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Abstract

Background: Smyd1, the founding member of the Smyd family including Smyd-1, 2, 3, 4 and 5, is a SET and MYND domain
containing protein that plays a key role in myofibril assembly in skeletal and cardiac muscles. Bioinformatic analysis revealed
that zebrafish genome contains two highly related smyd1 genes, smydia and smyd1b. Although Smyd1b function is well
characterized in skeletal and cardiac muscles, the function of Smyd1a is, however, unknown.

Methodology/Principal Findings: To investigate the function of Smydia in muscle development, we isolated smydia from
zebrafish, and characterized its expression and function during muscle development via gene knockdown and transgenic
expression approaches. The results showed that smydia was strongly expressed in skeletal muscles of zebrafish embryos.
Functional analysis revealed that knockdown of smydia alone had no significant effect on myofibril assembly in zebrafish
skeletal muscles. However, knockdown of smydia and smydi1b together resulted in a complete disruption of myofibril
organization in skeletal muscles, a phenotype stronger than knockdown of smydia or smydib alone. Moreover, ectopic
expression of zebrafish smydia or mouse Smyd1 transgene could rescue the myofibril defects from the smyd1b knockdown
in zebrafish embryos.

Conclusion/Significance: Collectively, these data indicate that Smydla and Smyd1b share similar biological activity in
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myofibril assembly in zebrafish embryos. However, Smyd1b appears to play a major role in this process.

Citation: Gao J, Li J, Li B-J, Yagil E, Zhang J, et al. (2014) Expression and Functional Characterization of Smyd1a in Myofibril Organization of Skeletal Muscles. PLoS

Received January 8, 2013; Accepted December 19, 2013; Published January 23, 2014

Copyright: © 2014 Gao et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits unrestricted
use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: This research was supported by research grants No 15-8713-08 from the United States - Israel Binational Agricultural Research and Development Fund
to YZ and SD, the Maryland Stem Cell Research Fund (MSCRFE-0232) to SD and Nature and Science Foundation of China (#31230076) to JZ and SD. The funders
had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.

Introduction

Members of the Smyd family are newly identified proteins that
have been implicated in diverse biological functions in embryonic
development and cancer [1]. Currently, five smyd genes (Smyd]1,
—2, —3, —4, and —5) have been identified in vertebrates based on
the presence of both SET and MYND domains in their protein
sequences [1]. Smydl, also known as skm-Bop, represents the first
identified member of the Smyd family [2,3]. Smyd]1 is specifically
expressed in skeletal and cardiac muscles and plays a key role in
muscle development and embryonic survival in mice and zebrafish
[4-6]. Targeted disruption of the smpd! gene resulted in defective
cardiac morphogenesis and early embryonic lethality of mouse
embryos [4]. Knockdown or mutation of smyd1b gene in zebrafish
led to disruption of myofibril organization in skeletal and cardiac
muscles in zebrafish embryos [5,6].

The smydIgene is a direct downstream gene target of myogenic
regulatory factors MyoD, Myogenin and Mef2 that control the
muscle specific expression of smydl in skeletal muscles during
embryogenesis and in adult muscle tissues [7-10]. A recent report
showed that smydl expression is also regulated by serum response
factor (SRF) through direct binding to the promoter region of
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smydl [11]. In addition, smydI gene expression can be repressed by
Hepatoma-derived growth factor through interaction with a
transcriptional co-repressor C-terminal binding protein (CtBP)
[12]. Consistent with the idea of being a downstream factor of
MyoD and Mef2, loss of Smyd] function had no effect on myoD
and myogenin gene expression and myoblast specification [5].
However, loss of Smyd] function resulted in defective sarcomere
organization in myofibers of skeletal and cardiac muscles,
suggesting that Smydl is required in the late stage of muscle cell
differentiation and myofiber maturation [5,6].

At present, little is known about the mechanism by which
Smydl functions in myofibrillogenesis. In vitro studies have shown
that Smydl has a histone methyltransferase (HMTase) activity
[5,13], and could function as a transcriptional repressor in a
histone deacetylase (HDAC)-dependent manor [4,14]. However,
Just and colleagues reported recently that the Smydl mutant
lacking the HMTase activity was biologically active in myofibril
assembly [6], arguing against Smydl being a HMTase activity
dependent transcriptional regulator. Interestingly, Just and
colleagues showed that GST-tagged Smyd1 was capable of pulling
down skeletal muscle-specific myosin heavy chain [6]. Consistent
with a potential role of Smyd1 outside of the nucleus, a nuclear to
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cytoplasmic translocation was observed during myoblast differen-
tiation into myotubes [15], and Smyd] is localized on the M-lines
of sarcomeres although the biological significance of the sarco-
meric localization is not clear [6,16].

Recent studies demonstrated that zebrafish genome contains
two highly related smydl genes, smydla and smydib [17]. Most of
the previous studies were focused on smyd1b, very little is known
about smydla. It is not clear whether Smydla plays a similar role as
Smydlb in myofibrillogenesis. To investigate the function of
Smydla in myofibril assembly, we isolated smydla from zebrafish,
and characterized its expression and function during muscle
development. The results showed that smypdla was specifically
expressed in skeletal muscles of zebrafish embryos. smydla
expression came several hours later than smyd/b during myogenesis
in zebrafish embryos. Functional analysis revealed that knockdown
of smydla alone had little effect on myofibril assembly in zebrafish
skeletal muscles. However, knockdown of smydla and smydlb
together resulted in a stronger phenotype in myofibril disorgani-
zation. Moreover, the myofibril defects from smydib knockdown
could be rescued by an ectopic expression of the zebrafish smydla
or mouse Smydl transgene. Together, these data indicate that
Smydla and Smyd1b share similar biological activity in myofibril
assembly although the function of Smydlb appears to be more
critical.

Results

1. Characterization of Smyd1a in Zebrafish

Sequence analysis revealed that zebrafish genome contains two
highly related smydl genes (smydla and smyd1b) with similar gene
structures [17]. smydla and smyd1b are believed to be generated by
gene duplication. The zebrafish smydla is located on chromosome
5, whereas smydlb is located on chromosome 8 (Figure SI).
Sequence analysis revealed a strong synteny arrangement of
zebrafish smydla gene and human smydl gene with the thronine
synthase like 2 gene (THNSL2) and fatty acid binding proteinl gene
(FABP1) in zebrafish and mouse genome (Figure S1). A similar
synteny arrangement was found with the zebrafish smyd1b and fatty
acid binding protein 1b like gene (fabplb). However, no synteny
arrangement was found with the smyd1b gene and thronine synthase
like 2 gene on chromosome 8 in zebrafish. Sequence alignment
revealed that zebrafish Smydla contains the highly conserved SET
and MYND domains involved in protein methylation and protein-
protein interactions, respectively (Figure S1). Both Smydla and
Smydlb share high sequence identity with Smydl from other
vertebrate species (Figure S2), although only smyd! gene has been
identified in mice and humans.

2. Temporal and Spatial Expression of Smyd1a in
Zebrafish Embryos

It has been reported previously that both smydla and smyd1b are
specifically expressed in developing muscles of zebrafish embryos
[5,9,17]. To compare their patterns of expression during
embryonic development, we carried out a temporal and spatial
expression analysis by RT-PCR and whole mount in situ
hybridization in zebrafish embryos. Data from the expression
analysis showed that smydla and smydib had different pattern of
temporal expression. smydla was expressed several hours later than
smyd1b in zebrafish embryos. smyd1b expression was first detected
at 6 hours post-fertilization (hpf) with a strong expression starting
around 9 hpf [5]. In contrast, smydla expression could not be
detected until 19 hpf (Fig. 1A).

Previous studies have demonstrated that smydlb encodes two
muscle-specific isoforms of mRNA transcripts, designated as
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smydlb_tvl and smydlb_tv2 [5,16]. smpdlb_tvl and smydlb_tv2
are generated by alternative splicing of the 39 bp exon 5.
smydlb_tv] transcript contains the 39 bp sequence from exon 3,
whereas smyd1b_tv2 transcript lacks this 39 bp sequence and thus
is 13 aa shorter than smpdlb_tvl [5,16]. Sequence analysis
revealed that the zebrafish smydla gene also contained the small
exon 5 of 39 bp. To test whether exon 5 could be alternatively
spliced in smydla, we performed RT-PCR analysis using cDNA
from zebrafish larvae of different stages. In contrast to smydlb
where two different isoforms were amplified (Fig. 1B), only the
longer isoform of smydla was found to be expressed (Fig. 1C),
suggesting that exon 5 in smpdla was not alternatively spliced in
zebrafish embryos.

To determine whether smydla expression is restricted to muscle
cells, we analyzed its spatial pattern of expression by whole mount
in situ hybridization. The data showed that similar to smydlb,
smydla 1s specifically expressed in skeletal muscles of zebrafish
embryos (Fig. 1D-I). However, unlike smpdlb, little or no
expression was detected for smydla transcripts in cardiac muscles

(Fig. 1D, G).

3. Knockdown of smydTa Expression in Zebrafish
Embryos had Little Effect on Muscle Development

To determine whether smydla plays a role in muscle develop-
ment, we knocked down smydla expression in zebrafish embryos
using two smydla-specific antisense morpholino oligos, E8I8-MO
and E9I9-MO. The E8I8-MO and E9I9-MO were specifically
targeted to the sequences at the exon-8/intron-8, or exon-9/
intron-9 junctions, respectively (Fig. 2A). RT-PCR analysis
confirmed that both E8I8-MO and E919-MO could knock down
the normal splicing of smpdla transcripts and resulted in the
production of defectively spliced smydla mRNA (Fig. 2B).
However, the knockdown was not complete with an efficiency of
approximately 50% (Fig. 2B). Sequence analyses revealed that
E8I8-MO caused a defective splicing at the exon 8 and intron 8
junction, resulting in a 14 bp deletion at the end of exon 8
(Fig. 2A). This 14 deletion caused a reading frame shift, leading to
the production of a mutant protein without the 105 aa C-terminal
sequence. Similarly, the E9I9-MO caused a defective splicing at
the end of exon 9 with a 58 bp deletion (Fig. 2A), which resulted
in the production of a mutant protein without the last 63 aa C-
terminal sequence.

The smydla knockdown embryos were examined morphologi-
cally for several days following the MO injection. Unlike the
smydlb knockdown embryos that had no skeletal and cardiac
muscle contraction, the smydla knockdown embryos had normal
skeletal and cardiac muscle contraction when observed at 24, 48
and 72 hpf. The E8I8-MO injected embryos appeared morpho-
logically normal (Fig. 2E, F) compared with the control (Fig. 2C,
D). Embryos injected with the smydla E919-MO, however, showed
small head and developmental delay, suggesting some off-target
toxic effect. The off-target toxic effect could be alleviated by co-
injection with the p53-MO (Fig. 2G, H). To confirm that
knockdown of Smydla did not affect early muscle development,
we analyzed the specification of slow and fast muscle precursors
and their subsequent migration and differentiation. Compared
with control (Fig. 2I), MyoD expression appeared normal in slow
and fast muscle precursors of smydla knockdown embryos (Fig. 21,
J)- In addition, fiber-type-specific expression of slow or fast myosin
heavy chain (MHC) genes also appeared normal (Fig. 2M, N).
Slow fibers were clearly localized at the superficial layer of the
myotome in smydla knockdown embryos (Fig. 2M), suggesting that
migration of slow muscle cells was not affected by smydla
knockdown.
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Figure 1. The temporal and spatial pattern of smyd7a expression in zebrafish embryos. A. RT-PCR results show temporal expression of
smyd1a in zebrafish embryos from fertilization to day 5. Elongation factor 1-alpha (ef-1c) was used as control. B. RT-PCR analysis shows the alternative
splicing of smyd1b exon 5 generating two isoforms of smyd1b, smyd1b_tv1 and smyd1b_tv2. C. RT-PCR analysis shows the lack of alternative splicing
of exon 5 in smyd1a in zebrafish embryos. D-I. Whole mount in situ hybridization shows the spatial pattern of smyd7a mRNA expression using a dig-
labeled antisense probe. smydia expression was detected in skeletal muscles of zebrafish embryos at 24 (D, E, F) and 48 (G, H. I) hpf. D, G represent
the side view; E, H repre4sent the dorsal view; F, | represent the cross sections.

doi:10.1371/journal.pone.0086808.g001
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Figure 2. Knockdown of smyd7a splicing by E8I8-MO and E919-MO. A. Location of the E8I8-MO and E9I9-MO splicing blockers at the junction
of exon8/intron8 and exon 9/intron 9, respectively. Defective splicing using a cryptic splicing site in exon 8 in E8I8-MO injected embryos resulted in a
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deletion of 14. Defective splicing using a cryptic splicing site in exon 9 in E919-MO injected embryos resulted in a deletion of 58 bp. B. RT-PCR
showing the defective splicing induced by the E8I8-MO or E919-MO or both MOs. Compared with the PCR results from the wild type (wt) control
embryos where a single band was generated, two bands were observed in the E8I8-MO injected embryos. Sequence analysis revealed that the
smaller band contained a 14 bp deletion at the end of exon 8. The upper band represented the heteroduplex formed by the normal and defectively
spliced products. Similarly, three bands were detected in E919-MO injected embryos. Sequence analysis revealed that the smaller band contained a
58 bp deletion at the end of exon 9. The middle band was the normal spliced product, whereas the upper band represented the heteroduplex
formed by the normal and defectively spliced products. Two major bands were detected in E8I8-MO and E9I9-MO co-injected embryos. Sequence
analysis revealed that the smaller band resulted from defective splicing. C-H. Morphology of smydia knockdown embryos at 48 hpf. Zebrafish
embryos injected with control MO (C, D), E8I8-MO (E, F) or E919-MO (G, H) at 48 hpf. I-N. Knockdown of smyd1a expression had no effect on myoblast
specification and early differentiation of slow and fast myofibers. In situ hybridization showing normal MyoD expression in control-MO (1) or smyd1a
MO (L) injected embryos at 14 hpf. Cross views of slow (J, M) or fast (K, N) MHC expression in control (J, K) or smydTa MO (M, N) injected embryos at

24 hpf.
doi:10.1371/journal.pone.0086808.9002

4. Knockdown of smydia and smyd1b together Resulted

in a Stronger Muscle Phenotype in Zebrafish Embryos

To analyze the effects of smydla knockdown on sarcomere
assembly in skeletal muscles, we first examined the organization of
thick filaments in slow myofibers of smyd/a knockdown zebrafish
embryos. The results showed that knockdown of smydIa alone had
no detectable effect on the sarcomere organization of the myosin
thick filaments (Fig. 3D-F) in slow fibers of zebrafish embryos at
24, 48 and 72 hpf. The lack of muscle defect from smydia
knockdown could be due to the inefficient knockdown. To
determine whether increasing the efficiency of smydla knockdown
could affect muscle development, we co-injected the two smydla
splicing MOs into zebrafish embryos. Compared with the single
MO injection, the results showed that co-injection of the two MOs
increased the efficiency of smydla knockdown (Fig. 2B). However,
it did not result in more defects on myofibril assembly in slow
muscles (Fig. 3G—I).

To test the possibility that the lack of muscle defect from smydla
knockdown was due to the redundant function from smyd1b, we
carried out the double knockdown of smydla and smydlb in
zebrafish embryos. The data showed that knockdown of smydla
and smydlb together resulted in a stronger muscle phenotype
compared with smydla or smydlb knockdown alone. As shown in
Fig. 3], knockdown of smydlb alone resulted in disruption of
myosin thick filament organization at 28 hpf. However, the
defective thick filament organization was partially recovered in
smyd1b knockdown zebrafish embryos at 48 and 72 hpf (Fig. 3K,
L). Double knockdown studies showed that the partial recovery
from smyd1b knockdown was diminished when smyd1b was knocked
down together with smydla (Fig. 3N,O), suggesting that Smydla
may have a partial function redundancy with Smyd1b in myofibril
assembly.

To determine whether this was also true for other sarcomeric
structures, we analyzed the o-actin thin filaments and Z-line
organization in the single or double knockdown embryos. The
results showed that the knockdown of smydla and smyd1b together
had a stronger effect on thin filament disruption at 72 h pf
(Fig. 40) compared with the knockdown alone (Fig. 41, L). A
similar finding was also observed with the Z-line structure (Fig. 5).
Collectively, these data indicate that Smydla and Smydlb are
required for myofibril organization and assembly in skeletal
muscles of zebrafish embryos although Smyd1b plays a dominant
role compared with Smyd]la.

In situ expression analysis showed that smydla was expressed in
fast muscles (Fig. 1). To determine whether knockdown of smydla
had any effect on fast muscles, sarcomere organization was
characterized in fast muscles of smydla knockdown embryos. The
results showed that knockdown of smydla alone had no effect on
myofibril assembly in fast muscles (Fig. 6).
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5. Ectopic Expression of Zebrafish smydila or Mouse
Smyd1 Transgene Could Rescue the Myofibril Defects in
smyd1b Knockdown Zebrafish Embryos

It has been suggested that actinopterygian fish, such as
zebrafish, had gone through one more round of whole genome
duplication compared with mammals during evolution [18]. The
two Smydl genes in zebrafish were likely generated by the gene
duplication event in teleosts because mouse and human genomes
contain only one Smydl gene. Sequence analysis revealed that
zebrafish Smydla and Smyd1b share high sequence similarity with
the mouse and human Smydl (Fig. S2). However, functional
studies revealed that knockdown of smydla or smydib resulted in
strong differences in muscle phenotype. Knockdown of smyd1b
significantly disrupted the myofibril organization, whereas knock-
down of smydia alone had little effect. The different severity of the
knockdown phenotypes could be due to structural changes of
smydla protein that made it less active compared with smydIb.
Alternatively, the different knockdown phenotype could be caused
by their distinct patterns of temporal expression because smydla
was expressed several hours later than smydlb in zebrafish
embryos.

To clarify these questions, we tested whether ectopic expression
of smydla early in zebrafish embryos could rescue the smydlb
knockdown phenotypes. A rescue experiment was performed in
the smydlb knockdown zebrafish embryos using the smydla
transgene (Smyd1-zfsmydla™") directed by the smpdlb promoter.
The SmydI-zfsmyd1d™* transgene expressing a myc-tagged zebra-
fish Smydla was co-injected with smydlb ATG-MO into zebrafish
embryos. The smyd1b ATG-MO could specifically knock down the
expression of smpd1b, however it had no effect on the expression of
the zebrafish smydla™* transgene because the transgene did not
contain the smydib ATG-MO target sequence. Myofibril organi-
zation and ectopic Smydla™* expression was analyzed in the co-
injected zebrafish embryos by double staining with anti-MyHC
(F59) and an anti-myc antibodies. The data showed a clear rescue
of thick filament organization in the co-injected embryos (Fig. 7A).
The rescue appeared in a mosaic pattern, consistent with the
pattern of gene expression through DNA injection. Double
staining revealed a perfect match between the rescued myofibers
and the expression of the myc-tagged zebrafish Smydla (Iig. 7C,
E). Collectively, these data indicate that Smydla could replace
Smyd1b function if expressed early in muscle cells, arguing that
the different severity of smydla and smyd1b knockdown phenotypes
was likely due to distinct pattern of temporal expression.

Sequence analysis revealed that Smydla and Smydlb share
similar sequence identity with mouse and human Smyd1 (Fig. S2).
To test whether Smyd] function is conserved during evolution, we
performed a rescue experiment in the smyd1b knockdown zebrafish
embryos using the mouse smyd! transgene directed by the zebrafish
smyd1b promoter. The mouse Smyd! transgene (smydIl-mSmyd1™")
expressing a myc-tagged mouse Smydl was co-injected with the
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Figure 3. The effect of smyd7a and/or smyd7b knockdown on myosin thick filament organization in skeletal muscles. Zebrafish
embryos injected with smyd1b MO or smydla MO or both were fixed at 28, 48 and 72 hpf. Myosin thick filament organization was analyzed by
immunostaining with the F59 antibody which recognizes the myosin heavy chain (MHC) in slow muscles, and followed by FTIC-labeled secondary
antibody. The images represent side view of trunk muscles around segment 10. A-C. Lateral view of thick filament organization in slow muscle fibers
of control-MO injected embryos at 28 (A), 48 (B) and 72 (C) hpf. D-F. Lateral view of thick filament organization in slow muscle fibers of smyd1a E8I8-
MO injected embryos at 28 (D), 48 (E) and 72 (F) hpf. G-I. Lateral view of thick filament organization in slow muscle fibers of smydia E8I8-MO and
E919-MO co-injected embryos at 28 (G), 48 (H) and 72 (I) hpf. J-L. Lateral view of thick filament organization in slow muscle fibers of smyd1b ATG-MO
injected embryos at 28 (J), 48 (K) and 72 (L) hpf. M-O. Lateral view of thick filament organization in slow muscle fibers of smydia E8I8-MO and

smyd1b ATG-MO co-injected embryos at 28 (M), 48 (N) and 72 (O) hpf. Scale bars: 20 pm in A-C.

doi:10.1371/journal.pone.0086808.9003

smydlb ATG-MO into zebrafish embryos.
revealed that expression of the myc-tagged mouse Smydl could
rescue the myofibril defects from the smyd1b knockdown in a cell
autonomous manner (Fig. 7B, D, F). Collectively, these data
indicate that Smydlfunction in myofibril organization is likely
conserved during evolution.

Double staining

6. The Subcellular Localization of Zebrafish Smyd1a and
Mouse Smyd1 in Myofibers

Previous studies by us and others have shown that Smydlb is
localized on the M-line of sarcomeres in both skeletal and cardiac
muscles [6,16]. This was especially evident for the longer isoform
Smydlb_tvl [16]. It is not clear whether zebrafish Smydla and
mouse Smydl could also localize on M-lines of sarcomere in
skeletal muscles. To clarify this question, we examined the
subcellular localization of myc-tagged zebrafish Smydla and
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mouse Smyd1 in skeletal muscles of zebrafish embryos. The results
showed that, similar to Smydlb, mouse Smydl was localized on
the sarcomere of skeletal muscles (Fig. 7D). However, unlike
Smyd1b, zebrafish Smydla showed no clear sarcomeric localiza-
tion in myofibers (Fig. 7C).

To enhance the sensitivity of the detection, we generated a
transgene, pTol2-Smydla -EGFP, expressing a GFP-tagged zcbra-
fish Smydla fusion protein. The pTol2-Smydla-EGFP transgene
was injected into zebrafish embryos. Smydla-EGFP expression
and subcellular localization were characterized in the injected
zebrafish embryos by direct observation. The results showed that
Smyd1b-EGFP had a clear sarcomeric localization (Fig. 8B, E). In
contrast, Smydla-EGFP was not localized on the sarcomeres
(Fig. 8A, D). A diffuse cytosolic localization was detected for
Smydla-EGFP in myofibers of zebarfish embryos (Fig. 8A, B),
similar to EGFP control (Fig. 8C, F). Together, these data indicate
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Figure 4. The effect of smyd7a or smyd1b single or double knockdown on thin filament organization in skeletal muscles. Zebrafish
embryos injected with smyd1b MO or smydia MO or both were fixed at 28, 48 and 72 hpf. a-actin thin filament organization was analyzed by
immunostaining with anti-a-actin antibody (Acl-20.4.2), and followed by FTIC-labeled secondary antibody. The images represent side view of trunk
muscles around segment 10. A-C. Lateral view of thin filament organization in skeletal muscle fibers of control-MO injected embryos at 28 (A), 48 (B)
and 72 (C) hpf. D-F. Lateral view of thin filament organization in skeletal muscle fibers of smyd1a E8I8-MO injected embryos at 28 (D), 48 (E) and 72
(F) hpf. G-I. Lateral view of thin filament organization in slow muscle fibers of smyd1a E818-MO and E919-MO co-injected embryos at 28 (G), 48 (H) and
72 (1) hpf. J-L. Lateral view of thin filament organization in skeletal muscle fibers of smyd1b ATG-MO injected embryos at 28 (J), 48 (K) and 72 (L) hpf.
M-O. Lateral view of thin filament organization in skeletal muscle fibers of smydia E8I8-MO and smyd1b ATG-MO co-injected embryos at 28 (M), 48

(N) and 72 (O) hpf. Scale bars: 20 um in A-C.
doi:10.1371/journal.pone.0086808.9g004

that Smydla and Smydlb have distinct subcellular localization,
indicating that the sarcomeric localization of Smyd1b might not be
directly linked with the Smyd1 function in sarcomere organization
because Smydla could rescue the myofibril defects from Smydlb
knockdown although Smydla was not localized on the sarcomere.
This is consistent with previous findings that either one of the
Smydl1b isoforms, Smydlb_tvl or Smydlb_tv2, from alternative
splicing was able to rescue the smyd/b knockdown phenotype
although their proteins showed distinct subcellular localization
[5,16].

Discussion

In this study, we have characterized the muscle phenotype from
knockdown of smydla or smydlb alone, or together in zebrafish
embryos. We demonstrated that in contrast to smydlb which is
absolutely required for myofibril organization in skeletal muscles,
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knockdown of smydla alone had very little effect on myofibril
organization. However, knockdown of smydla and smyd1b together
resulted in a stronger muscle phenotype compared with knock-
down of smydIa or smyd1b alone. We further demonstrated that the
muscle defects from smydlb knockdown could be rescued by the
ectopic expression of the zebrafish smydla or mouse Smydl,
suggesting that Smydl function is likely to be conserved during
evolution. Finally, we showed that similar to Smydlb, mouse
Smydl was localized on sarcomeres in skeletal myofibers. In
contrast, zebrafish Smydla did not show any sarcomeric
localization although it could rescue the Smydlb knockdown
defects.
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Figure 5. The effect of smydia or smyd1b single or double knockdown on the Z-line organization in skeletal muscles. Zebrafish
embryos injected with smyd1b MO or smyd1a MO or both were fixed at 28, 48 and 72 hpf. Z-line organization was analyzed by immunostaining with
anti-a-actinin antibody (EA-53), and followed by FTIC-labeled secondary antibody. The images represent side view of trunk muscles around segment
10. A-C. Lateral view of Z-line organization in skeletal muscle fibers of control-MO injected embryos at 28 (A), 48 (B) and 72 (C) hpf. D-F. Lateral view
of Z-line organization in skeletal muscle fibers of smydia E8I8-MO injected embryos at 28 (D), 48 (E) and 72 (F) hpf. G-I. Lateral view of Z-line
organization in skeletal muscle fibers of smyd7a E8I8-MO and E9I9-MO co-injected embryos at 28 (G), 48 (H) and 72 (I) hpf. J-L. Lateral view of Z-line
organization in skeletal muscle fibers of smyd1b ATG-MO injected embryos at 28 (J), 48 (K) and 72 (L) hpf. M-O. Lateral view of Z-line organization in
skeletal muscle fibers of smydia E818-MO and smyd1b ATG-MO co-injected embryos at 28 (M), 48 (N) and 72 (O) hpf. Scale bars: 20 um in A-C.

doi:10.1371/journal.pone.0086808.g005

The Unequal Role of Smyd1a and Smyd1b in Myofibril
Assembly

Gene duplication plays a vital role in evolution [19]. Sequence
analysis revealed that zebrafish genome contains two smyd! genes,
smydla and smyd1b that were likely generated by the whole genome
duplication in actinopterygian fish during evolution [17,18,20].
smydla and smydlb are paralogous genes that are dispersed on
different chromosomes in zebrafish. Sequence analysis revealed
that zebrafsh smydla and mouse Smyd! showed a highly conserved
synteny arrangement with the surrounding THNSL2 and FABP1
genes. The synteny arrangement with fabp/was maintained for
smyd1b in zebrafish. However, this synteny was not found between
the zebrafish smydlb and thnsl2 genes, suggesting that a genomic
rearrangement or deletion might occur in this region after the
whole genome duplication.

It has been suggested that after whole genome duplication, the
duplicated genes could evolve in several directions without the
selective pressure. Some of the duplicated genes could gain new
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functions, while many others turned into nonfunctional pseudo-
genes [19,20]. We showed in this study that both smydla and
smyd1b are functional genes after the duplication. However, they
do not play an equal role in myofibril organization. Smydlb
appears to be more critical than Smydla because knockdown of
smydlb gave a stronger muscle phenotype compared with smydla
knockdown. Our data indicate that functional difference between
Smydla and Smyd1b could be caused by their different patterns of
temporal expression, different activity due to changes of protein
structure, or different levels of gene expression. We showed that
early ectopic expression of smydla by using the smydlb promoter
could rescue the myofibril defects from smydlb knockdown,
suggesting that Smydla could function as Smydlb if expressed
in a similar temporal and spatial pattern in zebrafish embryos. At
present, it is not clear whether Smydla gained new functions
during evolution. Knockdow