingdom).
X-ray computed tomographic analysis. The muscle mass of the
hindlimb was measured by Latheta X-ray computed tomography (Hitachi
Aloca Medical, Ltd., Japan) according to the manufacturer’s protocol.
Histological analysis. The quadriceps of wild-type (WT) and NF90NF45 dbTg mice was fixed with 10% phosphate-buffered formalin and
embedded in paraffin. Sections were stained with hematoxylin and eosin
(H&E) and observed under a light microscope. Cross-sectional areas of
myofibers were measured by using ImageJ software. More than 60 fibers
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FIG 2 Skeletal muscles of NF90-NF45 dbTg mice contain immature muscle fibers. (A) H&E staining of the cross-sectional area of quadriceps from WT and
dbTg1 mice at 15 weeks of age. Bars, 50 m. (B and C) Sizes of cross-sectional areas of quadriceps muscle fibers in WT and dbTg1 mice at 15 weeks of age were
determined by using the ImageJ program. Sixty quadriceps fibers from each mouse were examined. The distribution of the cross-sectional areas (B) and the mean
sizes of cross-sectional areas (C) are shown. Data shown in panels B and C are expressed as means ⫾ standard deviations (n ⫽ 3). *, P ⬍ 0.05 compared to the
WT, determined by two-tailed Student’s t test. (D) Transmission electron microscopic analysis of quadriceps from dbTg1 mice at 15 weeks of age. Bars, 10 m.
(E) Number of centronuclear quadriceps fibers from WT and dbTg1 mice at 15 weeks of age. One hundred quadriceps fibers from each mouse were examined.
Data are expressed as means ⫾ standard deviations (n ⫽ 3). **, P ⬍ 0.01 compared to the WT, determined by two-tailed Student’s t test. (F) Quantitative RT-PCR
analysis of the expression levels of myogenic markers (MyoD, myogenin, and p21), NF90, and NF45 in quadriceps of WT and dbTg1 mice. Hypoxanthine
phosphoribosyltransferase was used as an internal control. Data are expressed as means ⫾ standard deviations (n ⫽ 4 to 5). **, P ⬍ 0.01 compared to the WT,
determined by two-tailed Student’s t test; n.s., not significant.

were examined per section. To calculate the percentage of myofibers with
centralized nuclei in WT and NF90-NF45 dbTg mice, we counted 100
fibers.
qRT-PCR. Total RNA was isolated from the quadriceps of WT and
NF90-NF45 dbTg mice by using TRIzol (Invitrogen, USA). Genomic
DNA was removed by DNase-free treatment (Ambion, USA). cDNA was
synthesized by using SuperScript III reverse transcriptase (Invitrogen,
USA) and random hexamer primers according to the manufacturer’s protocol. PCR was performed as described previously (35). Quantitative RTPCR (qRT-PCR) for the detection of mature miRNAs was performed by
using a TaqMan microRNA assay kit (Applied Biosystems, USA) according to the manufacturer’s protocol. snoRNA202 was used as an internal
control to normalize the RNA input.
Transmission electron microscopic analysis. The hindlimbs of WT
and NF90-NF45 dbTg mice were fixed with 2.5% glutaraldehyde in 0.1 M
phosphate buffer (pH 7.3) for 2 h at 4°C. The tissues were then postfixed
with 1% osmium tetroxide (or osmic acid) in 0.1 M phosphate buffer (pH
7.3) for 1 h at 4°C. After dehydration, the specimens were transferred to
propylene oxide, embedded in Epon 812 (TAAB Laboratories Equipment,
Reading, United Kingdom), and observed under an H-7100 electron microscope (Hitachi, Japan).
Cell culture and transfection. Mouse myoblast C2C12 cells were
maintained in Dulbecco’s modified Eagle’s medium supplemented with
10% fetal calf serum. For expression of mouse NF90 and NF45 proteins, a
mouse NF90 cDNA fragment was subcloned into the XhoI site of the
pEB-Multi vector (Wako, Japan), and a human NF45 cDNA fragment was
inserted into the XhoI and KpnI sites of the pEB-Multi vector. The pEBMulti-NF90 and -NF45 plasmids or the pEB-Multi control plasmid was
transfected into C2C12 cells by using Lipofectamine LTX Plus reagent
(Invitrogen) according to the manufacturer’s instructions.
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In vitro pri-miRNA processing assay. An in vitro pri-miRNA processing assay was performed as described previously (27). Briefly, pri-miR133a-1 and pri-miR-206 were amplified from cDNA prepared from the
skeletal muscle of C57BL/6CrSlc mice by PCR with specific primers. The
PCR products were subcloned into the pGEM-T-easy vector (Promega,
WI, USA). The construction of a pGEM-T-easy-pri-miR-21 plasmid was
described previously (27). The plasmids were linearized with SpeI and
used for in vitro transcription to prepare a 32P-radiolabeled RNA probe.
Whole-cell lysates (WCLs) were prepared from C2C12 cells, which were
transfected with expression plasmids, by sonication in lysis buffer (20 mM
HEPES-KOH [pH 8.0], 100 mM KCl, 0.2 mM EDTA, 5% glycerol, 0.5
mM dithiothreitol, and 0.2 mM phenylmethylsulfonyl fluoride), followed
by centrifugation. Each 30-l reaction mixture contained ⬃25,000 cpm
radiolabeled pri-miRNA probe, WCL from C2C12 cells, 1 U RNaseOUT
(Invitrogen), and 6.4 mM MgCl2 in reaction buffer (20 mM HEPES-KOH
[pH 8.0], 100 mM KCl, 0.2 mM EDTA, and 5% glycerol). After incubation
of the mixture at 37°C within 90 min, processed RNA was purified by
phenol-chloroform extraction and ethanol precipitation. The purified
RNA probes were loaded onto a 12% denaturing polyacrylamide gel, and
the intensities of the produced mature miRNAs were measured by using
the BAS-2500 imaging system (Fuji Film, Japan).
EMSA. An electrophoretic mobility shift assay (EMSA) was performed
with a 20-l reaction mixture containing 50 mM Tris-HCl (pH 7.6), 100
mM NaCl, 5% glycerol, 2 mM MgCl2, 0.2% bovine serum albumin, 20 U
RNaseOUT (Invitrogen), 1 g Saccharomyces cerevisiae tRNA, and 25,000
cpm labeled RNA probe. The mixture was incubated at room temperature
for 15 min and then electrophoresed on a 4% or 5% polyacrylamide gel
containing 10% glycerol in 0.5⫻ Tris-borate-EDTA. For supershift assays,
recombinant proteins were preincubated with 0.5 or 1.0 g, or 0.5 l or
1.0 l, of antibodies at room temperature for 15 min, followed by the
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FIG 3 NF90 Tg mice do not display an accumulation of centronuclear myofibers. (A) H&E staining of the cross-sectional area of quadriceps from WT and NF90

Tg mice at 15 weeks of age. Bars, 50 m. (B) Numbers of centronuclear quadriceps fibers in WT and NF90Tg mice at 15 weeks of age. One hundred quadriceps
fibers from each mouse were examined. Data are expressed as means ⫾ standard deviations (n ⫽ 3). Statistical significance was calculated by using two-tailed
Student’s t test. n.s., not significant. (C) Myogenin and p21 expression levels in the skeletal muscle of WT and NF90 Tg mice at 14 to 21 weeks of age were
measured by qRT-PCR. Hypoxanthine phosphoribosyltransferase was used as an internal control. Data are expressed as means ⫾ standard deviations (n ⫽ 4 to
6). Statistical significance was calculated by using two-tailed Student’s t test. **, P ⬍ 0.01 compared to the WT.

addition of the labeled probe. Images were captured and the intensities of
specific bands were measured by using the BAS-2500 imaging system.
Immunohistochemistry. Immunohistochemistry was performed as
described previously (35). The following antibodies were used: antimouse NF90 (3.6 ng/l), anti-NF45 (3.6 ng/l), anti-Dmn2 (2 ng/l),
and normal rabbit IgG (3.6 or 2 ng/l).
Sequences of the PCR primers are available upon request.
miRNA microarray. Total RNA was isolated from the quadriceps of
WT and NF90-NF45 dbTg mice and labeled with Cy3 using an miRNA
Complete labeling reagent and hybridization kit (Agilent Technologies)
according to the manufacturer’s instructions. The labeled RNA was hybridized on a SurePrint G3 mouse miRNA array kit (8⫻60K, release 16.0;
Agilent Technologies). The array was scanned using a microarray scanner
(Agilent Technologies) to measure the intensities of the microarray spots.
The intensities of the spots were normalized by GeneSpring GX.
Whole-genome expression microarray. Total RNA was isolated from
the quadriceps of WT and NF90-NF45 dbTg mice. Single-stranded cDNA
was generated from the amplified cRNA with the whole-transcriptome
amplification kit module 1 (Affymetrix) and labeled biotin using the
whole-transcriptome terminal labeling kit (Affymetrix). Following fragmentation, single-stranded cDNA was hybridized for 20 h at 48°C with a
MoGene2.1ST array strip (Affymetrix) and a GeneChip expression 3= amplification reagent hybridization control kit (Affymetrix). The array was
scanned using an imaging station (Affymetrix) according to the manufacturer’s protocol. Arrays were summarized and normalized with Expression Console using RMA-sketch.
Microarray data accession numbers. All miRNA microarray data
have been deposited in the Gene Expression Omnibus (GEO) database
under accession no. GSE61001. All whole-genome expression microarray
data have been deposited in the GEO database under accession no.
GSE67591.
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RESULTS

The NF90-NF45 complex causes atrophy of skeletal muscle. The
complex of NF90 and NF45 is known to participate in viral RNA
replication (31), transcription (32, 33), and miRNA biogenesis
(27) in vitro. However, the physiological function of the NF90NF45 complex is still unclear. To elucidate its functions, we generated NF90 Tg mice (35) and NF45 Tg mice. NF90-NF45 dbTg
mice were obtained by crossing NF90 Tg mice with NF45 Tg mice,
resulting in the establishment of two transgenic lines (dbTg1 and
dbTg2). NF90 and NF45 transgene constructs were under the control of the chicken ␤-actin promoter and the cytomegalovirus
(CMV) enhancer (Fig. 1A). Both lines of NF90-NF45 dbTg mice
exhibited reductions in body size and weight compared to those of
WT mice (Fig. 1B and C). To examine mRNA expression of NF90
and NF45 in various tissues of dbTg1 and dbTg2 mice, we performed semiquantitative RT-PCR analysis. Robust expression of
NF90 and NF45 was detected in the eyes, heart, lung, and skeletal
muscle of the two NF90-NF45 dbTg lines compared with that in
WT mice (data not shown). Western blot analysis corroborated
the dramatic elevation of NF90 and NF45 protein levels in the
skeletal muscle of the two NF90-NF45 dbTg lines (Fig. 1D).
Thereafter, we focused on the influence of NF90 and NF45 overexpression on the formation of skeletal muscle. NF90-NF45 dbTg
mice showed a reduction of skeletal muscle by visual observation
(Fig. 1E). In addition, we carried out X-ray computed tomography of the skeletal muscle of WT and NF90-NF45 dbTg mice.
Gastrocnemius muscle volumes of the left and right hindlimbs of
NF90-NF45 dbTg mice were significantly decreased compared to
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ment of centronuclear myopathy in NF90-NF45 dbTg mice.
However, a previous report indicated that overexpression of myogenin leads to histologically normal muscular tissues in vivo (45).
Therefore, it is thought that other factors besides myogenin cause
skeletal muscle atrophy accompanying centronuclear muscle fibers in NF90-NF45 dbTg mice.
Next, we performed H&E staining of the skeletal muscles in
WT and NF90-NF45 dbTg mice at 3 and 6 weeks of age. At 3 weeks
of age, the skeletal muscle of NF90-NF45 dbTg mice did not give
rise to centronuclear muscle fibers (Fig. 4A, top, and B). On the
other hand, more nuclei seem to be present in the section from the
skeletal muscle of NF90-NF45 dbTg mice than in that of WT mice
(Fig. 4A, top). Therefore, we counted the number of nuclei in 100
skeletal muscle fibers of WT and NF90-NF45 dbTg mice at 3
weeks of age. In consequence, there was no difference in the numbers of nuclei per muscle fiber between WT and NF90-NF45 dbTg
mice (Fig. 4C). Furthermore, the muscle fiber sizes of NF90-NF45
dbTg mice at 3 weeks of age were smaller than those of WT mice
(Fig. 4D). Therefore, these results suggest that the larger number
of nuclei present in the section from NF90-NF45 dbTg mice
shown in Fig. 4A is caused by skeletal muscle fiber atrophy of
NF90-NF45 dbTg mice. In contrast to the skeletal muscle of
NF90-NF45 dbTg mice at 3 weeks of age, centronuclear muscle
fibers were observed in the skeletal muscle of dbTg mice at 6 weeks
of age (Fig. 4A, bottom, and B). We also measured the expressions
of NF90 and NF45 in the skeletal muscle of WT and NF90-NF45
dbTg mice at 3 and 6 weeks of age by immunohistochemistry.
Intriguingly, overexpression of NF90 and NF45 was observed in
NF90-NF45 dbTg mice after 3 weeks of age (Fig. 4E). Collectively,
these results indicated that the occurrence of centronuclear muscle fibers followed the overexpression of NF90 and NF45.
Myogenic miRNAs are attenuated in the skeletal muscle of
NF90-NF45 dbTg mice. In our previous study, we found that the
NF90-NF45 complex functions as a negative regulator of miRNA
biogenesis through inhibition of pri-miRNA processing (27). To
examine alterations of miRNA expression in the skeletal muscle of
NF90-NF45 dbTg mice, we performed comprehensive analyses of
miRNA expression in the quadriceps of WT and NF90-NF45
dbTg mice. Compared with WT mice, microarray analysis demonstrated that the expression levels of 23 miRNAs were decreased
by ⬍0.5-fold in the quadriceps of NF90-NF45 dbTg mice
(Table 1). Among the 23 miRNAs, we focused on miR-133a, miR133b, miR-1, miR-378, and miR-206 because these miRNAs are
reported to promote muscular maturation (46–48) and are referred to as myogenic miRNAs. qRT-PCR analysis showed that the
levels of all of the examined myogenic miRNAs besides miR-206
were significantly decreased in the skeletal muscle of NF90-NF45
dbTg mice compared to those of WT mice (Fig. 5A). Unexpectedly, the expression level of miR-206 was dramatically elevated in
the skeletal muscle of NF90-NF45 dbTg mice (Fig. 5C). To address
the cause of the alteration in the levels of these miRNAs, we measured the levels of the corresponding pri-miRNAs in the skeletal
muscles of WT and NF90-NF45 dbTg mice. The levels of all the
pri-miRNAs examined were significantly increased in the skeletal
muscle of NF90-NF45 dbTg mice compared to those of WT mice
(Fig. 5B and D). Previously, we found that the binding of NF90NF45 to pri-miRNAs impairs access of the microprocessor complex to the pri-miRNAs, resulting in a reduction of pre-miRNA
and mature miRNA production (27). Therefore, these results
together with those findings (27) raise the possibility that the
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those of WT mice (Fig. 1F and G). These results showed that
NF90-NF45 dbTg mice exhibited skeletal muscle atrophy.
Skeletal muscles of NF90-NF45 dbTg mice contain immature
muscle fibers. To address the cause of the reduction of skeletal
muscle in NF90-NF45 dbTg mice, we performed histological analysis by H&E staining of the quadriceps in WT and NF90-NF45
dbTg mice at 15 weeks of age (Fig. 2A). The muscle fiber sizes of
NF90-NF45 dbTg mice were obviously smaller than those of WT
mice (Fig. 2B and C). Interestingly, we found that the nuclei were
localized to the center of muscle fibers in NF90-NF45 dbTg mice
(Fig. 2A). Transmission electron microscopic analysis also
showed centronuclear muscle fibers in the skeletal muscle of
NF90-NF45 dbTg mice (Fig. 2D). At 15 weeks of age, centronuclear muscle fibers were present in nearly 50% of the skeletal muscle fibers in NF90-NF45 dbTg mice (Fig. 2E) but were absent in
the skeletal muscle of WT mice (Fig. 2E). Centronuclear muscle
fibers are known as immature fibers (39). Myogenic markers such
as MyoD, myogenin, and p21 are expressed in skeletal muscle at
different developmental stages. Expression of MyoD is found in
muscular tissues differentiated from myoblasts to myocytes, while
myogenin and p21 are expressed during myogenesis from myocytes to myotubes (40–42). The levels of these markers are diminished in accordance with muscular maturation toward myofibers
(43, 44). To examine the degree of skeletal muscle maturation in
NF90-NF45 dbTg mice, we measured the mRNA expression of
myogenic markers in the skeletal muscles of WT and NF90-NF45
dbTg mice by qRT-PCR. As expected, extremely high expression
levels of NF90 and NF45 were observed in the skeletal muscle of
NF90-NF45 dbTg mice (Fig. 2F). Notably, the expression levels of
myogenin and p21 in NF90-NF45 dbTg mice were significantly
higher than those in WT mice, while MyoD expression was unchanged (Fig. 2F). As mentioned above, the levels of these myogenic markers are largely decreased according to differentiation
from myotubes to muscular maturation toward myofibers. Thus,
these results supported the notion that the muscle maturation
process was prevented by the overexpression of NF90 and NF45 in
the skeletal muscle of NF90-NF45 dbTg mice at 15 weeks of age
because the high levels of myogenin and p21 are maintained in the
skeletal muscle of NF90-NF45 dbTg mice at the same age (Fig. 2F).
NF90 is known to regulate the expression of myogenic regulatory
factors, including MyoD, myogenin, and p21, at the mRNA
and/or protein level (34). Therefore, it raises the possibility that
high levels of myogenin and/or p21 directly cause the development of centronuclear myopathy in NF90-NF45 dbTg mice. On
the other hand, we previously reported that NF90-alone Tg mice
also developed skeletal muscle atrophy (35). However, muscular
atrophy is accompanied by mitochondrial degeneration (35) but
not by centralized nuclei (Fig. 3A and B). We also measured the
expression levels of myogenin and p21 in the skeletal muscle of
NF90 Tg mice. In consequence, the level of p21 alone was clearly
elevated in NF90 Tg mice compared with that in WT mice (Fig.
3C), whereas there was no significantly difference in the expression levels of myogenin between WT and NF90 Tg mice, unlike
between WT and NF90-NF45 dbTg mice (compare Fig. 2F and
3C). These results indicate that centronuclear myopathy caused
by the overexpression of NF90-NF45 is accompanied by high levels of myogenin and p21, whereas NF90-alone-induced muscular
atrophy bearing mitochondrial degeneration but not with centralized nuclei is related to the high expression level of p21 alone,
suggesting that myogenin may directly participate in the develop-
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reductions of miR-133a, miR-133b, miR-1, and miR-378 levels
in the skeletal muscle of NF90-NF45 dbTg mice are due to a
suppression of pri-miRNA processing by the overexpression of
NF90 and NF45 through the association of these proteins with
the pri-miRNAs. On the other hand, it was thought that the processing of pri-miR-206 would be unaffected by NF90-NF45-induced repression of pri-miRNA processing, probably because
NF90-NF45 exhibits lower binding activity for pri-miR-206 than
for other myogenic pri-miRNAs.
The NF90-NF45 complex suppresses the processing of primiR-133a. It has been reported that depletion of miR-133, the
expression of which was significantly reduced in NF90-NF45
dbTg mice (Fig. 5A), evokes centronuclear myopathy in vivo (49).
As shown in Fig. 2A to E, overexpression of NF90-NF45 induced
skeletal muscle atrophy accompanied by centronuclear muscle fibers. These findings suggest that the miR-133 pathway regulated
by NF90-NF45 causes muscular atrophy with centralized nuclei in
the skeletal muscle of NF90-NF45 dbTg mice. Accordingly, we
focused on the regulation of miR-133 biogenesis by the NF90NF45 complex. To clarify whether the NF90-NF45 complex participates in the processing of pri-miR-133, we performed an in
vitro pri-miRNA processing assay. We prepared whole-cell lysates
of murine C2C12 cells transfected with expression plasmids for
NF90 and/or NF45 (Fig. 6A). A radiolabeled pri-miR-133a-1
probe was incubated with the cell lysates, and the processed RNA
was then purified by phenol-chloroform extraction and ethanol
precipitation. The processed RNA probes were loaded onto a denaturing gel and visualized by autoradiography. Compared with
the mock-transfected control, the generation of mature miR-133a
was partially inhibited by the overexpression of NF90 alone
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(Fig. 6B, lanes 2 and 3). On the other hand, cleavage of pri-miR133a-1 was not affected by elevated levels of NF45 alone (Fig. 6B,
lanes 2 and 4). Notably, the levels of mature miR-133a were remarkably decreased by the overexpression of both NF90 and NF45
(Fig. 6B, right, lanes 2 and 5). Furthermore, we performed a time
course experiment on the processing assay to validate the results
shown in Fig. 6B. The almost all-radiolabeled pri-miRNA probe
was processed to pre-miRNA and mature miRNA after a ⬎30min reaction time in the processing assay using the lysates from
the mock-transfected control (Fig. 6C, lane 4), whereas the overexpression of NF90-NF45 caused the residue of the pri-miRNA
probe at the 30-min reaction time in the processing assay (Fig. 6C,
lane 5), confirming that the overexpression of NF90-NF45 depresses the processing of pri-miRNA to mature miRNA in skeletal
muscle tissue. Subsequently, to examine whether the NF90-NF45
complex binds to pri-miR-133a-1, we prepared recombinant murine NF90 and NF45 fusion proteins in Escherichia coli and applied
these proteins to an electrophoretic mobility shift assay (EMSA)
with the pri-miR-133a-1 probe. The EMSA probed with pri-miR133a-1 clearly showed that NF90-NF45 was bound to pri-miR133a-1 in vitro (Fig. 6D, arrow, compare lane 1 to lanes 2 and 3).
On the other hand, the binding activity of NF90 alone was weaker
than that of NF90-NF45 (Fig. 6D, arrow and asterisk, compare
lanes 2 and 3 to lane 5). NF45 alone did not exhibit binding to
pri-miR-133a-1 (Fig. 6D, lane 4). To confirm whether the major
band indicated by the arrow in Fig. 6D was due to the NF90-NF45
complex binding to pri-miRNA, we carried out a supershift assay
using polyclonal anti-NF90 and -NF45 antibodies. The major protein-RNA complex indicated by the bottom arrow was supershifted by the anti-NF90 antibody (Fig. 6E, top arrow, compare
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TABLE 1 Downregulated miRNAs (⬍0.5-fold change) in skeletal muscles of a dbTg1 mouse (n ⫽ 1) compared with those in a WT mouse (n ⫽ 1)
miRNAb

Fold change

Tissue distribution

Target(s) in skeletal musclea

mmu-miR-29c*

0.21

Unclear

Unclear

mmu-miR-193
mmu-miR-193b

0.28
0.37

Brown adipose tissue

Cdon, Igfbp5

58

mmu-miR-378

0.32

Muscle

MyoR, IGF1R

47, 59

mmu-miR-29c

0.32

Ubiquitous

YY1

60, 61

mmu-miR-3107

0.32

Unclear

Unclear

mmu-miR-185

0.33

Unclear

Unclear

mmu-miR-365

0.33

Brown adipose tissue

Unclear

mmu-miR-136

0.40

Unclear

Unclear

mmu-miR-30a*

0.42

Unclear

Unclear

mmu-miR-133a*

0.42

Unclear

Unclear

mmu-miR-133a
mmu-miR-133b

0.43
0.47

Muscle

SRF, nPTB, UCP2

mmu-miR-196a

0.44

Unclear

Unclear

mmu-miR-30a
mmu-miR-30c

0.44
0.45

Ubiquitous

Snai1

mmu-miR-345-5p

0.45

Unclear

Unclear

mmu-miR-30e*

0.46

Unclear

Unclear

mmu-miR-151-5p

0.47

Unclear

PLM

mmu-miR-101b

0.48

Unclear

Unclear

mmu-miR-378*

0.48

Unclear

Unclear

mmu-miR-1

0.49

Muscle

HDAC4, Cx43, Pax7, c-Met, G6PD

mmu-miR-361

0.49

Unclear

Unclear

Reference(s)

58

64–66

67

46, 52,
68–70

a

IGF1R, insulin-like growth factor 1 receptor; SRF, serum response factor; HDAC4, histone deacetylase 4; G6PD, glucose-6-phosphate dehydrogenase.
b
Asterisks indicate the antisense form of miRNA.

lane 2 to lanes 3 and 4), while the addition of the anti-NF45 antibody resulted in the absence of the major band (Fig. 6E, compare
lane 2 to lanes 5 and 6), indicating that the major band is the
complex of NF90-NF45 and pri-miRNA. We also performed an
EMSA with pri-miR-133a-1 or pre-miR-133a-1 to examine
whether the NF90-NF45 complex discriminates between pri- and
pre-miR-133a-1. As shown in Fig. 6F, NF90-NF45 or NF90 bound
to pre-miR-133a-1 (lanes 2 to 4 and 6), but NF45 alone did not
exhibit binding to the pre-miRNA (lane 5). Unlike pri-miRNA,
there was no difference in binding activity with pre-miRNA between NF90-NF45 and NF90 (Fig. 6F, compare lanes 4 and 6). On
the other hand, the binding activity of NF90-NF45 with primiRNA was obviously greater than that of this complex with premiRNA (Fig. 6F, compare lanes 4 and 8). These results suggest that
although NF90-NF45 or NF90 binds to both the overhanging region and the stem-loop region of pri-miR-133a-1, NF90-NF45
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prefers to bind to the overhanging region of pri-miR-133a-1,
which is not a common secondary structure of pri- and pre-miRNAs.
Taken together, these findings shown in Fig. 6 suggest that the
NF90-NF45 complex suppresses pri-miR-133-1 processing
through the preferential binding of NF90-NF45 to the overhanging region of pri-miR-133a-1.
Regarding miR-206, the level of the mature miRNA was strikingly increased by the overexpression of NF90-NF45 (Fig. 5C). To
examine the cause of this phenomenon, we performed a processing assay and EMSA. The processing assay showed that there is no
large difference in the extent of pri-miR-206 processing between
mock-transfected control cells and NF90-NF45-overexpressing
cells relative to the extent of pri-miR-133 processing inhibition
(Fig. 7A, compare lane 5 to lane 6 and lane 2 to lane 3). Furthermore, the binding activity of NF90-NF45 was ⬃0.5-fold lower for
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FIG 5 Myogenic miRNA levels are altered in the skeletal muscles of NF90-NF45 dbTg mice. (A and B) Measurements of the levels of myogenic mature miRNAs
and pri-miRNAs in quadriceps of WT and dbTg1 mice. RNAs isolated from the quadriceps of WT and dbTg1 mice were analyzed by qRT-PCR with specific
primers. (A) Expression levels of mature miR-1, miR-133a, miR-133b, and miR-378 were measured by TaqMan microRNA assays. snoRNA202 was used as an
internal control. Data are expressed as means ⫾ standard deviations. (B) Expression levels of pri-miR-133a-1, pri-miR-133a-2, pri-miR-133b, pri-miR-1a-1,
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pri-miR-206 than for pri-miR-133a-1 (Fig. 7B). As mentioned
above several times, the high binding activity of NF90-NF45 with
pri-miRNA is necessary for the repression of pri-miRNA processing by these proteins (27). Therefore, the rise in the level of miR206 in the skeletal muscle of NF90-NF45 dbTg mice would be due
to the facilitation of pri-miR-206 processing caused by the low
binding activity of NF90-NF45 with pri-miR-206.
Furthermore, we utilized pri-miR-21 as a negative control for
the pri-miRNA processing assay and EMSA, because there was no
marked change in the level of miR-21 between the skeletal muscle
of WT and that of NF90 Tg mice by our miRNA microarray analysis (GEO database accession no. GSE61001) and qRT-PCR analysis (Fig. 5C). As shown in Fig. 7C, the reduction in the processing
of pri-miR-21 by the overexpression of NF90-NF45 was not
prominently occurring compared with the extent of pri-miR-133a
processing inhibition by these proteins. On the other hand, the
binding activity of NF90-NF45 with pri-miR-21 was ⬃0.6-fold
lower than that of NF90-NF45 with pri-miR-133a (Fig. 7E). The
complex of NF90-NF45 and pri-miR-21 was identified by a supershift assay using anti-NF90 and -NF45 antibodies (Fig. 7D, arrow). Therefore, like the processing of pri-miR-206 in NF90-
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NF45-overexpressing cells, these results suggest that the low
affinity of NF90-NF45 for pri-miR-21 would cause a reduction in
pri-miR-21 processing inhibition, leading to the prevention of the
NF90-NF45-induced negative regulation of miR-21 production.
The level of Dnm2 is elevated in the skeletal muscle of NF90NF45 dbTg mice. It has been reported that a reduction of miR133a causes centronuclear muscle fibers following an elevation
of the expression level of Dnm2, which is a known causative
gene of centronuclear myopathy (49) and a target of miR-133a.
Therefore, we measured the mRNA and protein expression levels of Dnm2 in the skeletal muscles of WT and NF90-NF45
dbTg mice. As shown in Fig. 8A to C, the mRNA levels of Dnm2
were similar in WT and NF90-NF45 dbTg mice, while the protein level of Dnm2 was prominently elevated in the skeletal
muscle of NF90-NF45 dbTg mice. To confirm the rise in Dnm2
protein levels in NF90-NF45 dbTg mice, we performed immunohistochemistry using a Dnm2 antibody. This analysis revealed that NF90-NF45 dbTg mice exhibit an accumulation of
Dnm2 inside myofibers, while intracellular accumulation was
not observed in the skeletal muscle of WT mice (Fig. 8D). These
results confirm the elevation of Dnm2 protein levels in the
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FIG 6 The NF90-NF45 complex binds to pri-miR-133a-1 and suppresses miR-133a processing. (A) Western blot analysis of NF90 and NF45 in whole-cell
extracts of C2C12 cells transfected with expression plasmids. Anti-GAPDH was used as a loading control. (B and C) In vitro pri-miR-133a-1 processing assay. A
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and are presented as relative band intensities.

skeletal muscle of NF90-NF45 dbTg mice. These findings, together with the data shown in Fig. 2A, D, and E and 4, suggest
that the centronuclear muscle fibers in the skeletal muscle of
NF90-NF45 dbTg mice are caused by an increase in the Dnm2
level through a decrease in miR-133a-mediated translational
repression.
DISCUSSION

Human centronuclear myopathies (CNMs) are characterized by
muscle weakness and centronuclear muscle fibers in skeletal muscle. CNMs are categorized as three main forms: the X-linked recessive form (XLCNM), with a neonatal phenotype caused by
MTM1 gene mutations; the classical autosomal dominant forms,
with mild, moderate, or severe phenotypes caused by Dnm2 gene
mutations; and an autosomal recessive form, with severe and
moderate phenotypes caused by BIN1 gene mutations. It has been
reported that the Dnm2 level is increased in the skeletal muscle of
XLCNM patients and in a mouse model of XLCNM (50), indicating that an elevation of the Dnm2 level induces muscular atrophy
and centronuclear muscle fibers. Indeed, the overexpression of
Dnm2 in the skeletal muscle of Tg mice causes an accumulation of
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centronuclear myofibers in skeletal muscle (49). In this study, we
found that NF90-NF45 dbTg mice exhibited centronuclear muscle fibers in their skeletal muscles (Fig. 2A, D, and E and 4) and
that the protein level of Dnm2 was remarkably increased in the
skeletal muscle of NF90-NF45 dbTg mice (Fig. 8). The skeletal
muscle abnormalities in NF90-NF45 dbTg mice were very similar
to those in CNMs, suggesting that the expression of the NF90NF45 complex may influence the occurrence of this disease.
NF90 KO mice exhibited perinatal lethality associated with
muscle weakness and respiratory failure (34). In addition, it has
been proposed that the muscular abnormality in NF90 KO mice is
due to defects in skeletal myocyte differentiation arising from insufficient expression of myogenic regulatory factors such as
MyoD, myogenin, and p21 (34). Furthermore, NF90 has been
reported to enhance the posttranscriptional stabilization of MyoD
and p21 mRNAs through the association of NF90 with 3= UTRs of
the RNAs (34). In this report, we found that there was no significant difference in the expression of MyoD mRNA between WT
and NF90-NF45 dbTg mice (Fig. 2F). On the other hand, NF90
KO mice exhibited a reduction in the expression of MyoD in the
skeletal muscle (34). Moreover, it has been reported that NF90
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stabilizes posttranscriptional mRNA of MyoD through the binding of NF90 to the MyoD 3=-UTR RNA (34). MyoD promotes
differentiation from myoblasts to myocytes in the early stages of
myogenesis (43). Following the transition to late differentiation
from myocytes to myotubes, the expression of this factor is downregulated (43). We utilized the RNA extracted from the skeletal
muscle of WT and NF90-NF45 dbTg mice at 15 weeks of age to
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measure the level of MyoD shown in Fig. 2F. The status of the
centronuclear myopathy observed in the skeletal muscle of NF90NF45 dbTg mice at 15 weeks of age seems to be similar to that of
myotubes in myogenesis. As mentioned above, the expression of
MyoD is largely reduced in late differentiation, including in myotubes and myofibers (43). In general, the skeletal muscle of NF90NF45 dbTg mice and WT mice at 15 weeks of age differentiates
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FIG 8 Dnm2 protein levels are elevated in the skeletal muscles of NF90-NF45 dbTg mice. (A) Dnm2 mRNA expression in the skeletal muscles of WT (n ⫽ 7)
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*, P ⬍ 0.05 compared to the WT, determined by two-tailed Student’s t test. (D) Immunohistochemical analysis of Dnm2 in quadriceps from WT and dbTg1 mice
at 15 weeks of age. Bars, 50 m.

into myotubes and myofibers. Therefore, the negative regulatory
machinery for the expression of MyoD would be more activated in
the skeletal muscle of WT and NF90-NF45 dbTg mice at 15 weeks
of age than in mouse embryos and newborn mice. Thus, the level
of MyoD may not be elevated in the skeletal muscle of NF90-NF45
dbTg mice at 15 weeks of age (Fig. 2F). On the other hand, the
expression levels of myogenin and p21 were prominently increased in the skeletal muscle of NF90-NF45 dbTg mice compared
to those of WT mice (Fig. 2F), while the overexpression of NF90
alone significantly enhanced the expression of p21 (Fig. 3C).
Therefore, these results, together with previously reported findings (34), indicate that NF90-NF45 or NF90 elevates the level of
p21 through the posttranscriptional stabilization of p21 mRNA in
the skeletal muscle of NF90-NF45 dbTg and NF90 Tg mice. Unlike
p21, the rise in the level of myogenin was observed in the skeletal
muscle of NF90-NF45 dbTg mice alone (Fig. 2F and 3C). Accordingly, the expression of myogenin would be positively regulated by
NF90-NF45 through transcriptional control, mRNA stabilization,
or miRNA-mediated translational repression. Taken together, the
high levels of p21 and myogenin induced by the overexpression of
NF90-NF45 may cause the inhibition of muscle maturation,
thereby leading to muscular atrophy. However, muscle atrophy
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with centralized nuclei does not occur by the overexpression of
p21 or myogenin in mice (35, 45). Thus, it is thought that other
factors besides p21 and myogenin cause the occurrence of skeletal
muscle atrophy accompanying centronuclear muscle fibers in
NF90-NF45 dbTg mice.
Previous studies have shown that alterations in miRNA expression are involved in muscular maturation. Dicer is a positive regulator of the miRNA processing pathway, and Dicer knockout
mice exhibit skeletal muscle atrophy and apoptosis through reductions in the levels of miR-1, miR-133, and miR-206 (51).
miR-1 targets histone deacetylase 4 (HDAC4), a transcriptional
repressor of muscle gene expression (46). Moreover, miR-1 and
miR-206 translationally repress Pax7, a member of the paired-box
family of transcription factors that play a crucial role in regulating
the developmental program of embryonic myoblasts (52). miR133 targets serum response factor (SRF), which enhances myoblast proliferation and inhibits myogenic differentiation and
Dnm2, a known causative agent in CNMs (46, 49). Besides miR-1,
miR-133, and miR-206, miR-378 suppresses MyoR, a repressor of
MyoD transcriptional activity (47). In addition, we performed
whole-genome expression microarray analysis of the skeletal muscles of WT and NF90-NF45 dbTg mice to explore other candidate
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factors, which are regulated by the NF90-NF45-myogenic miRNA
pathway, for the development of muscle atrophy accompanying
centronuclear muscle fibers. In consequence, we found that the
expression levels of 725 genes were increased by ⬎2-fold in the
skeletal muscles of NF90-NF45 dbTg mice compared to those of
WT mice (GEO database accession no. GSE67591). Among the
725 genes, we attempted to explore predicted targets of miR-133,
miR-1, and miR-378, the expression levels of which were significantly decreased in the skeletal muscle of NF90-NF45 dbTg mice
(Fig. 5A), using TargetScan, a computational tool for miRNA target prediction. Finally, we found several predicted targets of miR133, miR-1, and miR-378. The predicted targets of each miRNA
were as follows: the predicted miR-133 targets were Aif1l,
Atp6ap2, Col8a1, Srgap3, and Vat1; the predicted miR-1 targets
were Anxa2, Anxa4, Atp6ap2, Atp6v1a, Azin1, Coro1b, G6pdx,
H3f3b, Serp1, Sh3bgrl3, and Zfp36l2; and the predicted miR-378
targets were H3f3b and Vat1. Subsequently, we performed gene
ontology (GO) analysis of the above-mentioned targets. This
analysis indicated the possibility that Aif1l, Coro1b, G6pdx, Serp1,
and Sh3bgrl3 are involved in the regulation of actin and
microtubule cytoskeletons (see Table S1 in the supplemental material). These observations suggest that the various targets of myogenic miRNAs, the processing of which is regulated by NF90NF45, participate in the development of the muscle abnormalities
of NF90-NF45 dbTg mice.
It was recently reported that the suppression of the miRNA
processing pathway induces various human diseases. Lin28A/B
enhances the growth of breast and colon tumors via inhibition of
let-7 miRNA biogenesis (25). Fragile X-associated tremor/ataxia
syndrome, a neurodegenerative disorder, is caused by the expansion of 55 to 200 CGG repeats in the 5= untranslated region of
FMR1 that inhibits Drosha-mediated pri-miRNA processing
through binding of the Drosha-DGCR8 complex to CGG repeats
(53). Cardiac dysfunction in type I myotonic dystrophy is implicated in the reduction of miR-1 processing caused by the fall in the
activity of MBNL1 as a positive regulator of processing from premiR-1 to miR-1 (54). These findings indicate that negative regulators in the miRNA biogenesis pathway are deeply involved in
human disease development. The NF90-NF45 complex also acts
as a negative regulator in miRNA biogenesis (27). In this study, we
found that NF90-NF45 induces centronuclear muscle fibers
through suppression of pri-miR-133a processing by binding of
NF90-NF45 to pri-miR-133a.
It has also been reported that the level of NF90 is elevated in
non-small-cell lung, epithelial ovarian, and breast cancers (55–
57). We also observed a significant increase in the NF90-NF45
expression level in hepatocellular carcinoma compared to that in
adjacent normal tissues (T. Higuchi and S. Sakamoto, unpublished data). Further analysis indicated that NF90-NF45 plays a
role in the promotion of tumorigenesis through inhibition of tumor suppressor miRNA biogenesis (Higuchi and Sakamoto, unpublished). These findings raise the possibility that NF90-NF45mediated inhibition of miRNA biogenesis is involved in the
development of various diseases, including myopathy and cancer.
In the future, we will explore the mechanisms of various human
diseases via the inhibition of miRNA processing by the NF90NF45 complex, which may provide new insights into the development of various diseases.
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