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Pinin (Pnn) is a nuclear speckle-associated SR-like protein. The N-terminal region of the Pnn protein
sequence is highly conserved from mammals to insects, but the C-terminal RS domain-containing region
is absent in lower species. The N-terminal coiled-coil domain (CCD) is, therefore, of interest not only from
a functional point of view, but also from an evolutionarily standpoint. To explore the biological role of the
Pnn CCD in a physiological context, we generated transgenic mice overexpressing Pnn mutant in skeletal
muscle. We found that overexpression of the CCD reduces endogenous Pnn expression in cultured cell
lines as well as in transgenic skeletal muscle fibers. Pnn mutant mice exhibited reduced body mass
and impaired muscle function during development. Mutant skeletal muscles show dystrophic histologi-
cal features with muscle fibers heavily loaded with centrally located myonuclei. Expression profiling and
pathway analysis identified over-representation of genes in gene categories associated with muscle con-
traction, specifically those related to slow type fiber. In addition nebulin (NEB) expression level is
repressed in Pnn mutant skeletal muscle. We conclude that Pnn downregulation in skeletal muscle causes
a muscular dystrophic phenotype associated with NEB deficiency and the CCD domain is incapable of
replacing full length Pnn in terms of functional capacity.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Pinin (Pnn) was first characterized as a desmosome-associated
protein [1,2]. Subsequently it was found co-localized with splicing
factors within the nuclear speckles [3]. Using proteomic analysis, a
total of 146 known proteins as well as 32 uncharacterized proteins
of nuclear speckles were identified [4]. Given the fact that Pnn was
identified in the speckle fraction and the ability of Pnn to interact
with splicing proteins SRp75, SRm300 and SRp130 via its C-termi-
nal RS domain [5], and with RNPS1 via its N-terminal coiled-coil
domain [6], it is plausible that Pnn participates in mRNA splicing
regulation. In addition, proteomic analysis of the spliceosome iden-
tified Pnn not only in catalytically active complex C [7], but also in
the exon junction complex [8], suggesting that Pnn may also take
part in mRNA biogenesis via regulation of splicing as well as
nuclear export of mRNA.
Skeletal muscle formation is a multistep process from stem cells
to myotubes, which encompasses the transition of many muscle-
specific splicing factors and alternative splicing of large proteins
during myogenensis and development. Deep-sequencing analysis
of different human tissue shows that skeletal muscle is one of
the tissues with highest number of differentially expressed alter-
native exons [9]. A prominent example of a shift in alternative
splicing in development is cardiac troponin T (cTNT), in which loss
of exon 5 occurs from embryo to adult [10]. A number of regulatory
RNA binding proteins, including members of the CELF family
(CUGBP and ETR3 like), MBNL, hnRNP H and PTB have been shown
to regulate muscle-specific alternative splicing events [11]. It is ex-
pected that identification of novel muscle-specific transcription
regulators will shed light on the underlying mechanism responsi-
ble for not only skeletal muscle biogenesis but also the molecular
etiology of muscular dystrophy.

The N-terminal region of Pnn is found highly conserved from
mammals to Caenorhabditis elegans, but the C-terminal RS
domain-containing region is absent in lower species. The function
and evolutionary origin of N-terminal coiled-coil domain (CCD) is,
therefore, of interest. To explore the biological role of the Pnn CCD
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in a physiological context and to find out whether a Pnn mutant
without the C-terminal region could replace endogenous Pnn, in
this study we generated transgenic mice overexpressing mouse
Pnn mutant (Pnn1-303 sequence based on Drosophila full length
Pnn, which exclusively contains the CCD) under the control of hu-
man skeletal actin (HAS) promoter. The results provide insights
into the mechanism underlying Pnn expression regulation and sug-
gest a role for Pnn in skeletal muscle development.
2. Materials and methods

2.1. Cell culture and transfection

The HeLa, U2OS, L6 and C2C12 were cultured in Dulbecco’s
modified Eagle’s medium (DMEM; Invitrogen Gibco., Carlsbad,
CA) supplemented with 10% fetal bovine serum plus 1% penicil-
lin–streptomycin–glutamine, and cultured at 37 �C in a humidified
chamber with 5% CO2. The transfection was performed using
Lipofectamine 2000 (Invitrogen Gibco) according to the manufac-
turer’s instructions.
2.2. Immunofluorescent microscopy

The cells were transfected with expression vectors encoding
myc-tagged pnn1-303. Cultured cells or cryosections (8 lm) from
mouse skeletal muscles were incubated with mixed primary anti-
bodies and processed for immunostaining as described previously
[12]. Primary antibodies used were mouse anti-myc monoclonal
antibody (clone 9E10.2) or chicken anti-myc polyclonal antibody
(1:500, Bethyl Laboratories, Montgomery, TX) and rabbit anti-Pnn
polyclonal antibody (P3a, 1:500).
2.3. Western blot

Proteins were isolated from the various cell lines 2 days post-
transfection. Cells were lysed in 2� sample buffer (5% SDS,
0.25 M Tris pH 6.8, 5% b-Mercaptoethanol, 0.01% Bromophenol
Blue) and heated to 95 �C for 10 min. Equal amount of samples
were separated by SDS–PAGE and immunoblotting was performed
as described previously [12]. Primary antibodies used include
mouse anti-Pnn, mouse anti-myc and mouse anti-b-actin
(1:3000, Sigma, St. Louis, MO). The peroxidase-labeled blots were
developed using an ECL kit (Amersham Pharmacia Biotech, Piscat-
away, N.J.).
2.4. Transgenic mice

To generate Pnn CCD mutant under the control of HSA pro-
moter, human Pnn open reading frames (nucleotides 1-303) were
cut by EcoR1 and XhoI from hPnn1-303/pcDNA3.1 and ligated to
pCMVtag3B. Subsequently myc-hpnn1-303 fragments were gener-
ated by using NotI and Bsp120I and cloned to pre-digested HSA-
VP1 vector to form HSA-myc-hPnn1-303 transgene vector. The
transgene vectors were purified for microinjection into fertilized
eggs recovered from super-ovulated FVB female mice. HSA-myc-
hPnn1-303 transgenic vector contains HSA promoter and VP1 en-
hancer (a SV40 intron sequence), which can direct expression of
Pnn1-303 specifically in skeletal muscle. Mice were maintained
according to the guidelines of the Association for Assessment and
Accreditation of Laboratory Animal Care. Animal experiments were
approved by the Chang Gung University Institutional Animal Care
and Use Committee.
2.5. RNA isolation and microarray analysis

The muscle tissue of tibialis anterior (TA) was isolated from
3-month-old mice. Tissue (50–100 mg) was put into a tube con-
taining 1 ml Trizol, and homogenized with a tissue homogenizer
(Precellys 24, Stretton Scientific, UK). Samples were centrifuged
to remove the debris and polysaccharides and RNA was extracted
according to the instruction manual (MDBio, Taipei, Taiwan). The
RNA pellet was air-dried and resuspended in RNase free ddH2O.

The RNA sample expression level diagnosis was sent to Phalanx
Biotech Group (Taiwan), and gene expression chip performed with
MOA v2.1 mouse OneArray. The differential expression gene lists
were outputted by using Gene Ontology biological process analysis
and Gene Set Enrichment analysis of the canonical pathway
database.

2.6. Semi-quantitative RT-PCR

The cDNAs were synthesized from 2 lg of TA muscle total RNA
using oligo(dT)22 and MMLV reverse transcriptase (Epicenter, Mad-
ison, WI). PCR were performed using cDNA (100 ng), dNTP (2.5 mM),
10� reaction buffer, the indicated primer sets (10 lM; Supplemen-
tary Table 1) and Tag polymerase. PCR program was 28–30 cycles
each at 95 �C for 3 min, 55 �C for 45 s, and 72 �C for 90 s.

2.7. Histochemical staining

Tissue cryosections were fixed with 3.7% formaldehyde fol-
lowed by treatment with 0.5% Triton X-100. Sections were stained
with hematoxylin and eosin, dehydrated by ethanol, cleared with
xylene and then mounted (Entellan new, Millipore, Billerica, MA)
and examined with a light microscope.

Connective tissue was stained using a Masson trichrome stain
kit (Sigma, St. Louis, MO). The slides were briefly washed out
O.C.T by water, allowed to mordant in Bouin’s solution overnight.
Samples were stained in Biebrich Scarlet-Acid Fuchsin solution
and rinsed in deionized water. Slides were placed in a working
phosphotungstic/phosphomolybdic acid solution, followed by ani-
line blue solution and acetic acid (1%). Finally, slides were rinsed
with deionized water, dehydrated with alcohol, cleared in xylene
and mounted.
3. Results

3.1. Pnn CCD mutant (Pnn1-303) showed reduced endogenous Pnn
expression in various cell lines

Our previous study showed that Pnn is well conserved across
mammalian species [2]. However, detailed analysis of the database
indicated that there is a great divergence in protein coding regions
between vertebrate and non-vertebrate Pnn. Only the coiled-coil
domains (CCD, including C1, C2 and C3) is highly conserved from
mammals to insects (Fig. 1A), suggesting that it is functionally
important. This CCD domain, when overexpressed, could inhibit re-
porter minigene pre-mRNA splicing and partly block bulk mRNA
export [6]. Therefore, we speculated that the CCD of Pnn can func-
tion as a dominant negative mutant regulating Pnn expression and
function.

To investigate whether the Pnn CCD domain can modulate
endogenous Pnn expression and function, based on the Drosophila
full length Pnn, we generated a Pnn1-303 construct, which con-
tained a myc-tagged mutant Pnn encoding mouse CCD domain,
as a tool to study its impact on Pnn expression in various cell lines.
Pnn1-303 exhibited a nuclear distribution with a speckle-like pat-
tern, like that of endogenous Pnn (Fig. 1B(a, d, g, j)). Surprisingly, a



Fig. 1. Expression of Pnn CCD (1-303) mutant reduces endogenous Pnn expression. (A) Schematic of the Pnn structural domain in various animal species. The dashed line
indicates the Pnn region spanning amino acids 1-303. (B) Immunofluorescent staining of endogenous Pnn in cell lines transfected with Pnn1-303. Endogenous Pnn expression
was downregulated in Pnn1-303 transfected cells (arrows). (C) Western blots demonstrating reduced protein levels of endogenous Pnn by overexpression Pnn mutant in 293T
and U2OS cell lines.
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dramatic downregulation of endogenous Pnn (Fig. 1B arrows in b,
e, h, k) was observed by immunofluorescent staining in various
Pnn mutant-transfected human and mouse cell lines. Western
blotting confirmed the effect of overexpression of Pnn mutant on
reducing endogenous Pnn expression in cultured cell lines (Fig. 1C).

Though repressing endogenous Pnn expression, Pnn CDD mu-
tant overexpression did not reduce the expression of other splicing
factors such as SRSF1, SRSF2, RNPS1, or general SR protein nor did
it disperse U1A (Supplementary Fig. 1) in nuclear speckles. Taken
together these results suggest that the Pnn mutant is efficient at
reducing endogenous Pnn expression level, but, unlike Pnn knock-
down with RNAi [12], it does not have an effect on the general
structural organization of the nuclear speckle domain and protein
interaction of common splicing factors.
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3.2. Generation of Pnn CCD mutant transgenic (Tg) mice

As endogenous Pnn expression could be modulated by Pnn mu-
tant, we sought to determine whether endogenous Pnn can be re-
placed physiologically by Pnn mutant. We generated Tg mice
overexpressing Pnn CDD mutant in skeletal muscle under the
Fig. 2. Reduction of endogenous Pnn expression in Pnn mutant Tg skeletal muscle. (A) S
placed under the control of HAS promoter with an intron, VP1, between the coding seque
is denoted with a pair of arrows. (B) RT-PCR demonstrating Pnn CCD mutant signal expre
samples. GAPDH was used as a loading control. (C) Immunofluorescent micrographs of
transgenic mice. Pnn1-303 expression reduced endogenous Pnn expression in myonuclei
expressing Pnn1-303 (arrows in d and g) can be identified by myc antibody decorated b
myofiber.
control of HSA promoter. We chose skeletal muscle as our target
tissue because previous data showed that negative regulation of
Pnn expression impaired striated muscle development in hearts
of mouse and zebrafish [13,14] and caused reduced body size in
zebrafish. Pnn mutant Tg mice overexpressing Pnn CCD (Fig. 2A)
were initially selected following genotyping with genomic PCR
chematic of the structure of the transgene vector. A cDNA encoding Pnn1-303 was
nce and the promoter. The probe used for Southern blot is shown. Primer set for PCR
ssion in Tg skeletal muscle. Note that the endogenous Pnn signal was elevated in Tg
cryo-cross-sections of TA muscle from wild type (a–c), Tg10 (d–f) and Tg37 (g–i)

of two different transgenic mice (Tg10 and Tg 37, arrows in e, f and h, i). Muscle cells
y FITC fluorescence. Insets show enlargements of the boxed areas in the indicated
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(Supplementary Fig. 2A) and validated by Southern blot (Supple-
mentary Fig. 2B). We then selected offspring from both founders
10 and 37 for analysis in the subsequent experiments.

As the first step of Tg mouse characterization, we performed RT-
PCR to examine whether Pnn1-303 signals can be detected in Tg
skeletal muscles. Total RNA was extracted from muscles of wild type
(wt), Tg10 and Tg37 mice at 3 months of age. The Pnn mutant signals
were detected only in Tg mice but not in wt mice, and the expression
levels of endogenous Pnn was elevated to some degree in Tg mice
compared to wt mice (Fig. 2B). These data, especially the latter, cor-
relate not only with that presented by microarray profiling of Pnn
levels in Tg muscle (1.14-fold increase in log 2 value) but also with
our previous report [6], in which we found transfection of the CCD
domain can block bulk polyA+-containing RNA nuclear export in a
cell line model, leading to mRNA accumulation within the nucleus.
Upon immunofluorescent staining of the TA muscle cryosection,
Pnn mutant could be identified within nuclei of muscle fibers in
Tg10 (Fig. 2C; arrows in d) and Tg37 (Fig. 2C; arrows in g) mice, while
endogenous Pnn (Fig. 2C; arrows in e, h) in Tg muscles, but not in wt
Fig. 3. Pnn CCD transgene expression correlates with impaired skeletal muscle functio
12 weeks of age. (B) Pnn mutant mice develop restricted capacity to splay lower limb
performed on wt (n = 7), Tg10 (n = 4) and Tg37 (n = 3) mice at 3 months of age. Error
⁄⁄P < 0.01.
muscles, clearly showed reduced expression level (compare insets in
Fig. 2C(f, i, a–c)). Consistent with decreased endogenous Pnn expres-
sion in cell lines as described above (Fig. 1C), Tg muscles express less
Pnn as a result of overexpressing mutant Pnn in vivo.

3.3. Overexpression of Pnn mutant leads to a muscle wasting
phenotype in transgenic mice

We next analyzed whether Pnn mutant with downregulation of
endogenous Pnn expression resulted in impaired skeletal muscle
development in Tg mice. First, we monitored comparative body
mass between wt and Tg mice from 4 to 12 weeks of age. Tg mice
displayed slower development with apparent lower body mass
than wt, while Tg10 littermates were smaller than those from
Tg37 (Fig. 3A). The other signs of developmental defects were re-
duced cage activity of Tg mice compared to wt mice owing to re-
stricted capacity of splaying lower limbs of Tg mice (Fig. 3B). The
observation of defective hind limb activity may be attributed to
muscle weakness. To determine whether the muscle weakness in
n in transgenic mice. (A) Comparative body mass of wt versus Tg mice from 4 to
s. (C) Motor dysfunction of Pnn mutant mice. The Rotarod accelerating test was
bars represent the SEM of three independent experiments. One-way Anova test.



Fig. 4. Skeletal muscles from Pnn mutant mice show dystrophic histologic features and aberrant expression of NEB and slow type fiber genes. HE (A) and Masson-trichome
(B) stained cryo-cross sections of TA muscle from wild-type (a), Tg10 (b) and Tg37 (c) Tg mice at 3 months of age. Arrows indicate central nuclei. Note the increased
connective tissue (blue color) surrounding muscle fibers in Tg mice compared to the wt control. (C) Increased central nucleus numbers in TA muscle from Tg10 (n = 3) and
Tg37 (n = 3) mice versus those from wt (n = 3) control at 3 months of age. Calculation of 300 muscle fibers per mice. (D) Histogram of cross-sectional muscle fiber area shows
muscle fiber atrophy in TA muscles from Tg 10 and Tg 37 mice. Calculation of 300 muscle fibers per mice. Error bars represent the SEM of three independent experiments.
One-way Anova test. ⁄⁄P < 0.01, ⁄⁄⁄P < 0.001. (E) Semi-quantitative RT-PCR of selective genes differentially expressed in the gene expression microarray. Numbers below each
lane represent fold increase/decrease relative to the wt control. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)
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Table 1
Top 10 enrichment pathway terms from gene set enrichment analysis (Base on k/K value).

Geneset name Gene overlap (k) Count Gene
set (K)

Description k/K

Striated muscle contraction MYL2, TNNC1, MYH8, TNNI1, NEB, TNNT1 6 27 Genes involved in striated muscle
contraction

0.222

Platelet calcium homeostasis ATP2A2, STIM, SLC8A2, ATP2B3 4 18 Genes involved in platelet calcium
homeostasis

0.222

IL23 pathway SOCS3, TYK2, NFKB1, IL17F 4 37 IL23-mediated signaling events 0.108
IL6 pathway SOCS3, TYK2, IRF1, PIAS1, MAP2K6 5 47 IL6-mediated signaling events 0.106
E-cadherin stabilization pathway MYL2, ENAH, CYFIP2, EXOC4 4 42 Stabilization and expansion of the E-

cadherin adherens junction
0.095

Hypertrophic cardiomyopathy HCM MYL2, TNNC1, ITGAV, ATP2A2, CACNB1,
LMNA, DAG1, PRKAG3

8 85 Hypertrophic cardiomyopathy (HCM) 0.094

HDAC pathway MAP2K6, MEF2C, NFATC2 3 32 Control of skeletal myogenesis by HDAC
and calcium/calmodulin dependent kinase
(CaMK)

0.093

Respiratory electron transport UQCRQ, SDHB, NDUFA8, NDUFA9,
NDUFB2, NDUFB5, NDUFA11

7 79 Genes involved in respiratory electron
transport

0.088

NFAT pathway EGR1, NFATC2, MAF, PTPRK 4 47 Calcineurin-regulated NFAT-dependent
transcription in lymphocytes

0.085

Deadenylation dependent mRNA decay LSM3, LSM1, RQCD1, TNKS1BP1 4 48 Genes involved in deadenylation-
dependent mRNA decay

0.083
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Pnn mutant Tg mice affected muscle function, we performed exer-
cise tolerance tests with Rotarod apparatus on mice at 3 months of
age (Fig. 3C). Rotarod performance was markedly impaired in Tg
mice compared to wt controls (time to fall at 10 rpm 100 s versus
>200 s for wt mice). Collectively, Pnn mutant Tg mice were charac-
terized as having a muscle wasting phenotype during development
and apparent muscle weakness as demonstrated by the Rotarod
accelerating test.

Skeletal muscles from Pnn mutant Tg mice showed dystrophic
histological features characterized by variability of muscle fiber
size, internal nuclei (Fig. 4A arrows in b and c) and increased con-
nective tissue (Fig. 4B). Quantification of the number of centrally
nucleated fibers, a hallmark of myopathy and muscle regeneration,
showed a comparatively high level of central nuclei in Pnn Tg mice
relative to the wt controls (Fig. 4C). Notably, different muscle types
in Tg mice, either from founder 10 or 37, was affected to various
extents and showed diverse numbers of central nuclei (Supple-
mentary Fig. 3A) with TA (58%) and gastrocnemius (GS, 48%) mus-
cles loaded with highest number of central nuclei (Supplementary
Fig. 3B). Morphometric analysis of HE stained TA muscles revealed
that the first alteration in Pnn mutant mice appears at around
3 weeks of age with a reduction in the myofiber cross-sectional
area (CSA), an assessment of fiber size, compared to the wt control.
The extent of the reduction in CSA also varied widely in a single
type mutant muscle (Fig. 4D) or among different muscle types
(data not shown), indicating that a principal determinant of muscle
wasting in Pnn mutant Tg mice was fiber atrophy. Collectively,
these data demonstrate aberrant muscle development and im-
paired muscle function as a result of Pnn CDD mutant ovexpression
in Tg skeletal muscle.
3.4. Expression profiling of skeletal muscle of Pnn mutant mice

To explore the molecular mechanism underlying the pheno-
type, we conducted gene expression profiling of TA muscle from
Tg 10 and wt mice at 3 months of age (n = 3), when dystrophic
symptoms were present with pronounced central nucleated fibers,
using MOA v.2.1 mouse OneArray (Phalanx Biotech Group, Tai-
wan). 1559 genes were differentially expressed (upregulated
683; downregulated 876) in Tg and wt samples. Genes differen-
tially expressed with >2 or <�2 log2 value are presented in Supple-
mentary Tables 2 and 3.

To explore whether the differentially expressed genes are repre-
sented in gene categories and networks associated with muscular
dystrophy, we outputted the gene lists and performed Gene Ontol-
ogy (GO) biological process analysis and Gene Set Enrichment
(GSE) analysis of canonical pathways. The top 10 pathways that
the differentially expressed genes belonged to according to GO
and GSE analysis are shown in Supplementary Table 4 and Table 1,
respectively. Surprisingly, the top pathways from both GO and GSE
analysis are associated with striated muscle contraction, which
comprise genes involved in regulation of muscle contraction appa-
ratus such as troponin C1, I1, T1, Myl2, Myh8 and NEB (Table 1).
With the exception of NEB, which is downregulated, the rest of
the genes involved all show elevated expression level. The micro-
array results were further validated by semiquantitative RT-PCR,
which demonstrated a marked reduction in NEB expression (with
two primer sets) and a pronounced increase in expression of
Myl2, Myh7, Troponins C1, I1 and T1 (Fig. 4E). Notably, all the
genes shown to have elevated expression levels by microarray
and RT-PCR are of the slow muscle type (type I fiber), indicating
that Pnn mutant muscles are susceptible to slow fiber type gene
transition in response to debilitating injury.
4. Discussion

Pnn is a SR-related protein without the general RNA recognition
motif found in genuine SR protein family members. Interestingly,
in lower species like Drosophila, Pnn naturally contains only the
CCD domain without the SR domain-enriched C-terminal region
generally found in higher species. In this report, we presented data
that identify the functional role of the Pnn CCD domain in mouse
skeletal muscle development. Tg mice expressing Pnn CCD mutant
had reduced body weight, restricted hind limb splay and impaired
muscle function (Fig. 3). Skeletal muscles from Pnn Tg mutant mice
showed histological features characteristic of muscular dystrophy
(Fig. 4). Microarray gene profiling revealed that the deferentially
expressed genes belonged to gene categories and networks that
are associated with muscular dystrophy. The top category identi-
fied (Table 1) includes a number of genes involved in skeletal mus-
cle contraction, particularly those related to muscle contraction in
slow-type muscle fibers, such as Myl2, Tnnc1, Tnni1, Tnnt1, Myh7
(Fig. 4E).

It appears that downregulation of expression of endogenous
Pnn in Pnn mutant Tg skeletal muscle has a critical role in modu-
lating muscle-specific gene expression because loss of Pnn expres-
sion has been reported to be involved in either pre-mRNA splicing
or mRNA alternative splicing in cultured cell lines or a gene
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targeted mouse model [12,15]. However, depleting Pnn by RNAi or
gene targeting approaches resulted in disruption of nuclear speckle
structure with a plethora of splicing factors dissembled from
speckles [12], which was not observed in the present study in
which loss of Pnn expression was through Pnn CDD mutant over-
expression (Supplementary Fig. 1). Nevertheless it is clear that
aberrant expression of muscle-specific genes in Tg muscles
expressing Pnn mutant is associated with reduced endogenous
Pnn expression, thereby impairing the mRNA splicing machinery
in Tg skeletal muscle.

GSE analysis of canonical pathways indicate that pathophysio-
logical changes associated with Pnn mutant expression may in-
volve striated muscle contraction mechanisms. Among the
proteins associated with this mechanism is NEB, an actin-associ-
ated protein important for maintenance of sarcomere structure.
NEB is downregulated (�1.96-fold) upon microarray profiling and
RT-PCR in Pnn Tg skeletal muscle (Fig. 4E). NEB is a giant protein,
containing diverse isoforms in the skeletal muscle [16]. Human
mutant NEB gene may cause nemaline myopathy (NM) by loss of
part of the C-terminal region [17] and deletion of exon 55 [18]
leads to severe and intermediate form of NM. In the NEB knockout
mice, loss of NEB expression impacts thin filament length, contrac-
tility, body mass and appearance of rod-like nemaline bodies [19].
Interestingly, transcriptome-wide array data obtained from skele-
tal muscles of heterozygous NEB knock-out mice (NEB+/�) clearly
show five- to eightfold upregulation of slow type troponin (Tn)
complex (C1, I1 and T1) and Myh7 [20], a result which correlates
with our expression profiling of Pnn mutant skeletal muscles
(Fig. 4E). In addition, according to the gene expression profiles, a
number of genes are commonly regulated in skeletal muscles of
Pnn mutant and NEB+/� mice (Supplementary Table 5). Further-
more in addition to NEB deficiency in skeletal muscles, Pnn mutant
mice also share other common features with NEB+/� mice such as
reduced contractility force, slow body growth, fiber size variation
and transition of muscle type gene from fast to slow. It is, there-
fore, conceivable that reduced Pnn expression may downregulate
NEB expression through differential pre-mRNA/alternative splicing
of NEB leading to functional inactivation of this protein in a process
similar to that occurs in NM disease. In the future, it will be inter-
esting to examine NM disease-associated defects in Pnn mutant
skeletal muscle to further correlate the relationship between loss
of Pnn expression and NM disease.

In conclusion, Pnn mutant expression induces aberrant skeletal
muscle development leading to a muscular dystrophy-like pheno-
type in Tg mice. These data imply that although the Pnn CCD do-
main occurs naturally in Drosophilia and is conserved across all
species examined (Fig. 1A), it is incapable of replacing the full
length Pnn normally found in vertebrates, which still require full
length Pnn for functions that rely on the N-terminal CCD domain
and RS domains located in the C-terminal region. The Tg mouse
generated by overexpression of the Pnn CCD domain displays
many characteristics resembling NEB+/� mice and may therefore
represent an animal model of skeletal muscle pathology with
NEB deficiency.
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