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Post-translational modifications of histone tails have fundamental roles in chromatin 

structure and function.  Among chromatin modifying enzymes, SET domain proteins 

were identified as histone lysine methyltransferases that play critical roles in the 

regulation of gene expression.  Until recently, the studies of SET domain proteins have 

mainly concentrated on histones.  The discovery of a few nonhistone substrates of SET 

domain proteins demonstrated that histones are not the sole substrates of this family and 

that methylation of nonhistone regulatory proteins may play an equally important role in 

transcription regulation.  

 

Among the SET domain proteins, SMYD1a and b, two isoforms that differ by a 13 amino 

acid insertion in the SET domain due to alternative splicing, were identified as heart and 
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skeletal muscle-specific proteins essential for cardiogenesis and skeletal muscle 

development.  In this thesis, I show that in vitro, both SMYD1a and SMYD1b  methylate 

skNAC, a cardiac and skeletal muscle specific transcriptional activator. In vivo, SMYD1b 

but not SMYD1a methylates skNAC.  The methylation of skNAC requires a direct 

interaction of SMYD1 and skNAC. 

 

 The expression of myoglobin, a heart and skeletal muscle-specific hemoprotein that 

facilitates oxygen transport in cardiomyocytes and skeletal muscle is regulated by both 

SMYD1 and skNAC. skNAC regulates myoglobin expression by directly binding  to the 

myoglobin promoter, while SMYD1 regulate myoglobin expression indirectly, likely 

through skNAC methylation.  

 

The ability of SMYD1-depleted C2C12 myoblasts to differentiate into myotubes was 

impaired, indicating SMYD1 plays critical roles in the early stage of myoblastic 

differentiation.  However,  skNAC is not required for the early stage of differentiation, as 

skNAC-depleted myoblasts differentiate into myotubes normally.  
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INTRODUCTION 

 

Histone methylation and SET domain proteins  
 

In eukaryotic cells, nuclear DNA is highly folded, constrained, and compacted by histone 

and nonhistone  proteins to form chromatin. The basic unit of chromatin is the 

nucleosome, consisting of a core of an octamer of histones (two heterodimers of 

H2A/H2B and a tetramer of H3/H4), around which roughly two superhelical turns of 

DNA are wound. Histones are small basic proteins consisting of a globular domain and a 

more flexible and charged NH2-terminus (histone "tail") that protrudes from the 

nucleosome. The histone tails are subject to many different covalent modifications 

(Cheung, 2000), including lysine acetylation (Marmorstein, 2001; Khochbin, 2001), 

lysine and arginine methylation (Sims, 2003: Bedford, 2005), and serine phosphorylation 

(Hans, 2001) (figure 1). 

 

The covalent modifications of histone N-terminal tails play fundamental roles in 

regulating chromatin structure and many biological processes (Cheung, 2000). Among 

the various types of histone modifications that are known, histone lysine methylation on 

lysine residues 4, 9, 27 and 36 in H3, and on residue 20 in H4, is considered to be critical 

for transcriptional regulation (Sims, 2003). In addition, as it seems to be relatively stable 

compared with other histone modifications, such as acetylation or phosphorylation, 

histone methylation may provide an epigenetic hallmark for long-term transcriptional 
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memory (Jenuwein, 2001). 

 

In recent years, a number of histone methyltransferases (HMTases), which can methylate 

histones at specific residues, have been identified and characterized. All of the lysine-

specific HMTases except Dot1 share a SET [Su(var), Enhancer of zeste, trithorax] 

domain that is responsible for catalysis and binding of cofactor S-adenosyl-L-methionine 

(SAM) (Cheng, 2005). The SET domain HMTase controls a broad spectrum of 

chromatin-based biological processes, such as heterochromatin formation (Bannister, 

2001; Nakayama, 2001), heterochromatic gene silencing (Schotta, 2002), euchromatic 

transcriptional repression (Nielsen, 2001) and activation (Shi, 2006), and triggering of 

DNA methylation (Taverna, 2002). 

 

Many chromatin-modifying enzymes also use non-histone proteins as substrates. The 

activities of HATs, HDACs, and arginine methyltransferases on non-histone substrates 

are well documented (Kouzarides, 1999; Bedford, 2005), but only a few examples of 

lysine methylation within non-histone substrates have been reported. SET9, which was 

identified as a H3 lysine 4 methyltransferase, specifically methylates p53 at one residue 

within the carboxyl-terminus regulatory region. Methylated p53 is restricted to the 

nucleus and the modification positively affects its stability (Chuikov, 2004). SET9 also 

methylates TAF10, a subunit of the TFIID complex. Lysine methylation of TAF10 

increases its affinity for RNA pol II (Kouskouti, 2004). 
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It has become clear that histones are not the sole substrates of SET domain lysine 

methyltransferases and modifications of nonhistone proteins may play an equally 

important role in transcription regulation.  
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Smyd1 
 

Among the genes that encode SET domain proteins, Smyd1 was found as a 

transcriptional repressor that is essential for cardiomyocyte differentiation and chamber-

specific development (Gottlieb, 2002). Smyd1 encodes three protein isoforms (Figure 2). 

Smyd1a and Smyd1b are only expressed in cardiac and skeletal muscle. SMD1c is 

specifically expressed in cytotoxic T cells (Hwang, 1997). The muscle and T cell forms 

of the Smyd1 protein appear to result from transcription from different promoters and 

only differ in amino-terminal sequences.  

 

Smyd1 belongs to the Smyd family which is defined by a unique split SET domain. The 

SET domain of Smyd is split into two segments by a MYND domain, followed by a post-

SET domain (figure 3). Interestingly, most invariant amino acid residues within the SET 

domains of SET domain proteins with histone methyltransferase activity are conserved in 

the Smyd family (figure 4). This high degree of conservation raised the possibility that 

the members of Smyd family are also histone methyltransferases. Consistent with this 

notion, Smyd3 and zebrafish Smyd1 were recently shown to specifically methylate 

histone H3 at lysine 4, and the activity is enhanced in the presence of the heat-shock 

protein HSP90A (Hamamoto, 2004; Tan, 2006). Interestingly, another Smyd family 

member, Smyd2, methylates histone H3 at lysine 36 (Brown, 2006). This indicates that in 

spite of sharing similar protein domain homology and architecture, Smyd family 

members have different substrate specificity. 
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skNAC, a transcriptional activator specific to heart and skeletal muscle, was observed to 

interact with Smyd1 (Sims, 2002). The interaction of Smyd1 and skNAC requires an 

intact MYND domain of Smyd1 (Figure 5) and a PXLXP motif in skNAC. The MYND 

domain, which is also found in the transcriptional regulators ETO and BS69 (Lutterbach, 

1998; Ladendorff, 2001), is a zinc binding domain that mediates protein-protein 

interactions (Spadaccini, 2006). The MYND domain of ETO is involved in recruitment of 

the nuclear receptor co-repressor N-CoR and transcriptional repression .  

 

Studies with C2C12, a mouse myoblast cell line capable of undergoing myogenesis in 

cell culture, demonstrated that Smyd1 and skNAC share a similar temporal and spatial 

expression pattern (Sims, 2002) (Figure 6). Western blots demonstrated that Smyd1 and 

skNAC are induced within the first 24 h of myogenesis, as observed in cell culture. Both 

proteins continue to be expressed at high levels up to 6 days after induction of 

differentiation. While  Smyd1 protein levels remain high, skNAC expression was reduced  

dramatically 2 weeks after the onset of myogenesis (figure 6a). Immunofluorescence  

studies indicated that Smyd1 and skNAC are localized in the nucleus  early in C2C12 

differentiation, followed by greatly enhanced expression in the cytoplasm as myogenesis 

progressed (figure 6b). 

 

Luciferase assays have shown that Smyd1 can act as a histone deacetylases (HDAC) 

dependent repressor (Gottlieb, 2002). HDACs catalytically remove acetyl groups from 

select histone tails, generally leading to transcriptional repression (Marmorstein, 2001).  
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Many transcriptional co-repressors have been shown to suppress transcription through the 

recruitment of HDAC-containing complexes, such as Sin3 and NuRD complexes (Ayer, 

1999). Consistent with this model, coimmunoprecipitation experiments indicate that 

Smyd1 associates with HDAC1, HDAC2, mSin3A, and N-CoR, the components of 

Sin3/HDAC repression complex (Robert Sims, personal communication).  
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skNAC 
 

skNAC is a heart and muscle-specific isoform of aNAC? (nascent polypeptide-associated 

complex) that was initially isolated as a heterodimeric complex that binds newly 

synthesized polypeptides emerging from ribosomes (Wiedmann, 1994). Further studies 

suggested that aNAC is required for potentiation of c-Jun-dependent transcription by 

stabilizing the AP-1 complex formed by the c-Jun homodimer on its DNA recognition 

sequence (Moreau, 1998).  Also aNAC acts as a positive regulator of human erythroid-

cell differentiation (Akhouayri, 2005; Lopez, 2005). skNAC contains a proline-rich 6 kB 

exon not present in aNAC that encodes an additional 1972 amino acids (Figure 7). 

 

skNAC functions as a sequence-specific transcriptional activator (Yotov, 1996). skNAC 

and aNAC were reported to bind to the same consensus DNA sequence in vitro.  In 

luciferase assays, skNAC, but not aNAC, activated transcription from the myoglobin 

promoter. Myoglobin is a cytoplasmic hemoprotein in cardiomyocytes and in oxidative 

myofibers of skeletal muscle (Garry, 2003; Ordway, 2004).  Myoglobin plays critical 

roles in the normal function of heart and skeletal muscle by facilitating the diffusion of 

oxygen from the capillaries to the mitochondria and scavenging reactive oxygen species 

to limit the toxic effects of oxidative stress (Kanatous, 2006). 

 

In addition to a role in transcriptional activation, skNAC was reported to participate in 

skeletal myogenesis in vitro (Yotov, 1996). The overexpression of skNAC in C2C12 

myoblasts led to early fusion of the cells into gigantic myosacs, suggesting that skNAC 
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may be involved in normal differentiation along the myogenic lineage and in the 

regulation of myoblast fusion. 

 

In a study attempting to identify genes that are differentially expressed during the process 

of cutaneous wound repair, skNAC was found to be induced in myofibers of the 

panniculus carnosus immediately adjacent to the wound, suggesting a role of skNAC in 

muscle regeneration (Munz, 1999). 
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The role of Smyd1 in heart development 
 

The heart is the first organ to form in the embryo, and all subsequent events in the life of 

the organism depend on its function (Olson, 2004). Heart development is controlled by an 

evolutionarily conserved regulatory network consisting of functional interconnections 

between myogenic transcription factors, their downstream target genes, and upstream 

signaling pathways that direct cardiac cell fate, myocyte differentiation,  and cardiac 

morphogenesis. 

 

Smyd1 is specifically expressed in cardiac precursors in mouse embryos beginning  

around E8.0 (Gottlieb, 2002). The expression is maintained throughout the  linear and 

looping heart tube, as well as in the atrial and  ventricular chambers of the heart. Smyd1 is 

also expressed in the myotome of the somites and in differentiated skeletal muscle 

(Gottlieb, 2002).  

 

The embryos of Smyd1 knockout mice showed growth retardation by E9.5 and were dead 

by E10.5 (Gottlieb, 2002). Further analysis indicated Smyd1 is necessary for maturation 

of cardiomyocytes and formation of the right ventricle (Figure 8). dHand, a basic helix-

loop-helix (bHLH) transcription factor previously (Srivastava, 1997) shown to be 

important in right ventricular formation, was not present in the hearts of Smyd1-/-  mice 

(Gottlieb, 2002). Consistent with the downregulation of dHand, Irx4, a ventricular-

specific homeobox gene that was shown to be partially downregulated in mice lacking 

dHand (Bruneau, 2000), was downregulated in the Smyd1-/- mouse ventricle (Gottlieb, 
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2002). 

 

MEF2, which binds a conserved A/T-rich consensus sequence found in the promoters of 

the majority of cardiac and skeletal muscle-specific genes, plays important roles in 

growth, differentiation and morphogenesis (Naya, 1999). Mice lacking Mef2c die at E9.5 

due to severe abnormalities in the formation of the right ventricle and outflow tract (Lin, 

1997). This phenotype mimics the cardiac defects observed in mice lacking Smyd1. 

Consistent with this notion, a recent study has shown that MEF2c directly binds to the 

Smyd1 promoter and regulates Smyd1 expression in the anterior heart field from which the 

right ventricle and outflow tract are derived  during mouse development (Phan, 2005). 

Interestingly, dHand is also downregulated in the hearts of embryos lacking Mef2c (Lin, 

1997). The pattern of gene expression and the similarity between the phenotypes of mice 

lacking Mef2c, Smyd1 and dHand suggest that these transcription factors act in a common 

developmental pathway. It is likely that Mef2c regulates dHand expression indirectly via 

Smyd1 in a transcriptional cascade during chamber-specific heart development (Figure 9). 
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The role of Smyd1 in skeletal muscle development  
 

Skeletal myogenesis is controlled by a complex cascade of transcriptional activation and 

repression (Sartorelli, 2005). Muscle regulatory factors (MRFs), Which are comprised of 

the basic helix- loop-helix (bHLH) proteins MyoD, Myf5, MRF4, and myogenin, form 

heterodimers with the ubiquitous bHLH proteins. These transcription factors 

subsequently activate muscle-specific gene expression by binding to E-boxes, specific 

DNA motifs present within muscle gene enhancers and/or promoters (Berkes, 2005). 

Members of the MEF2 family cooperate directly and indirectly with MRFs to transduce 

the external signals for proper skeletal muscle formation. 

 

In addition to its expression in the developing heart, Smyd1 is expressed in the myotomal 

compartment of the somites and in differentiated skeletal muscle (Gottlieb, 2002). The 

expression of Smyd1 in heart and skeletal muscle is persistent throughout development 

and adulthood. 

 

Morphilino knockdown of the expression of the Smyd1 orthologue, Smyd1, in zebrafish 

resulted in malfunction of skeletal and cardiac muscles (Tan, 2006). The  Smyd1 

knockdown embryos could not swim nor had detectable heartbeat. Molecular and cellular 

analyses revealed that the expression of myogenic markers and formation of slow and 

fast muscles appeared normal, while myofibril alignment in slow muscles was highly 

disorganized. Formation of sarcomeres in Smyd1 knockdown embryos was significantly 

reduced, indicating Smyd1 is required for myofibril organization and sarcomere assembly 
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during myofiber maturation (Tan, 2006). 

 

While Smyd1 is expressed in both heart and muscle, its transcription in each appears to 

be differentially regulated (Phan, 2005).  MEF2c is required for expression of Smyd1 in 

the developing heart, while the MEF2-binding site within the Smyd1 promoter is not 

required for expression in skeletal muscle. Conversely,  the E-boxes within the Smyd1 

promoter are required for the expression of Smyd1 in skeletal muscle but are not 

necessary for cardiac expression.  
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Overview of background information and objectives 
 

Post-translational modifications of histone tails have fundamental roles in chromatin 

structure and function (Cheung, 2000).  Among the various types of histone 

modifications that are known, histone methylation represents the most recently 

recognized component of the histone code. To date, most lysine histone 

methyltransferases contain a conserved methyltransferase domain termed SET domain 

(Cheng, 2005). Among the SET domain proteins, Smyd1a & b, two isoforms differ by a 

13 amino acid insertion in SET domain due to alternative splicing,  were identified as 

heart and skeletal muscle specific proteins essential for cardiogenesis and skeletal muscle 

development (Gottlieb, 2002).  Studies showed histone methyl transferase activity require 

several conserved amino-acid residues within the SET domain (Cheng, 2005). Smyd1 

shares most of these essential residues. This high degree of conservation raised the 

possibility that Smyd1 is also a histone methyltransferase. In the specific aim 1, we 

investigated the HMTase activity of Smyd1. 

 

Smyd1 was observed to interact with skNAC (Sims, 2002), a heart and muscle specific 

isoform of aNAC? (nascent polypeptide-associated complex) (Wiedmann, 1994). The 

interaction of Smyd1 and skNAC requires an intact MYND domain of Smyd1 (Figure 5) 

and a PXLXP motif in skNAC (Sims, 2002). In differentiating C2C12 (a mouse myoblast 

cell line), the temporal and spatial expression patterns of skNAC are almost identical to 

those of Smyd1 (Sims, 2002). These findings, combined with the notion that some SET 

domain proteins methylate non-histone substrates, encouraged us to investigate whether 
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Smyd1 can methylate skNAC. In specific aim 2, we studied the methylation of skNAC by 

Smyd1. 

 

skNAC functions as a sequence-specific transcriptional activator that activates luciferase 

expression driven by myolobin promoter (Yotov, 1996). However, it was still unclear 

whether skNAC regulates myoglobin expression in vivo, and furthermore, whether 

skNAC interaction partner-Smyd1 plays any role in myoglobin expression. In the specific 

aim 3, we studied the regulation of myoglobin expression by skNAC and Smyd1 in vivo. 

 

Targeted deletion of Smyd1 in mice disrupted maturation of ventricular cardiomyocytes 

and interfered with formation of the right ventricle (Gottlieb, 2002). Knockdown of 

Smyd1 expression in zebrafish embryo resulted in malfunction of skeletal and cardiac 

muscles (Tan, 2006). These observations indicate Smyd1 plays critical roles in 

embryonic myogenesis. Similar to Smyd1, skNAC is specifically expressed in cardiac 

and skeletal muscle. The overexpression of skNAC in C2C12 myoblasts led to early 

fusion of the cells into gigantic myosacs, suggesting that skNAC may be involved in 

myogenesis (Yotov, 1996). Both Smyd1 and skNAC expression in skeletal muscle is 

persistent throughout development and adulthood, but their functions are still not well 

understood. In the specific aim 4, we investigated the roles of Smyd1 and skNAC in 

skeletal myogenesis. 
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Figure 1. Chromatin Organization and Histone Tail Modifications . Like other histone 

`tails', the N terminus of H3 (red) represents a highly conserved domain that is likely to 

be exposed or extend outwards from the chromatin core. A number of distinct post-

translational modifications are known to occur at the N terminus of H3 including 

acetylation (green flag), phosphorylation (grey circle) and methylation (yellow hexagon). 

Other modifications are known and may also occur in the globular domain.   (adapted 

from Strahl & Allis, 2000) 
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Figure 2. Diagram of the Smyd1 isoforms .  The split SET domain of Smyd1a and b and 

middle SET region of Smyd1c is shown in blue.  The MYND domain is represented in 

black and the cysteine-rich post-SET domain is displayed in red.  The thirteen amino acid 

residues that are only present in Smyd1b and c are encoded by exon 5 of the Smyd1 gene. 

 

 

 

Smyd1a 

Smyd1b 

Smyd1c 
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Figure 3. Smyd family proteins  (A) Diagram representing the domain structures of five 

mammalian Smyd proteins.  The split SET domain is shown in light gray; the MYND 

domain is represented in black and the cysteine-rich post-SET domain is displayed in 

dark gray. (B) Comparison of the split SET domains and the post-SET domains present in 

Smyd1, Smyd2, Smyd3, Smyd4 and Smyd5. Conserved residues are indicated by black 

shading, similar residues are indicated by gray. The location of the MYND domain is 

indicated by an open arrowhead. 
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Figure 4. Conserved SET domain of Smyd1. a. Comparison of the SET domain and the 
post-SET domain present in Smyd1 and other HMTases; Conserved residues are 
indicated by black shading, similar residues are indicated by gray and residues necessary 
for HMTase activity are indicated by purple or red. The prominent difference between 
Smyd1 and other HMTases at the residues that affects HMTase activity are shown in 
Green. The location of the MYND domain is indicated by an open arrowhead. b. 
Comparison of the C-terminal regions of the SET domains present in Smyd1 and other 
HMTases. The highly conserved NHxCxPN and GEELxxxY motifs of SET domains that 
have been shown to be strictly essential for the HMTase activity are shown in purple.  
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Figure 5. The MYND domain of Smyd1.  a. Schematic representation of the Smyd1 

MYND domain in which the C4-C2HC motif forms two sequential zinc binding sites.  

b. Comparison of the MYND domain of mouse Smyd1 with other MYND 

domain-containing proteins. 

 

 

 

 A 
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Fig. 6. Smyd1 and skNAC are induced and colocalize during myoblastic 
differentiation. a, Western blot of whole cell extracts from distinct time points during 
C2C12 myoblast differentiation. Blots were probed for Smyd1 using a Smyd1-specific 
antibody, stripped, and reprobed with an anti-skNAC antibody. b, double 
immunofluorescence staining of Smyd1 and skNAC during C2C12 myogenic conversion. 
C2C12 cells were induced to differentiate for 24 and 96 h, fixed, and stained using a 
Smyd1-specific antibody, specific anti-skNAC antibodies, and 4',6-diamidino-2-
phenylindole. The phase contrast image is indicated. Images were magnified at 133×. 
(Adapted from Sims et al, 2002). 
 

Smyd1 

skNAC 

A 



 21 

 
 

 

 

 

 

 

Figure 7. Comparison of skNAC and NAC. Sequences common to aNAC are denoted 

by green boxes (the 23 amino-terminal residues and the 192 carboxyl-terminal residues).  

 

 

 

 

 

 

 
 



 22 

 

 

Figure 8. Targeted deletion of Smyd1 results in embryonic lethality, due to cardiac 

malformation.  a-d. Left and right lateral views of wildtype (WT; a,c) and Smyd1(Bop) 

mutant (b,d) embryos at E9.5 are shown. Gross analysis of mutant embryos shows growth 

retardation, an enlarged ventricular chamber (v) and a single ventricular segment, in 

contrast to wildtype embryos. Scale bars, 400 M. a, atria; h, head; lv, left ventricle; ot, 

outflow tract; rv, right ventricle. e and f. Transverse-section in situ hybridization of E9.0 

embryos shows decreased expression of Hand2 in the ventricular chamber (v) and 

outflow tract (ot) of the Smyd1 -/- embryo (f), compared with the wildtype embryo, at the 

level of the connection between the right ventricle and the outflow tract (e). Bop is the 

former name of Smyd1. (Adapted from Gottlieb et al, 2002)  

 
 
 
 



 23 

 
 
 

 

 

Figure 9. Putative network of transcription factors involved in ventricular 

development. Direct interactions of transcription factors with regulatory sequences 

associated with downstream target genes are shown by solid lines; steps in which 

transcription factors have been implicated, but direct target genes have not been 

identified, are shown by broken lines. (Adapted from Phan et al, 2005) 
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MATERIAL AND METHODS 

 

Cell culture  
 

C2C12, 10T1/2 and 293T cells were from ATCC. Phoenix A was from Nolan Lab. 

C2C12 cells were cultured in DMEM supplemented with 15% FBS, 1% non-essential 

amino acids, penicillin, and streptomycin (growth medium, GM) and induced to 

differentiate by placing 90%confluent cells in DMEM supplemented with 2% horse 

serum, penicillin, and streptomycin (differentiation medium, DM). The differentiation 

medium was changed every 2 days. C2C12 cells were not allowed to reach confluency 

unless differentiation was desired. 10T1/2, 293T and Phoenix A were cultured in DMEM 

supplemented with 10% FBS, 1% non-essential amino acids, penicillin, and streptomycin.  

 

Constructs 
The sequences of all constructs were confirmed by DNA sequencing. 

 

1). BACTERIAL AND BACULOVIRAL EXPRESSION 

pCI-skNAC were supplied by St-Arnaud (Yotov, 1996). pCI-skNAC (BamH I) was a 

modified construct of pCI-skNAC with a insertion of BamH I and Sal I sites at the 5’ of 

skNAC by using QuikChange Site-Directed Mutagenesis (Stratagene). 

 

pFast-Bac-Smyd1b was constructed by PCR using the 5'-primer (GCTCTAGAGCA 
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CCATGGACGTGGAGGTCTTC) and the 3'-primer (CTCGAGCTGCTTCTTATGGAA 

CAG) using pBK-CMV-Smyd1b as the template. The PCR product was subcloned into 

pGEMT-easy and digested with Xba I / Xho I, and then subcloned into pTP17 (a kind gift 

from the laboratory of Dr. Tanya Paull) after cutting with Xho I / Spe I. pFast-Bac-

Smyd1b (Y234F) was generated by QuikChange Site-Directed Mutagenesis (Stratagene) 

using pFast-Bac-Smyd1b as templates. pFast-Bac-HTb-skNAC was made by digesting 

pCI-skNAC (BamHI) with BamHI to get the whole skNAC sequence and then sub-

cloning the whole skNAC sequence into pFast-Bac-HTb cut with BamHI. 

 

pGEX6P1-E34 was made by PCR using the 5'-primer (5’-GGATCCCTTGTTAGCCCT 

GCAAAAGGC-3’) and the 3'-primer (5’-GCGGCCGCTTACATTGTTAATTCCAT-3’) 

using pCMV-Tag2b-E34 as the template. The PCR product was subcloned into pGEMT-

easy and digested with BamH I / Not I, and then subcloned into pGEX-6P1 after cutting 

with BamH I / Not I.  pGEX6P1-E34 (L1952A) and pGEX6P1-E34 (K-R) were 

generated by QuikChange Site-Directed Mutagenesis (Stratagene) using pGEX6P1-E34 

as templates.  pGEX6P1-skNAC truncations were generated by PCR using pCI-skNAC 

as the template. The PCR products was digested with BamH I / Not I, and subcloned into 

pGEX-6P1 after cutting with BamH I / Not I. 

 

2). MAMMALIAN CELL EXPRESSION 

The mammalian expression vector pBK-CMV-Smyd1a, pBK-CMV-Smyd1b, pBK-

CMV-Smyd1c and pBK-CMV-Smyd1b-MYND-mutant was described  previously (Sims 
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et al, 2002). pBK-CMV-Smyd1a (Y247F), pBK-CMV-Smyd1b (Y234F) were generated 

by QuikChange Site-Directed Mutagenesis (Stratagene) using pBK-CMV-Smyd1a and 

pBK-CMV-Smyd1b as templates. pCMV14-Smyd1a and pCMV14-Smyd1b was 

constructed by PCR using the 5'-primer (5’-AAGCTTATGGAGAAC 

GTGGAGGTCTTC-3’) and the 3'-primer (5’-TCTAGACTGCTTCTTATGGAACAGA 

GC-3’) using pBK-CMV-Smyd1a and pBK-CMV-Smyd1b as the template. The PCR 

product was subcloned into pGEMT-easy and digested with Hind III / Xba I, and then 

subcloned into pCMV14 after cutting with Hind III / Xba I.  pCMV14-Smyd1a (Y247F), 

pCMV14-Smyd1b (Y234F) were generated by QuikChange Site-Directed Mutagenesis 

(Stratagene) using pCMV14-Smyd1a and pCMV14-Smyd1b as templates. 

 

3). RETROVIRAL SHRNA SILENCING 

pSilencer5.1-U6-Smyd1(shRNA), pSilencer5.1-U6-skNAC(shRNA) and pSilencer5.1-

U6-Scramble(shRNA) were generated by the following methods: 

 siRNA target sequences were selected by using the software, siRNA selector, available 

on the web site: http://hydra1.wistar.upenn.edu/Projects/siRNA/siRNAindex.htm. 

Ambion’s Insert Design Tool 

(http://www.ambion.com/techlib/misc/psilencer_converter.htm) 

was used to convert the target sequences into hairpin siRNA-encoding DNA 

oligonucleotide sequences. These oligonucleotide sequences were annealed and ligated 

into the pSilencer 5.1 Retro vector (Ambion).  
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Transient transfection 
 

FuGENE 6 reagent (Roche) was used to transfect 293T, C2C12, 10T1/2 and Phoenix A 

cells. The cells were plated one-day before the transfection experiment at a density that 

the cells will reach 50–80% confluent on the day of the transfection. The transfection 

reactions were set up with FuGENE 6 Reagent:DNA amounts of 3:1 (µl and µg, 

respectively) in the serum free medium OPTI-MEMI (invitrogene) according to the 

instructions of the manufacturer. The DNA/FuGENE6 mixture was incubated for 30 

minutes at room temperature before the mix was added to the media. Cells were 

harvested 48 hours after transfection.  

 

Antibodies 
 

The Armenian hamster anti-Smyd1 (3b2a) monoclonal antibody has been described 

previously (Hwang, 1997). Rabbit anti-skNAC polyclonal antibody (UT143) was 

generated against a GST-purified skNAC fragment corresponding to amino acids 1688-

1995 of skNAC (Cocalico Biologicals). The mouse monoclonal anti-FLAG antibodies 

M2 (Sigma,cat # F3165) and the rabbit anti-skeletal myosin (fast) clone MY-32 

monoclonal antibody (Sigma, cat # M4276) were purchased from Sigma (Saint Louis, 

MO).  
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Immunoprecipitation 
 

Protein-A immobilized on Sepharose CL-4B (cat # P3391) was purchased from Sigma. 

300 mg protein-A beads were washed in 10 ml low IPB buffer (25 mM Tris, pH8.0; 150 

mM NaCl; 2 mM EDTA; 0.5% NP-40) with 10 mg BSA for at least 1 hour while rotating 

at room temperature (or overnight at 4° C). The beads were washed 2 times in 10 ml low 

IPB, and resuspended in an equal volume of low IPB (<3 ml).  

 

Transiently transfected 293T cells were harvested 48 hours after transfection. Cell pellets 

were lysed in RIPA buffer (50 mM Tris at pH 8.0, 150 mM NaCl, 0.5% deoxycholate, 

0.1% SDS, 1% NP-40, 2 mM NaF, 2 mM NaOV4, protease inhibitor cocktail tablets 

[Roche Diagnostics] with 2x concentration) for 30 minutes with rotating at 4° C. Cells 

were centrifuged at 14000rpm for 10 minutes at 4° C and supernatants were incubated 

with primary antibody for 1 hour on ice. Lysates were spun for 10 minutes at 4° C and 

the supernatants were incubated with protein A-Sepharose for 1 hour at 4°C with 

rotation. Immune complexes were washed 3-5 times with 1 ml low IPB or RIPA buffer. 

Immunoprecipitated proteins were resuspended in 2X SDS loading buffer (250 mM Tris 

pH 6.8, 20% glycerol, 2% SDS, 200 mM ? -mercaptoethanol, bromophenol blue to 

color), boiled for 5 minutes, and resolved by 8% SDS-PAGE. 
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Western blot analysis 
 

Following SDS-PAGE, proteins were transferred to a nitrocellulose membrane (Protran 

BA, Schleicher and Schuell Bioscience) using standard electrophoretic transfer 

techniques (Harlow, 1998). Membranes were blocked with 5% nonfat milk in PBS-T 

(1xPBS, 0.1% Tween-20) for 1 hour at room temperature with agitation (or 4°?C 

overnight). Membranes were incubated with primary?antibody for 1 hour at room 

temperature with agitation followed by washing with PBS-T once for 15 minutes, and 

twice for 5 minutes. Membranes were incubated with secondary antibodies for 1 hour at 

room temperature with agitation, and washed with PBS-T once for 15 minutes, and four 

times for 5 minutes. Blots were developed using the ECL Western blotting detection 

reagent (Amersham Pharmacia Biotech) according to the manufacture’s instructions. 

 

Protein expression and purification 
 

1) BACULOVIRUS SMYD1B AND SKNAC 

The Bac-to-Bac® Baculovirus Expression Systems (invitrogene) were used to make 

6His-tagged Smyd1b and skNAC. The full- length coding sequence for Smyd1 was 

cloned via (Xho I / Spe I) into pTP17 (a kind gift from the laboratory of Dr. Tanya Paull. 

The full- length coding sequence for skNAC was cloned via BamH1 into pFastBac-HTb 

donor plasmid, and the recombinant plasmid is transformed into DH10Bac™ competent 

cells which contain the bacmid with a mini-attTn7 target site and the helper plasmid. 

Colonies containing recombinant bacmids are identified by disruption of the lacZa gene. 



 30 

High molecular weight mini-prep DNA is prepared from selected E. coli clones 

containing the recombinant bacmid, and this DNA is then used to transfect insect cells 

Sf21 to produce recombinant viruses. After twice virus amplification, 3-5ml viral 

supernatant was add to 100 ml Sf21 cells with 1.0x106 cells/ml. The recombinant 

baculovirus-infected Sf21 cells were harvested 48 h postinfection by lysing in RIPA 

buffer (50 mM Tris at pH 8.0, 150 mM NaCl, 0.5% deoxycholate, 0.1% SDS, 1% NP-40, 

1 mM PMSF, 5 µg/mL pepstatin, 10 µg/mL aprotonin, 5 µg/mL leupeptin, 1 mM 

Benzamidine, 5 mM NaF, 5 mM NaOV4). Whole-cell extracts were clarified at 10,000g 

for 10 min at 4°C, and supernatants were incubated in batch with Ni2+-NTA agarose 

(QIAGEN) by shaking (200rpm on a rotary shaker) at 4°C for 2 hours. After incubation, 

the lysate-Ni-NTA mixture was loaded into a column, and washed with BC1000 buffer 

(20 mM Tris-HCl at pH 8.0, 1000 mM NaCl, 0.2 mM EDTA, 10% glycerol, 0.2 mM 

PMSF, 0.2% Tween 20) twice, then wished with BC100 (20 mM Tris-HCl at pH 

8.0, 100 mM NaCl, 0.2 mM EDTA, 10% glycerol, 0.2 mM PMSF, 0.2% Tween 20) 

twice. Bound proteins were eluted 6 times with 600 ul BC100 supplemented with 

300 mM imidazole. The elutes were analyzed by SDS-PAGE. The elutes with high 

concentration of proteins were combined, and dialyzed against BC100. The dialyzed 

proteins then were used for methyltransferase assays. 

 

2) GST FUSION PROTEINS 

E. coli strain BL21 that carry recombinant pGEX6p1 plasmid were grown in 2-ml LB 

medium (containing 100ug/ml ampicilin) overnight. The next day, the entire overnight 
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culture was added to 50 ml LB medium (containing 100ug/ml ampicilin), and the culture 

was allowed to grow until the optical density at 600 nm reached 0.4 to 0.6. IPTG was then 

added to 0.2 mM, and the cultures were incubated for an additional 3 to 4 h. The cells 

were pelleted at 8,000 × g for 10 min at 4°C. The bacteria were resuspended in 2 ml of 

PBS, and 200 µg of lysozyme was added. After a 15-min incubation on ice, dithiothreitol 

to 5 mM and protease inhibitors to final concentrations  of 0.1 mM PMSF, 100 µg of 

aprotinin per ml, 10 µg of leupeptin per ml, 10 µg of pepstatin per ml, 5mM NaF, 5mM 

NaVO4 and 1 mM benzamidine were added.  Sarcosyl was added to a final concentration 

of 2%, and the bacterial suspension was sonicated for 30 s, left on ice for 1 min, and then 

sonicated for an additional 30 s. Triton X-100 was then added to a final concentration of 

4%, and the lysates were incubated with shaking at 4°C for 20 min. The sample was 

centrifuged 16,000 × g for 10 min at 4°C, then 0.5 ml 50% glutathione-Sepharose slurry 

(Pharmacia) were added into the supernatant. The mixture was shacked at 4°C for 2 

hours. The beads were centrifugeed briefly, and washed with PBS three times, Bound 

proteins were eluted with elution buffer (50 mM Tris [pH 8.0], 100 mM NaCl, 10% 

glycerol, 1mM DTT, 5 mM freshly added reduced glutathione). Elution was with a buffer 

volume equa l to 1-2 times the packed bead volume, and incubation was at room 

temperature  for 20 min. The beads were centrifuged briefly, and the supernatant  was 

collected. The elution was repeated, and the supernatants  were combined. Protein 

concentrations were determined by the Bio-Rad protein assay.   
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S-adenosyl-L-methionine (SAM) binding assays 

 

Twenty microliters of purified Smyd1 protein (2–5 µg) was incubated with 1.0 µCi of S-

adenosyl- [3H-methyl]-L-methionine (3H-AdoMet; 72 Ci/mmole; GE healthcare) 

overnight at 4°C. Samples were added to a 96-well plate on ice and placed 8 cm from an 

inverted UV transilluminator for 1 hr. The protein was then separated by SDS-PAGE, 

stained with Coomassie, and subjected to fluorography. 

 

In vitro histone methyl transferase (HMTase) assays  
 

In a 40-µL reaction volume, enzyme, 10 µg of mixed histones from calf thymus (Sigma), 

2 µg of nucleosomes (a kind gift from Dr. Yali Dou), or 2 µg of recombinant histone 

octamers(a kind gift from Dr. Yali Dou), and 1 µCi of S-adenosyl-[3H-methyl]-L-

methionine (3H-AdoMet; 72 Ci/mmole; GE healthcare) were incubated at 30°C for 1 h in 

a buffer containing 50 mM Tris-HCl (pH 8.5), 5 mM MgCl2, 4 mM DTT. Reactions were 

terminated by the addition of 4× SDS-buffer. Histones were resolved on 12% SDS-PAGE 

and visualized by Coomassie  blue R250 stain. [3H]Methyl labeling was detected by 

fluorography in 22% PPO solution.  Dried gels were exposed to Kodak MRX film.  
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In vitro methyl transferase (MTase) assays  
 

In a 40-µL reaction volume, purified 6His-tagged Smyd1 or immunoprecipitated Smyd1 

bound to protein A-sepharose beads, 6His –tagged skNAC or GST-skNAC truncations, 

and 1 µCi of S-adenosyl-[3H-methyl]-L-methionine (3H-AdoMet; 72 Ci/mmole; GE 

healthcare) were incubated at 30°C for 1 h in a buffer containing 50 mM Tris-HCl (pH 

8.5), 5 mM MgCl2, 4 mM DTT. Reactions were terminated by the addition of 4× SDS-

buffer. Histones were resolved on 12% SDS-PAGE and visualized by Coomassie blue 

R250 stain. [3H]Methyl labeling was detected by fluorography in 22% PPO solution.  

Dried gels were exposed to Kodak MRX film.  

 

In vivo methylation assays 
 

For in vivo methylation of E34, one 60mm plate of 293T cells was transiently co-

transfected by pCMV-Tag2b-E34 and pBK-CMV-Smyd1 wt or SET domain mutants. 48 

hours after the transfection, the cells were incubated with cycloheximide (100 mg/ml) 

and chloramphenicol (40 mg/ml) in normal DMEM growth medium (medium A) for 30 

min. The medium was then replaced with 2.5 ml medium B (Dulbecco’s modified 

Eagle’s medium without methionine, cysteine, and glutamine [GIBCO, cat#21013], 

supplemented with penicillin, streptomycin, cysteine, glutamine, and 10% fetal 

calf serum that was dialyzed against modified DMEM [GIBCO, cat#21013]). L-[methyl-

3H]methionine was added to medium B with a concentration 10 mCi per ml. then the 

cells were incubated for an additional 3 hrs, and lysed in RIPA buffer (50 mM Tris at pH 
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8.0, 150 mM NaCl, 0.5% deoxycholate, 0.1% SDS, 1% NP-40, 2 mM NaF, 2 mM 

NaOV4, protease inhibitor cocktail tablets [Roche Diagnostics] with 2x concentration). 

E34 was immunoprecipitated with anti- flag antibody. The immunoprecipitated proteins 

were resolved on 8% SDS-PAGE. [3H]Methyl labeling was detected by fluorography in 

22% PPO solution.  Dried gels were exposed to Kodak MRX film for 1 week.  

 

For in vivo methylation of skNAC, the following procedure, modified from the method 

described by Qing Liu and Gideon Dreyfuss (Liu, 1995), was used. 48 hrs after induction 

of differentiation, three plates (100-mm-diameter) of C2C12 cells were incubated with 

cycloheximide (100 mg/ml) and chloramphenicol (40 mg/ml) in Differentiation medium 

(medium A) for 30 min. The medium was then replaced with 4 ml medium B  

(Dulbecco’s modified Eagle’s medium without methionine, cysteine, and glutamine 

[GIBCO, cat#21013], supplemented with penicillin, streptomycin, cysteine, glutamine, 

and 2% horse serum that was dialyzed against modified DMEM [GIBCO, cat#21013]). 

L-[methyl-3H]methionine was added to medium B with a concentration 10 mCi per ml. 

then the cells were incubated for an additional 3 hrs, and lysed in RIPA buffer (50 mM 

Tris at pH 8.0, 150 mM NaCl, 0.5% deoxycholate, 0.1% SDS, 1% NP-40, 2 mM NaF, 

2 mM NaOV4, protease inhibitor cocktail tablets [Roche Diagnostics] with 2x 

concentration).Endogenous skNAC were immunoprecipitated with anti-skNAC antibody 

(UT143). The immunoprecipitated proteins were resolved on 8% SDS-PAGE. 

[3H]Methyl labeling was detected by fluorography in 22% PPO solution. Dried gels were 

exposed to Kodak MRX film for 2 weeks.  
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Mass Spectrometry 
 

In vitro methylation assay was carried out as described before. Smyd1b-6xHis was served 

as enzyme, and GST-E34 bound to 20ul glutathione-Sepharose beads was used as 

substrate. After the MTase assay, the beads were washed twice with PBS, and washed 

once with cleavage buffer (50 mM Tris-HCl at pH 7.0, 150 mM NaCl, 1.0 mM EDTA, 1 

mM DTT, and 0.01% Triton X-100). Add the prescission protease (4 unites) in 20 ul 

cleavage buffer to the beads, and incubate at 4°C for 4 hours, followed by Centrifugation 

at 500xg for 5 minutes. The supernatant that contains E34 protein was resolved on 10% 

SDS-PAGE, and stained with 0.05% coomassie Blue (G or R) in a solution containing 

5% acetic acid and 10% methanol for 15-30 min, destained with a solution containing 5% 

acetic acid and 10% methanol until band is easily distinguished from background. The 

gel was rinsed for 15 min in deionized water. The band of E34 was cut out, and sent to 

the laboratory of Dr. Richard Cook, MD Anderson Medical Center. Coomassie stained 

gel bands are rinsed in water for 10 min, cut with a scalpel blade into ~1 mm pieces, 

dehydrated with 0.2 M NH4HCO3/50% acetonitrile for ~30 min and dried completely in a 

Speed-Vac.  The gel pieces are then rehydrated in 50mM NH4HCO3 containing 0.5 -1mg 

modified trypsin (Promega) and digested for 20hr at 37o C. The supernatant is removed to 

a clean microfuge tube, the gel fragments extracted with aqueous 50% methanol/2% 

formic acid for ~30 min and combined with the initial ext ract.  This is evaporated to ~30 

? l, acidified with formic acid to ~ pH 3 and desalted on a C18 ZipTip (Millipore) as 

recommended by the vendor.  Peptides are eluted from the ZipTip with 3-6? l of an 

aqueous solution of 50% methanol and 2% formic acid.  One ? l is spotted on a MALDI 
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target plate, dried and matrix (alpha-cyano-4-hydroxycinnamic acid) spotted and dried, 

followed by analysis in reflector mode on an ABI/SCIEX 4700 Proteomics Analyzer 

TOF/TOF mass spectrometer. Monoisotopic peptide masses detected are analyzed using 

MS-Fit (Protein Prospector, University of California, San Francisco), ProFound 

(PROWL, Rockefeller University) or the system’s GPS Explorer software interfaced with 

the Mascot database for protein database searches and protein identification by peptide 

mass fingerprinting (PMF).  When PMF results are not straightforward, selected peptide 

precursor ions are subjected to high-energy collision induced dissociation to generate 

MS/MS fragment ions that are analyzed by the above search engines and confirmed by 

visual inspection to deduce amino acid sequences of the peptides providing confirmation 

of the identity of the proteins.  The spectrums were scanned for peptide masses or shifts 

that were 14, 28, or 42 daltons greater than predicted signifying potential mono-, di-, or 

trimethylations, respectively.  The presence of a methylation on peptides was confirmed 

by MS/MS as above. 

 

RT-PCR 
 

RNA was isolated using Trizol Reagent (Life Technologies) from C2C12 cells according 

to the instructions. All primer pairs span intron/exon boundaries to control for DNA 

contamination in RNA samples. All RT reactions were performed using 2 µg of total 

RNA. Smyd1 cDNA was amplified by incubation at 94°C for 4 min, followed by 33 

cycles of 94°C for 30 s, 58°C for 30 s, 72°C for 45 s, and termination at 72°C for 10 min. 
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25 amplification cycles were performed for skNAC and myoglobin with annealing 

temperatures of 58°C. The PCR products were resolved by electrophoresis on a 1.2% or 

2.0% agarose gel. 

The primers used for RT-PCR: 

Smyd1: sense, 5’-CTGCAACGGTTTCACTCT-3’; antisense, 5’-TCACAGGAGCAGT 

CAA-3’ 

skNAC: sense, 5’-GTTACTGACCCAGCAATGGCTCCT-3’; antisense, 5’-TGGAGGA 

GTGGGAGAAAGCTTATTAAG-3’ 

myoglobin: sense, 5’-ATGGGGCTCAGTGATGGG-3’; antisense, 5’-TCAGCCCTGGA 

AGCCTAG-3’ 

 

Chromatin Immunoprecipitation 

 

C2C12 cells were induced to differentiation. 48 hrs after induction of differentiation, the 

cells were washed twice with PBS and crosslinked with 1% formaldehyde in PBS for 20 

min at 37°C. Crosslinking was stopped by the addition of glycine to a final concentration 

of 0.125 M. The cells were washed with cold PBS and Cells were scraped into cold PBS. 

Chromatin was enriched for by washing the cells once in 20 mM Tris HCl (pH 8.0), The 

cells were lysed in the buffer (50 mM Tris HCl, pH 8.1/1% SDS/10 mM EDTA/protease 

inhibitors) and sonicated one time for 20 sec followed by centrifugation for 10 min. The 

average size of sheared fragments was expected to be ˜300–1,000 bp. The supernatant 

was diluted with buffer containing 0.01% SDS, 1% Triton X-100, 1.5 mM EDTA, 15 
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mM Tris, pH 8.0, 15 mM NaCl, 5 mM sodium butyrate, 10 mM NaF, and 1X protease 

inhibitor cocktail (Roche), and then pre-cleared first by incubation with preimmune 

serum for 1 hour, and then add protein A beads for 1 hour. Pre-cleared sample was 

divided and incubated overnight with anti-skNAC, anti-Smyd1 antibody or preimmune 

serum. Agarose-conjugated immune complexes were washed, eluted with the buffer 

containing 1%SDS and 0.1M NaHCO3. 20 ul of 5M NaCl were added to the elutes and 

protein-DNA crosslinks were reversed by heating at 65°C for 4 hours, followed by 

phenol/chloroform extraction and ethanol precipitation with glycogen. Equal amounts of 

DNA from each sample was analyzed by PCR using specific primer pairs to promoter 

sequences of myoglobin.  (CHIP 1: forward, 5’-GTGCCCAAGCTTAGAAACATGAC-

3’; reverse, 5’-CTGGTCCTGAAGGGCTTTTATAC-3’. CHIP 2: forward, 5’-GTACCA 

CTTTCAGCTGGGCTTAG-3’; reverse, 5’-CCACAGGGACTTGTCATGTTTC-3’. 

CHIP 3: forward, 5’-ATGGCAAAGAGAAGAGGGTCTGT-3’; reverse, 5’-CCGTGGT 

GACAAGTCTTCATAC-3’) 

 

Stable cell lines 

 

Production of recombinant retroviruses and  infection of cell lines with pBabePuro-

Smyd1, pSilencer5.1-Smyd1 (siRNA), pSilencer5.1-skNAC (siRNA) was performed as 

described on the web site of the Nolan lab:        

(http://www.stanford.edu/group/nolan/protocols/pro_helper_dep.html)  
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Briefly, 18-24 hours prior to transfection, Phoenix A cells were plated at 1.5-2 million 

cells per 6 cm plate in growth media. The next day, the cells at 60-70% confluency were 

transfected with retroviral construct DNA using Fugene6 reagent. One day after 

transfection, the media was changed to 3 mL fresh growth medium, and split 80% 

confluent C2C12 at 1:8 or 80% confluent 10T1/2 cells at 1:12 per 6 cm plate. 48 hours 

post-transfection, supernatant from transfected Phoenix A cells were pippetted into 15 

mL tubes and centrifuge at 1500 rpm for 5 minutes to pellet cell debris. Remove 1 mL 

media from each C2C12 or 10T1/2 plate, and add 3 uL polybrene (polybrene is lOOOx at 

5 mg/ml) to each plate with gentle and thorough shaking, then add 1 mL viral supernatant 

to each C2C12 or 10T1/2 plate. 24 hours post- infection, change media on C2C12 or 

10T1/2 to fresh growth medium. 24- 48 hours post- infection, viral infected cells were 

selected in medium supplemented with 3 µg/ml puromycin. The cells were selected for 10 

days with replacement of the selection medium every 3 days. Split the viral infected cells 

if they reach 80% confluency.  

 

Rescue experiment 
 

The active growing C2C12 cells that stably express Smyd1 siRNA were transfected with 

Smyd1 siRNA-resistant mutant (mSmyd1) expression vector (pCMV14-Smyd1-

siRNAmu) or the empty vector (pCMV14). 24 hours after transfection, the cells were 

induced to differentiate for 60hrs. The cells were photographed under a phase contrast 

microscope. 
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Immunostaining 
 

C2C12 cells were plated at 0.8 X 106 per plate (6 mm) in 4 ml media with Thermanox 

Plastic Coverslips (Nalge NUNC international). 48-96 hrs after induction of 

differentiation the cells were washed in PBS. The Coverslips were removed to 6well plate 

and the fixing solution (4.0% paraformaldehyde, 5 mM glucose, 1 mM CaCl2, 

1xMMPBS) was added to each well. The cells were allowed to fix for 20-30 minutes, 

washed 3 times briefly with MMPBS, and permeabilized in ice cold 1:1 

acetone/methanol for 15 min on ice. After washing 3 times briefly with 1xMMPBS, the 

block solution (5% normal goat serum in 1xMMPBS) was added for 1 hour at room 

temperature. The coverslips were washed three times with MMPBS for 5 minutes each 

time while shaking followed by incubation with primary antibody for 1 hr at room 

temperature (rabbit anti-skeletal myosin (fast) clone MY-32 monoclonal antibody 1:250). 

After washing three times with MMPBS for 5 minutes each time while shaking, the 

coverslips were incubated with secondary antibody for 1 hours at room temperature 

(FITC anti-rabbit 1:300) The coverslips were washed 5 times and DAPI (1:10000 in 1 ml 

PBS) was added for 5 minutes. After washing, the coverslips were fixed to slides using 

Vectasheild Mounting solution (1.5 ul) and sealed with clear nail polish. A Zeiss 

Axioskop fluorescence microscope was used for imaging.  
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Fusion assays 

 

After 72hr or 96 hr in DM, C2C12 cells were fixed and immunostained with anti-skeletal 

myosin (fast) clone MY-32 monoclonal antibody (Sigma, cat # M4276). Fusion was 

analyzed by performing nuclear number assays. The number of nuclei in individual 

myotubes was counted for 50–100 myotubes. Myotubes were grouped into two 

categories: those with two to four nuclei and those with five or more nuclei. The 

percentage of myotubes in each category was calculated. 

 

Nuclear Extraction 
 

C2C12 cells were induced to differentiate for 48 -96 hrs. The cells were washed twice 

with PBS, and harvested by using PBS with 1mM EDTA. The cell pellets were 

resuspended in 4 packed cell volumes of Buffer A (10 mM Hepes pH 7.9, 1.5 mM 

MgCl2, 10 mM KCl, 0.5 mM DTT, 0.5 mM PMSF) and placed on ice 10 minutes. 

The cells were centrifuged 1500 RPM at 4oC for 7 min. The pellets were resuspended in 

2 packed cell volumes of Buffer A and transfered to a pre-cooled Dounce homogenizer. 

For C2C12 myotubes, stroke 10 times with a B pestle and 4 times with an A pestle. 

The cell lysate was transfered to pre-cooled tube and spin at 4oC for 20 min. The 

supernatant was discussed and the pellet wasresuspended in 1-1.5 packed cell volume of 

Buffer C, and transfered to a pre-cooled Dounce homogenizer. For C2C12 myotubes , 
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Dounce 10 times with pestle B and 10 times with pestle A. After douncing, the lysate was 

transfered to pre-cooled tube and placed on rocking platform at 4oC for 30 minutes. 

The nuclei were inspected with trypan blue, (should have destroyed most nuclei with pale 

blue background). Then the lysate was centrifuged at 12,500 RPM, 4oC, 30 minutes. The 

supernatant containing nuclear extracts was aliquoted in pre-cooled micrfuge tubes and 

stored at -70oC. 

 

Chromatography 
 

C2C12 cells were induced to differentiate for 48 hrs. The cells were washed by PBS 

twice and the nuclear extracts were prepared by using the protocol described previously. 

The extracts were fractionated using a 100-ml Superose 6 gel filtration column 

(Amersham Pharmacia Biotech). Molecular mass standards (thyroglobulin [670 kDa], 

apoferritin [450 kDa], catalase [240 kDa], and bovine serum albumin [68 kDa]) were 

used to calibrate the column. Fractions  were eluted in column buffer (45 mM HEPES [pH 

7.6], 360 mM NaCl, 10% glycerol, 0.1% Tween 20, 0.1 mM EGTA, 1 mM MgCl2, 1 mM 

ammonium molybdate, 10 mM sodium fluoride, 0.1 mM dithiothreitol, 1 µg of aprotinin 

per ml, 5 µg each of leupeptin, antipain, pepstatin A, and chymostatin per ml), and 1.0 ml 

fractions were collected, 40 µl of each fraction was separated by SDS-PAGE. The 

Smyd1, skNAC, and Sin3A proteins were detected on Western blots as described 

previously.  
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RESULTS 

ANALYSIS OF SMYD1  METHYLTRANSFERASE ACTIVITY  
 

1. SET domain of Smyd1 
 

The Smyd1 protein contains a SET domain, and this domain in other SET proteins has 

been shown to be sufficient to catalyze histone lysine methylation. Recent studies have 

shown histone methyl transferase (HMTase) activity requires several conserved amino-

acid residues within the SET domain (Cheng, 2005). Smyd1 shares most of these 

essential residues (Figure 4a). In particular, the Smyd1 SET domain contains the 

conserved NHxCxPN consensus sequence and the tyrosine residue (Y234) that is 

conserved in the C- terminal motif GEELxxxY of SET domain and has been shown to be 

absolutely essentia l for HMTase activity (Figure 4b).   

 

The SET domain of Smyd1 is split into two segments by the MYND domain, and is 

followed by a cysteine-rich post SET domain (Figure 2). Notably, several SET domain 

proteins that contain an insertion in the middle of the SET domain have been identified as 

HMTases, and the insertion appears to have no effect on the catalytic activity of these 

HMTases (Klein, 1995; Schultz, 2002). Consistent with these obsevations, the crystal 

structures of several SET domain proteins showed that the structurally conserved core of 

the SET domain is composed of two discontinuous segments of the primary sequence.   
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These two parts of the conserved core are interrupted by a highly variable segment 

(Yeates, 2002) (figure 10). In the histone H3, lysine 9-specific methyltransferase, 

SETDB1 (Schultz, 2002) and the non-histone enzyme, Rubisco LSMT (Trievel, 2002), 

entirely different domains are inserted at this position.  

 

2. Smyd1 binds to methyl donor, S-adenosylmethionine  
  

Because HMTases transfer methyl group from methyl donor, S-adenosylmethionine 

(SAM),  to a specific lysine on the histone tail, I first tested the SAM binding activity of 

Smyd1. The Smyd1 protein bound SAM with an efficiency comparable to SET9 (figure 

11). The highly conserved tyrosine residue (Y234) in the C- terminal motif GEELxxxY 

of the SET domain is thought to be responsible for the interaction of SET with SAM and 

for HMTase activity (Cheng, 2005). To investigate if SAM binding activity is an intrinsic 

activity of the SET domain of Smyd1, tyrosine 234 was mutated to phenylalanine. The 

mutant Smyd1 (Y234F) did not interact with 3H-labelled SAM (figure 12), indicating the 

activity is indeed dependent on this conserved SET domain residue. 

 

3. Smyd1 possesses HMTase activity   
 

To investigate possible HMTase activity of Smyd1, we tested a mixture of histones H1, 

H2A, H2B, H3 and H4 from calf thymus as substrates for an in vitro methylation assay. 

A 17 KD band corresponding to 3H-labelled histone H3 was observed for the control 
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HMTase, SET9, but not for purified recombinant Smyd1 (figure 13).  

 

Recently, highly similar Smyd3 from human and Smyd1 from zebrafish were shown to 

specifically methylate histone H3 at lysine 4, and the activity was enhanced in the 

presence of the heat-shock protein HSP90A (Hamamoto, 2004; Tan, 2006). For this 

reason, we titrated HSP90A into the HMTASE assay, but Smyd1 still failed to show any 

HMTase activity (figure 14). 

 

In vivo, histones form octamers, around which roughly two superhelical turns of DNA are 

wound to form nucleosomes. So the native structures of histones are octamers and 

nucleosomes. In addition to free histone substrates, most HMTases can methylate 

nucleosomes as well. Some HMTases, such as SET8, can only methylate nucleosomal 

histones but not free histones (Fang, 2002). To determine if this might be the case for 

Smyd1, histone octamers and nucleosomes were employed as substrates in the 

methylation assays. Surprisingly, Smyd1 methylated histone octamers primarily at H4, 

but it methylated nucleosomes at histone H3 (figure 15). The specificities of these 

methylations require further investigation. 

 

4. Smyd1 methylates skNAC, a heart and skeletal muscle-specific transcriptional 
activator  
 

Until recently, studies of lysine methyltransferase activities of SET domain proteins have 
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mainly concentrated on histones. However, it has been known for a long time that some 

non-histone proteins are methylated on lysines in vivo (Clarke, 1993). The enzymes that 

catalyze these methylations are largely unknown. Recently, SET9, which was initially 

identified as a histone H3 lysine 4 methyltransferase, was reported to specifically 

methylate p53, and this methylation stabilizes p53 (Chuikov, 2004). SET9 also 

methylates TAF10, a subunit of the TFIID complex. Lysine methylation of TAF10 

increases its affinity for RNA pol II (Kouskouti, 2004). 

 

Smyd1 was observed to interact with skNAC, a transcriptional activator specific to heart  

and skeletal muscle (Sims, 2002). During the development and postnatal growth of mice, 

the temporal and spatial expression patterns of skNAC are almost identical to those of 

Smyd1 (C. Park et al, personal communication). These findings, combined with the 

notion that some SET domain proteins methylate non-histone substrates, encouraged us 

to investigate whether Smyd1 can methylate skNAC. 

 

1) Smyd1 methylates skNAC in vitro 
 

E34, a carboxyl terminal fragment of skNAC, was a positive clone isolated from the yeast 

two-hybrid system that contains sufficient sequence for interaction with Smyd1 (Sims, 

2002) (figure 16). To test whether Smyd1 can methylate skNAC in vitro, we used E34 as 

a substrate in the methylation assays (figure 17). Indeed, GST-E34 was methylated by 

Smyd1. The methylation is specific for E34 because GST was not methylated.  
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2) Both Smyd1a and Smyd1b methylate skNAC in vitro 
 

The Smyd1 locus encodes three isoforms (figure 2). Smyd1a and Smyd1b, which differ 

by a 13 amino acid insertion in the SET domain, are specifically expressed in heart and 

skeletal muscle. Smyd1c does not contain the N-terminal “S” portion of the SET domain 

and is expressed exclusively in cytotoxic T cells (Hwang, 1997). Since the differences 

among the three isoforms are in the SET domain, it would be informative to determine 

whether all Smyd1 isoforms could methylate skNAC. Smyd1 isoforms 

immunoprecipitated from transiently transfected 293T cells were used as enzymes in 

MTase assays. GST-E34 was methylated by both Smyd1a and Smyd1b. As expected, 

Smyd1c, which lacks the “S” portion of SET domain, did not methylate E34 (figure 18). 

 

3) skNAC is methylated in vivo 
 

skNAC is only expressed in differentiating and differentiated myotubes, but not in 

myoblasts. To test whether endogenous skNAC is methylated, the in vivo methylation 

assay developed by Desrosiers and Tanguay (Liu, 1995) was used with C2C12 cells that 

can be induced to differentiate into myotubes in vitro. The assay is based on the fact that 

the methyl group on the methyl donor S-adenosylmethionine is derived from free 

methionine in the cell. Two days after induction of differentiation, C2C12 cells were 

labeled with L-[methyl-3H]methionine in the presence of protein synthesis inhibitors. 

skNAC was then immunoprecipitated by anti-skNAC antibody, and resolved by SDS-

PAGE. Methylated proteins were then detected by fluorography. We found that skNAC is 
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methylated in vivo (figure 19). 

 

4) Smyd1b, but not Smyd1a, methylates skNAC in vivo 
 

To address the question whether the methylation of skNAC in vivo is catalyzed by both 

Smyd1 isoforms, 293T cells were co-transfected with Flag-E34 and Smyd1a or Smyd1b. 

Two days after transfection, cells were labeled with L-[methyl-3H]methionine in the 

presence of protein synthesis inhibitors. E34 was immunoprecipitated with anti-Flag 

antibody, and the immunoprecipitates were resolved by SDS-PAGE. Methylated proteins 

were then detected by fluorography. Unexpectedly, comparing to in vitro methylation 

assay in which E34 were methylated by both isoforms (figure 18), we found E34 was 

only methylated by Smyd1b, but not Smyd1a in vivo (figure 20). 

 

5) SET and MYND domains of Smyd1 are required for skNAC methylation 
 

Smyd1 contains a SET domain and a MYND domain.  While SET domains are 

responsible for catalyzing lysine methylation (Cheng, 2005), MYND domains that are 

found in unrelated transcriptional regulators mediate protein-protein interactions 

(Spadaccini, 2006). The MYND domain of Smyd1 was previously shown to be required 

for the interaction of Smyd1 and skNAC (Sims, 2002).  

 

To determine whether the SET domain is required for skNAC methylation, we used the 
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mutant in which the conserved and essential Y234 was substituted with phenylalanine 

(figure 12a). As expected, Smyd1 (Y234F) failed to methylate E34 (figure 21b). This 

result indicated that Smyd1 has intrinsic non-histone methyltransferase activity and the 

SET domain of Smyd1 is required for this activity.  

 

To determine whether the MYND domain is required for skNAC methylation, we used a 

MYND domain mutation in which the conserved cysteine residues in the predicted zinc  

fingers are mutated to serine (figure 21a). This mutation has been shown to abolish the 

ability of Smyd1 to bind skNAC in immunoprecipitation assays (Sims, 2002). The 

MYND domain mutant failed to methylate E34 (figure 21b). Therefore, the MYND 

domain of Smyd1 is required for the methylation of skNAC, likely by mediating the 

interaction of Smyd1 and skNAC. 

 

6) The interaction of Smyd1 and skNAC is required for the methylation of skNAC 
by Smyd1 
 

The MYND domain is also found in the transcriptional regulators ETO and BS69 

(Lutterbach, 1998; Ladendorff, 2001). The conserved MYND domain of BS69 binds 

cellular and oncoviral proteins, such as E1A and EBNA2, through a common PXLXP 

motif (Ansieau, 2002). Consistent with this observation, Smyd1 binds to skNAC through 

the PXLXP motif of skNAC (Sims, 2002). 
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To further confirm the interaction is indeed required for the methylation, we used an E34 

mutant in which the leucine in PXLXP was substituted with alanine (figure 22a). This 

mutant has been shown to abolish the ability of skNAC to bind to Smyd1 in 

immunoprecipitation assays (Sims, 2002). Compared with the methylation of wild type 

E34, the methylation of the PXLXP mutant by Smyd1 was dramatically decreased (figure 

22b).  

 

7) Mapping the residue(s) of skNAC methylated by Smyd1 
 

To narrow down the methylated region, we performed methylation assays with 3 

fragments of skNAC: skNAC(1857-1995), a N-terminal portion of E34 that contains the 

PXLXP motif but does not contain the aNAC region; skNAC(1996-2187), a C-terminal 

portion of E34 that does not contain the PXLXP motif but contains the aNAC region; and 

skNAC(1928-2000), a smaller N-terminal portion of E34 that contains the PXLXP motif 

(figure 23a). Smyd1 methylated skNAC(1857-1995) and skNAC(1928-2000), but not 

skNAC(1996-2187) (figure 23b). These results suggested that a methylation site exists in 

the fragment skNAC(1928-2000).  Each of the 5 lysines contained within skNAC(1928-

2000) were substituted individually with arginine and tested in the methylation assay. 

The results were inconclusive because the substitution caused the degradation of the 

mutants (figure 23c).  

 

We tried to solve the problem by performing mass spectrometry (MS). The in vitro-
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methylated GST-E34 was subjected to trypsin digestion, and analyzed by MS in the 

laboratory of Dr. Richard Cook, MD Anderson Medical Center. Surprisingly, lysine 2114 

in the aNAC region was identified as the methylated lysine (figure 24). However, since 

Smyd1-skNAC interaction is required for methylation, it is understandable that we did 

not detect methylation of skNAC(1996-2187), because it lacked the PXLXP motif. MS 

failed to identify the methylated lysine in skNAC(1928-2000), presumably because of the 

size of the  large peptide that contains residues 1941 to 1996 of skNAC. Taken together, 

these results suggest that Smyd1 methylates more than one lysine in skNAC.  
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Figure 10. A Comparison of the SET Domain from Three Different SET Domain 

Protein Structures. Protein structures are DIM-5 (Zhang et al., 2002), SET7/9 (Wilson 

et al., 2002), and Rubisco LSMT (Trievel et al., 2002). A region that can be described as 

either a major structural variation or a domain insertion (i.e., in Rubisco LSMT) is shown 

in gray. The structurally conserved core of the SET domain is shown in yellow 

(preceding the insertion) and green (following the insertion). Two especially conserved 

segments, where one loop passes through a preceding loop, are shown in red. The 

AdoMet/AdoHcy cofactor is colored according to atom type.  (Adapted from Yeates, 

2002) 
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Figure 11. Smyd1 binds to methyl donor, S-adenosylmethionine. Purified Smyd1b, 

SET9 and BSA were incubated with S-adenosyl-[methyl-3H]-L-methionine overnight at 

4°C, and UV cross- linked for 1 hr. The proteins were then separated by SDS-PAGE, 

stained with Coomassie, and subjected to fluorography. 
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Figure 12. The SAM binding activity is intrinsic to the SET domain of Smyd1.    a. 

The SET domain mutant of Smyd1b. The tyrosine residue (Y234) that is highly 

conserved in the C- terminal motif GEELxxxY of the SET domain was mutated to 

phenylalanine. b. Purified Smyd1b wildtype and a SET domain Y234F mutant were 

incubated with S-adenosyl-[methyl-3H]-L-methionine overnight at 4°C, and UV cross-

linked for 1 hr. The proteins were then separated by SDS-PAGE, stained with Coomassie, 

and subjected to fluorography. 
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Figure 13. purified recombinant Smyd1 does not show HMTase activity toward 

mixed histones from calf thymus.  Purified Smyd1, SET9, and BSA were used in in 

vitro HMTase assays with mixed histones from calf thymus as substrates. The HMTase 

reaction products were separated by SDS-PAGE, stained with coomassie, and subjected 

to fluorography. Coomassie stain (top panel) shows purified proteins and histones. 

Bottom panel is the autoradiograph of the histones from the top panel. 
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Figure 14. Immunoprecipitated Smyd1 does not show HMTase activity toward the 

mixture of histones from calf thymus in the presence of the heat-shock protein 

HSP90A. Flag-tagged Smyd1a or Smyd1b were immunoprecipitated from transiently 

transfected 293T cells and used in in vitro HMTase assays with purified histone H3 as 

substrates. The HMTase reaction products were separated by SDS-PAGE, and subjected 

to fluorography.Western blot analysis (top panel) performed with anti-Smyd1 antibody is 

shown for 10% of the immunoprcipitated Smyd1 input. The bottom panel is an 

autoradiograph of the histones from the methylation reaction. 
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Figure 15. Smyd1 methylates histone octamers at H4 and methylates nucleosomes at 

H3. HMTase assays were performed with purified his-tagged Smyd1b wildtype or a SET 

domain Y234F mutant.  As substrates, 2 ug of histone octamers, 2 ug of nucleosomes or 

10ug of mixed histones were used. The reaction products were analyzed by SDS-PAGE 

followed by autoradiography.  
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Figure 16. E34, which contains the carboxyl terminus of skNAC, is a positive clone 

isolated from the yeast two -hybrid system that interacts with Smyd1. Sequences 

common to NAC are denoted by black boxes (the 23 amino-terminal and 192 carboxyl-

terminal residues). The two-hybrid interaction domain is represented by gray box. 
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Figure 17. Smyd1 methylates E34 in vitro. MTase assays were performed with purified 

his-tagged Smyd1b wt or a SET domain Y234F mutant.  As substrates, 2 ug of GST-E34 

or 3 ug of GST were used. The reaction products were separated by SDS-PAGE, stained 

with commassie (left), and subjected to autoradiography (right).  
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Figure 18. Both immunoprecipitated Smyd1a and Smyd1b methylate E34 in vitro. 

Smyd1a, Smyd1b or Smyd1c was immunoprecipitated from transiently transfected 293T 

cells and used in in vitro MTase assays. Purified GST-E34 were used as substrates. The 

MTase reaction products were separated by SDS-PAGE, stained with commassie, and 

subjected to fluorography.Western blot analysis (top panel) that was performed with anti-

Flag antibody showed the 10% of the immunoprcipitated Smyd1. Equal amounts of GST-

E34 (middle panel) were used in the MTase assay. The bottom panel is  an 

autoradiograph of the histones from the methylation reaction. 
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Figure 19. skNAC is methylated in vivo. Two days after induction of differentiation, 

C2C12 cells were labeled with L-[methyl-3H]methionine in the presence of protein 

synthesis inhibitors. skNAC was then immunoprecipitated by anti-skNAC antibody, and 

resolved by SDS-PAGE.  Methylated proteins were then detected by fluorography. The 

top panel shows the autoradiograph of the whole cell extracts of C2C12 cells (left lane) 

and immunoprecipitated skNAC (right lane).  Western blot analysis (bottom panel) with 

anti-skNAC antibody showing 10% of the immunoprecipitated skNAC input. 
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Figure 20. Smyd1b, but not Smyd1a, methylates E34 in vivo. 293T cells were co-

transfected by Flag-tagged E34 and Smyd1 (Smyd1a wt or a SET domain mutant; 

Smyd1b wt or a SET domain mutant). Two days after transfection, 293T cells were 

labeled with L-[methyl-3H]methionine in the presence of protein synthesis inhibitors. 

E34 was then immunoprecipitated by anti- flag antibody, and resolved by SDS-PAGE. 

Methylated E34 were then detected by fluorography. Western blot analysis (top panel) 

that was performed with anti-Bop antibody showed Smyd1 wt or mutant expression in 

the transiently tansfected cells. Western blot using anti-skNAC antibody (middle panel) 

shows 10% of the input of immunoprecipitated E34. The bottom panel is the 

autoradiograph of immunoprecipitated E34. 
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Figure 21 Both SET and MYND domains of Smyd1 are required for E34 
methylation. a. The MYND domain mutants of Smyd1. The highly conserved cysteine 
residues that are required for zinc binding were mutated to serine. b. Flag-tagged 
Smyd1b wt, Smyd1b(Y234F) or Smyd1b(MYNDmut) were immunoprecipitated by anti-
flag antibody from transiently transfected 293T cells and used in in vitro MTase assays. 
Purified GST-E34 was used as substrate. The MTase reaction products were separated by 
SDS-PAGE, stained with coomassie, and subjected to fluorography. Equal amounts of 
GST-E34 (top panel) were used in the MTase assay. The middle panel is an 
autoradiograph of GST-E34 from the methylation reaction. Western blot analysis (bottom 
panel) was performed with anti-Smyd1 antibody, showing 10% input of the 
immunoprecipitated Smyd1b. 

B 
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Figure 22. The PXLXP motif of E34 is required for methylation. a. PXLXP mutant. 

An E34 mutant  L1952A in which the leucine in the PXLXP motif was substituted by 

alanine. This mutant has been shown to abolish the ability of skNAC to bind Smyd1 in 

immunoprecipitation assays.  b. MTase assays were performed with purified his-tagged 

Smyd1b wt.  As substrates, 2 ug of GST-E34 or GST-E34(L1952A) were used. The 

reaction products were separated by SDS-PAGE, stained with coomassie, and subjected 

to autoradiography.  

B 

A A 
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Figure 23. Identification of lysine residue(s) of skNAC methylated by Smyd1.  

a. Diagram of the skNAC truncations used in MTase assays. The skNAC-specific region 

is shown in black.  The C-terminal aNAC region is gray. K represents the lysine within 

the skNAC fragment (residues 1928-2000). b. MTase assays were performed with 

purified his-tagged Smyd1b wt.  As substrates, 2 ug of GST-skNAC fragments were 

used. The reaction products were separated by SDS-PAGE, stained with coomassie, and 

subjected to autoradiography. c. The lysine residues in the skNAC (1928-2000) were 

mutated individually. GST-E34 proteins containing these mutations were used as 

substrates in the MTase assay.  
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Figure 24. Mass spectrometric assignment of lysine residue(s) of skNAC methylated 

by Smyd1. In vitro-methylated GST-E34 was gel-purified, subjected to trypsin digestion, 

and then analyzed by MS. Lysine 2114 in the aNAC region was identified as the 

methylated residue. 
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Smyd1 and skNAC regulate muscle-specific gene expression 
 

Smyd1 is specifically expressed in cardiac and skeletal muscle as well as in cytotoxic T 

cells (Hwang, 1997). Studies with Smyd1 knockout mice have demonstrated that Smyd1 

is essential for cardiomyocyte differentiation and chamber-specific development 

(Gottlieb, 2002). The right ventricle-specific genes, dHAND and Irx-4, are down-

regulated in Smyd1 knockout mice (Gottlieb, 2002). It was also found that knockdown of 

Smyd1 expression in zebrafish resulted in malfunction of skeletal and cardiac muscles. 

The Smyd1 knockdown embryos could not swim and had no heartbeat (Tan, 2006).  

These results indicate that Smyd1 plays critical roles in heart and skeletal muscle 

development. However, the genetic and molecular mechanisms behind these phenotypes 

are largely unknown.  

 

Similar to Smyd1, skNAC is specifically expressed in cardiac and skeletal muscle 

(Yotov, 1996). It was reported that skNAC can bind to the murine myoglobin promoter, 

which contains three putative skNAC-binding sites. skNAC was shown to activate 

luciferase expression driven by the myoglobin promoter (Yotov, 1996). However, it was 

not determined whether skNAC regulated myoglobin expression in vivo. 

 

1). skNAC regulates myoglobin expression in vivo 
 

To determine whether skNAC regulates myoglobin expression in vivo, we examined 

myoglobin expression in skNAC knockdown C2C12 cells. We constructed a C2C12 cell 
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line that stably expressed skNAC siRNA by retroviral transduction. In these cells, skNAC 

expression was efficiently silenced (figure 25a). We next analyzed myoglobin expression 

by RT-PCR. Compared to the cells transduced with a scrambled siRNA-encoding 

retrovirus, myoglobin mRNA was significantly reduced in the cells that stably expressed 

skNAC siRNA (figure 25b).  This indicated that skNAC positively regulates myoglobin 

expression. 

 

2). skNAC is recruited to the myoglobin promoter in vivo 
 

To determine whether skNAC regulates myoglobin expression by direct recruitment to 

the myoglobin promoter in vivo, we performed chromatin immunoprecipitation (ChIP) 

assays using C2C12 cells that express endogenous skNAC and myoglobin following 48 

hr differentiation. Three primer pairs that cover the 1kb region upstream of the 

myoglobin transcription start site were used for the assay (figure 26a). Endogenous 

skNAC was recruited to region (ChIP-1) that contains the 3 putative skNAC binding sites 

identified by Yotov et al. Weaker recruitment of skNAC to the CHIP-2 region was 

observed. This is consistent with the fact that our input chromatin was sonicated into 300-

1000bp fragments. The CHIP-3 region, which showed no recruitment, served as a 

negative control (figure 26b). This result indicates that skNAC is recruited to the 

myoglobin promoter in vivo.  The binding is probably mediated by the interaction of 

skNAC with the putative binding sites identified by Yotov et al., although we cannot 

exclude the possibility that skNAC interacts with another, unidentified protein bound to 
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ChIP-2 and/or ChIP-3 regions.  

 

3). Smyd1 regulates myoglobin expression in vivo 
 

It has been demonstrated that the activities of many transcriptional factors are regulated 

by posttranslational modification. For example, SET9 regulates the expression of p53 

target genes in a manner dependent on the p53-methylation site (Chuikov, 2004). The 

Smyd1 interaction with and methylation of skNAC indicated a possible role for Smyd1 

on skNAC-regulated gene expression.  Thus, we analyzed myoglobin expression in 

Smyd1-silenced C2C12 cells. 

 

We used a similar sh-RNA-retroviral strategy as discussed above to construct a C2C12 

cell line that stably expressed Smyd1 siRNA. In these cells, the Smyd1 expression was 

efficiently silenced (figure 27a). Myoglobin expression was then analyzed by RT-PCR 

(figure 27b). Compared to cells expressing a scrambled siRNA control, myoglobin 

expression was significantly downregulated. This indicated that as with skNAC, Smyd1 

positively regulates myoglobin transcription. 

 

Since Smyd1 is also a HMTase, it would seem plausible that it might be recruited to the 

myoglobin promoter by skNAC and regulates myoglobin expression through histone 

methylation. To test this, the ChIP approach described above for skNAC was employed 

with anti-Smyd1 (figure 26a). In contrast with skNAC, no Smyd1 recruitment was 
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detected (figure 26b). This result suggests that Smyd1 regulates myoglobin transcription 

indirectly. 

 

To gain further insight into the regulation of myoglobin by Smyd1, we analyzed 

myoglobin transcription in C2C12 cells that overexpress Smyd1a or Smyd1b. C2C12 

cells were transiently transfected with Smyd1a or Smyd1b and then were induced to 

differentiate. Two days later, myoglobin expression in these cells was analyzed by RT-

PCR (figure 28). Compared to mock transfected (vector only) cells, myoglobin mRNA 

levels were strongly increased by the overexpression of Smyd1b, but Smyd1a 

overexpression had no effect. Recall that in the in vivo methylation assay, skNAC-E34 

was methylated by Smyd1b, but not Smyd1a. These results indicate that Smyd1 regulates 

myoglobin transcription in a manner dependent on skNAC methylation. 

 

To confirm this possibility, we examined whether the SET and MYND domains of 

Smyd1 are required for the regulation of myoglobin expression. We analyzed myoglobin 

expression in the C2C12 cells that were transiently transfected with Smyd1b wildtype, a 

SET domain mutant, or a MYND domain mutant. Myoglobin expression was only up-

regulated by Smyd1b wild type, but not the SET or MYND domain mutant (figure 29). 

These results indicate that the methyltransferase activity of Smyd1 is required for the 

regulation of myoglobin transcription. They further indicate that, as in vitro, the MYND 

domain-dependent interaction of Smyd1 and skNAC is also necessary, although the data 

do not preclude the contribution of an unidentified and independent Smyd1 MYND 
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interaction. 

 

We conclude from these collective results that Smyd1 regulates myoglobin expression in 

vivo via its methylation of the myoglobin transactivator, skNAC.  
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The role of Smyd1 and skNAC in myogenesis 
 

Smyd1 is expressed specifically in cardiac and skeletal muscle precursors. Its expression 

is maintained throughout the  linear and looping heart tube, as well as in the atrial and  

ventricular chambers of the heart (Gottlieb, 2002). Smyd1 knockout mouse embryos 

showed growth retardation by E9.5 and were dead by E10.5 due to failure of 

cardiomyocyte maturation and to the lack of a right ventricle (Gottlieb, 2002). 

Knockdown of Smyd1 expression in zebrafish resulted in malfunction of skeletal and 

cardiac muscles due to the failure of myofiber maturation (Tan, 2006). Together, these 

results demonstrate that Smyd1 is critical to embryonic myogenesis. After birth, Smyd1 

expression is maintained in the adult heart and skeletal muscle. In the mouse myoblast 

cell line, C2C12, Smyd1 expression is dramatically increased after induction of 

differentiation. These observations indicate a role of Smyd1 in postnatal myogenesis. 

 

Similar to Smyd1, the expression of skNAC in heart and skeletal muscle was persistent 

throughout development and into adulthood (C. Park et al, personal communication). The 

temporal and spatial expression patterns of skNAC and Smyd1 are almost identical. The 

overexpression of skNAC in C2C12 myoblasts led to early fusion of the cells into 

gigantic myosacs (Yotov, 1996), suggesting that skNAC may be involved in myogenesis. 

 

To further investigate the function of Smyd1 and skNAC in myogenesis, we used the 

cultured C2C12 myoblasts, as a model system. C2C12 differentiates rapidly and produces 

extensively contracting myotubes which express characteristic muscle proteins. It is a 
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universally accepted model for studying myogenesis in culturo. In C2C12 cells, Smyd1 

and skNAC are induced within the first 24 h of myogenesis, and both proteins continue to 

be expressed at high levels up to 6 days after induction of differentiation. While Smyd1 

protein levels remain high, skNAC expression is reduced dramatically 2 weeks after the 

onset of myogenesis (figure 6).   

 

We used the C2C12 cell lines described above that have been silenced for Smyd1 or 

skNAC with siRNA. The cells were induced to differentiate and then immunostained 

with antibody against myosin heavy chain (MHC), a muscle differentiation marker. 

Smyd1-silenced cells were impaired in their differentiation, whereas the skNAC-silenced 

cells differentiated normally (figure 30).  

 

The integration of siRNA into the genome may disrupt some genes that affect 

myogenesis, consequently giving a false result. To confirm that the impaired 

differentiation was caused by Smyd1 knockdown, Smyd1-silenced cells were transiently 

transfected with wild type Smyd1a or Smyd1b that is siRNA resistant by virtue of silent 

mutation of the siRNA targeted region. Differentiation was rescued by both Smyd1a and 

Smyd1b, demonstrating that Smyd1 is required for myoblastic differentiation (figure 31). 
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Figure 25. skNAC regulates myoglobin expression in vivo. a. skNAC expression was 

efficiently knocked down by siRNA. C2C12 cells that stably express scrambled siRNA 

or skNAC siRNA by retroviral transduction of the corresponding sh-RNAs, were induced 

to differentiate for 48 hrs. The cells were then lysed and the whole cell extracts were 

analyzed by western blot using anti-skNAC antibody. b. Myoglobin expression was 

significantly down-regulated in the cells that stably express skNAC siRNA. C2C12 

cells that stably express scrambled siRNA or skNAC siRNA were induced to differentiate 

for 48 hrs. Myoglobin expression in these cells was analyzed by RT-PCR. 
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Figure 26. skNAC is recruited to the myoglobin promoter in vivo 

(A) Primer positions for ChIP within the 5'-flanking region of the myoglobin gene. The 

putative skNAC binding site found by Yotov et al is indicated. (B) Recruitment of 

skNAC or Smyd1 to the 5'-flanking region of myoglobin. Chromatin prepared from 

differentiating C2C12 cells was cross- linked, immunoprecipitated with antibody (anti-

skNAC or anti-Smyd1 antibody), or equivalent concentrations of pre- immune serum (PI). 

Following reverse-cross- linking and purification, DNA was amplified by primers whose 

positions are indicated in (A). 
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Figure 27. Smyd1 regulates myoglobin expression in vivo. a. Smyd1 expression was 

efficiently knocked down by siRNA; C2C12 cells that stably express scrambled siRNA 

or Smyd1 siRNA were induced to differentiate for 48 hrs. The cells were then lysed and 

whole cell extracts were analyzed by western blot using anti-Smyd1 antibody.  b. 

Myoglobin mRNA was significantly reduced in cells that stably express Smyd1 

siRNA. C2C12 cells that stably express scrambled siRNA or Smyd1 siRNA were 

induced to differentiate for 48 hrs. Myoglobin mRNA in these cells was analyzed by RT-

PCR. 
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Figure 28. Smyd1b, but not Smyd1a, regulates myoglobin expression in vivo. C2C12 

cells were transiently transfected with Smyd1a, SMY1b or empty vector. 24 hr after 

transfection, the cells were induced to differentiate for an additional 48 hr. The 

myoglobin expression in these cells was analyzed by RT-PCR. 
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Figure 29. SET and MYND domains of Smyd1 are required for the regulation of 

myoglobin expression. C2C12 cells were transiently transfected with Smyd1b wt, a SET 

domain mutant, a MYND domain mutant, or empty vector. 24 hours after transfection, 

the cells were induced to differentiate for 48 hrs. Myoglobin expression was then 

analyzed by RT-PCR. 
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Figure 31. C2C12 differentiation, impaired by stable expression of Smyd1 siRNA 

was rescued by reintroduction of siRNA-resistant Smyd1 isoforms. (A) Sequences of 

wild type and siRNA-resistant mutant Smyd1. conservative mutations are red letters and 

underlined. (B) The C2C12 cells that stably express Smyd1 siRNA were transiently 

transfected by Smyd1a or Smyd1b siRNA-resistant mutant (mSmyd1) expression vector 

(pCMV14-Smyd1a-siRNAmu or pCMV14-Smyd1b-siRNAmu) or the empty vector 

(pCMV14). 24 hrs after transfection, the cells were induced to differentiate for 60 hrs. 

The cells were photographed under a phase contrast microscope. The elongated cells 

(black arrows) are myotubes. 
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The identification of Smyd1 complex 

 
 

Several histone acetyltransferase/histone deacetylase (HAT/HDAC)–HMTase complexes 

contain multiple essential cofactors that work cooperatively in gene activation or 

silencing. For example, MLL1/ALL-1 is a SET-containing, H3K4 methyltransferase that 

assembles into a supercomplex of proteins that promote transcriptional activation of 

target genes. The complex remodels, acetylates, deacetylates, and methylates 

nucleosomes and/or free histones (Nakamura, 2002). Coimmunoprecipitation 

experiments indicated that Smyd1 associates with HDAC1, HDAC2, mSin3A, and N-

CoR.  This association with components of the Sin3/HDAC repression complex (figure 

32) suggests that a multi-protein Smyd1 complex is present in vivo. 

 

To investigate this possibility, we used gel filtration over a superdex 200 column to 

fractionate nuclear extracts prepared from differentiating C2C12 (figure 33). Smyd1 

(MW 55 KD) was present not only at low molecular weight fractions, but also in high 

molecular weight fractions (~670kD). This result indicates that Smyd1 forms a large 

complex in vivo. 

 

To further resolve this apparent large Smyd1 complex, we fractionated the same C2C12 

extracts over a superose 6 column. Smyd1 eluted in 3 molecular size fractions: 600 kD, 

160 kD, and 55 kD (figure 34).  This further indicated that, in addition to monomer 

(55KD), Smyd1 forms a multi-protein complex (~600 kD), and also a smaller complex 
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(~160kD). At ~600 kD, the elution profile of skNAC and Sin3A overlapped with the 

elution profile of Smyd1 (figure 34). This result combined with the observation that 

skNAC and Sin3A individually coimmunoprecipitated with Smyd1 indicates that Smyd1, 

skNAC, Sin3A and other components form a multi-protein complex during C2C12 

myogenesis. 
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Figure 32. Smyd1 associates with HDAC1, HDAC2, mSin3A, and N-CoR, the 

components of Sin3/HDAC repression complex a. 293T cells were transiently co-

transfected with GAL4-DBD, or GAL4-Smyd1b, together with HDAC1-Flag, HDAC2-

Flag, or HDAC3-Flag. Cell extracts were immunoprecipitated using an anti-Smyd1 

antibody and immunoblots were probed with anti-FLAG. b. 293T cells were transiently 

co-transfected with GAL4-DBD, Smyd1b, or GAL4-Smyd1b, together with Sin3. Cell 

extracts were immunoprecipitated using an anti-Smyd1 antibody and immunoblots were 

probed with anti-Sin3 antibody. c. 293T cells were transiently co-transfected with Vector, 

or N-CoR together with Smyd1. Cell extracts were immunoprecipitated using an anti-N-

CoR antibody and immunoblots were probed with anti-Smyd1 antibody. Whole cell 

extracts (WCE) represent 5% of the total protein used for each immunoprecipitation.   

(Adapted from Robert Sims)  
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Figure 33. Gel filtration of nuclear extracts prepared from differentiating C2C12 

identifies Smyd1 as a large complex. C2C12 cells were induced to differentiate for 4 

days. Nuclear extracts were fractionated over a superdex 200 gel filtration column. 

Fraction numbers are indicated at the top. Elution positions of molecular mass standards 

are indicated at the bottom. Smyd1 was detected by immunoblotting with an anti-Smyd1 

antibody.  
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Figure 34. Gel filtration analysis of C2C12 nuclear extracts suggests that Smyd1 

elutes in a large complex with Sin3 and skNAC. C2C12 cells were induced to 

differentiate for 48 hrs. The nuclear extracts were fractionated over a 100-ml 

Superose6 gel filtration column. Fraction numbers are indicated at the top. Elution 

positions of molecular mass standards are indicated at the bottom. Smyd1, skNAC, and 

Sin3 were detected by immunoblotting by using anti-Smyd1, anti-skNAC, and anti-Sin3 

antibodies respectively.   
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DISCUSSION 

 

The HMTase activity of Smyd1 
 

Post-translational modifications of histone tails play a fundamental role in chromatin 

structure and function (Cheung, 2000). Histone lysine methylation, with the exception of 

histone H3 K79, has been shown to be catalyzed exclusively by conserved SET domain 

family proteins (Cheng, 2005). Among the SET domain proteins, Smyd1a and b were 

identified as heart and skeletal muscle-specific factors that are essential for murine 

cardiogenesis and skeletal muscle development (Gottlieb, 2002). The most invariant 

amino acid residues within the SET domains of histone lysine methyltransferases are 

conserved in mouse Smyd1 (figure 4). Consistent with this observation, mouse Smyd1 

can bind the methyl-donor, S-adenosylmethionine, in a manner dependent on the SET 

domain (figure 11 & 12). However, the HMTASE assay using mixed histones as 

substrates failed to detect Smyd1 HMTase activity (figure 13).  

 

During the course of this work, human Smyd3 and zebrafish Smyd1 were shown to 

specifically methylate histone H3 at lysine 4 (Hamamoto, 2004; Tan, 2006).  However, 

their activities were relatively weak when compared with that of SET9, another histone 

H3-K4 methyltransferase. Interestingly, these Smyd activities were enhanced in the 

presence of the heat-shock protein HSP90A. Nevertheless, addition of HSP90A to our 

HMTASE assays still failed to reveal HMTase activity for mouse Smyd1 (figure 14). 
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HSP90 is an ATP-dependent molecular chaperone that is responsible for the correct 

folding of a large number of proteins (Zhao, 2005). However, ATP was not included in 

the previous HMTASE assays, arguing against a role for HSP90 in the increased 

methyltransferase activity of those Smyd proteins.   

 

Further sequence comparisons of the Smyd family revealed that the SET domains of all 

Smyd proteins (including human Smyd3 and zebrafish Smyd1) lack the YxG motif that is 

strongly conserved among all other SET domain HMTases (figure 4a).  This motif is 

critical for catalyzing methyl group transfer from the methyl donor to a specific lysine on 

a histone tail (Cheng, 2005). This observation combined with another unique feature of 

this family-- the SET domain is split by a MYND domain -- suggested the possibility that 

Smyd family proteins have unique substrate specificities. 

 

In vivo, histones form octamers, around which roughly two superhelical turns of DNA are 

wound to form nucleosomes. So the native structures of histones are octamers and 

nucleosomes. Some HMTases, such as SET8, can only methylate the histone in 

nucleosomes but not free histones (Fang, 2002). Surprisingly, HMTase assays using 

histone octamers or nucleosomes as substrates have shown Smyd1 methylated histone H4 

in octamers and histone H3 in nucleosomes (figure 15). Interestingly, Smyd2 and Smyd3 

were also found to methylate different histones (M. Brown, personal communications). 

When recombinant histone H3 served as substrate, Smyd3 methylated H3K4, however 

histone H2 was the major methylation target when using octamers as the substrate. 
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EBNA2, an Epstein-Barr virus (EBV) cellular and viral transactivator (Cohen, 2000), 

contains a MYND domain. The Smyd2-EBNA2 interaction converts Smyd2 from a 

histone H3 methyltansferase to a histone H4 methyltransferase. Together, these 

observations indicate Smyd family proteins have different substate specificity under 

different conditions. There are a few reports of HMTases that can methylate lysines at 

different sites within the same histone (Sims, 2003; Lee, 2005), but only the Drosophila 

trithorax group member Ash1 methylates lysines within two different histones (H3-K9 

and H4-K20) (Beisel, 2002). Due to the limitation of time and material, the specificities 

of these methylations need to be further investigated, and whether these methylations 

really happen in vivo need to be addressed. 

 

Smyd1 methylates skNAC 
 

Until recently, the studies of SET domain proteins have concentrated on histones. The 

discovery of two nonhistone substrates of SET domain proteins have demonstrated that 

histones are not the sole substrates of this family and methylation of nonhistone 

regulatory proteins may play an equally important role in transcriptional regulation 

(Chuikov, 2004; Kouskouti, 2004). In an attempt to search for non-histone substrates, we 

tested the hypothesis that Smyd1 might methylate a protein with which it interacts.  Such 

a protein is skNAC, a heart and skeletal muscle specific transcriptional activator (figure 

17).  
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Initially, skNAC was found to interact with Smyd1 in yeast by two hybrid analyses. The 

interaction was further confirmed by in vitro and in vivo co-immunoprecipitation assays 

(Sims, 2002).  Mutational analysis found that the interaction required the MYND domain 

of Smyd1 and a PXLXP motif within skNAC (Sims, 2002). Our results demonstrated that 

the MYND domain of Smyd1 and the PXLXP motif in skNAC are essential for 

methylation of skNAC by Smyd1 (figure 21 & 22), indicating that the direct interaction 

of Smyd1 and skNAC is necessary for the methylation to occur. This is the first time a 

SET domain protein has been found to interact with a substrate through a defined region.  

 

The MYND domain is a zinc binding domain that mediates protein-protein interactions 

(Spadaccini, 2006). It has been demonstrated that BS69, a tumor suppressor containing a 

MYND domain, binds proteins that contain PXLXP motifs (Ansieau, 2002). The SET 

domain of Smyd1 is split by a MYND domain. This domain architecture suggests a 

catalytic mechanism by which the MYND domain recruits the PXLXP-containing 

substrates, and then the SET domain methylates them. A crystal structure of Smyd1 with 

substrate is required to confirm this hypothesis and to give further insight into the 

catalytic mechanism. 

 

All Smyd family members contain a unique SET domain that is split by a MYND 

domain. The high conservation of these domains (figure 3b) suggests that all Smyds 

methylate non-histone proteins. Consistent with this prediction, it was recently shown 

that Smyd2 methylates p53 (J. Huang and S. Berger, personal communication).  We 



 92 

noticed that p53 contains a PXLXP motif near the methylated lysine. Although it is 

unknown whether Smyd2 recruits p53 through the interaction of its MYND domain and 

this PXLXP motif, these findings indicate the catalytic mechanism emerging from this 

study might be applied to the whole Smyd family. 

 

The Smyd1 muscle isoforms 
 

Alternative splicing allows individual genes to produce multiple protein isoforms, thus 

acting as a major contributor to protein diversity in higher eukaryotic organisms. 

Smyd1 expresses two skeletal muscle and cardiac-specific isoforms. Smyd1a and 

Smyd1b differ by a 13 amino acid insertion in the SET domain due to alternative 

inclusion of a small exon by pre-mRNA splicing (figure 2).  

 

The orthologous isoforms in zebrafish, SmyD1a and SmyD1b, exhibit distinct patterns of 

expression (Tan, 2006). SmyD1a transcripts were first detected at 6 hpf, and their 

abundance increased significantly during somitogenesis. In contrast, SmyD1b was 

expressed 5 h later than SmyD1a. These data indicate that generation of SmyD1a and  

SmyD1b by alternative splicing is regulated during development. However, the zebrafish 

study did not report any phenotypic difference resulting from Smyd1a and Smyd1b-

specific knockdowns. This suggests either that SmyD1a and SmyD1b have redundant 

functions, or that differential isoform functions could  not be revealed by their analyses. 
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In C2C12 cells, the generation of Smyd1a and Smyd1b by alternative splicing is also 

regulated during myoblast differentiation (figure 35), again consistent with the possibility 

of  isoform-specific functions. Although both Smyd1a and Smyd1b can methylate 

skNAC in vitro (figure 18), only Smyd1b can methylate skNAC in vivo (figure 20). 

Consistent with this, only Smyd1b overexpression activated myoglobin expression 

(figure 28). These results indicate that in mice, Smyd1a and Smyd1b have distinct 

functions in myogenesis. It will be informative to determine how the 13 amino acid 

insertion within the SET domain of Smyd1a promotes the enzymatic difference, and how 

Smyd1a and Smyd1b play specific roles in myogenesis. 

 

Smyd1 and skNAC regulate muscle-specific gene expression 
 

skNAC was shown to activate luciferase expression driven by the myoglobin promoter 

(Yotov, 1996). However, it was still unclear whether skNAC regulates myoglobin 

expression in vivo. Our results demonstrate that skNAC is recruited to the myoglobin 

promoter (figure 26) and positively regulates myoglobin expression in vivo (figure 25). 

Consistent with this finding, myoglobin was recently found to be down-regulated in the 

hearts of skNAC null mice (C. Park et al, personal communication).  

 

Post-translational modifications of transcriptional factors play important roles in the 

regulation of gene expression. Smyd1 interacts with and methylates skNAC, indicating a 

possible role of Smyd1 on skNAC regulated gene expression.  We analyzed myoglobin 



 94 

expression in the C2C12 cells that stably express Smyd1 siRNA. As observed for 

skNAC, Smyd1 deficiency leads to loss of myoglobin expression (figure 27). Consistent 

with this finding, myoglobin was down-regulated in the hearts of Smyd1 null mice (T. 

Rassmussen, personal communication). 

 

Most chromatin-modifying enzymes lack specific DNA binding activity. These enzymes 

are recruited to the specific genomic regions through their interaction with transcription 

factors that bind to the specific sites within promoters (Lee, 2005). It seemed plausible 

that skNAC functioned by recruiting Smyd1 to the myoglobin promoter where it could 

regulate transcription through histone methylation. However our ChIP results 

demonstrated that Smyd1 was not recruited to the myoglobin promoter (figure 26b), 

indicating that Smyd1 does not regulate myoglobin at the chromatin level.  

 

In vivo, skNAC is methylated by Smyd1b, but not by Smyd1a (figure 20). Accordingly, 

the overexpression of Smyd1b, but not Smyd1a, activated myoglobin expression (figure 

28). Our further analyses showed that myoglobin mRNA levels were up-regulated only 

by Smyd1b wild type, but not a SET nor a MYND domain mutant (figure 29). Together, 

these results strongly suggest that Smyd1 regulates myoglobin expression through 

skNAC methylation. To confirm this hypothesis, it is critical to show that skNAC 

wildtype, but not skNAC mutated at the putative methylated lysine, can rescue 

myoglobin expression in skNAC-silenced C2C12 cells. It has been difficult to carry out 

such an experiment because of the large size of skNAC (over 2200 amino acids) and the 
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difficulties expressing it at sufficient levels in various conditions. 

 

Myoglobin is an abundant cytoplasmic hemoprotein that is expressed in cardiomyocytes 

and oxidative skeletal myofibers of vertebrates (Garry, 2003; Ordway, 2004). Myoglobin 

serves as oxygen storage and facilitates the diffusion of oxygen from the capillaries to the 

mitochondria. Recent studies have shown myoglobin scavenges reactive oxygen species 

(i.e. NO, H2O2 and ONOO- ), supporting the role of myoglobin as an important 

cytoprotective protein that limits the toxic effects of oxidative stress in striated muscle 

(Kanatous, 2006). Targeted deletion of myoglobin in mice results in partial embryonic 

lethality around E10.5 with cardiac defects (Meeson, 2001), similar to the phenotype 

observed in skNAC null mice and Smyd1 heart conditional null mice (C. Park and T. 

Rassmussen, personal communication). Our studies provide a genetic and molecular 

explanation for the similar phenotype shared by Smyd1, skNAC and myoglobin knockout 

embryos. 

 

Searching the mouse promoter database, we found many genes containing more than one 

skNAC binding site. It is possible that Smyd1 regulates a subset of muscle specific genes 

by skNAC methylation. Consistent with this model, most skNAC target genes found by 

microarray were correspondingly regulated in the conditional Smyd1 null hearts (Chong 

et al, unpublished data).   
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The role of Smyd1 and skNAC in myogenesis 
 

It has been demonstrated that Smyd1 is important in cardiac myogenesis (Gottlieb, 2002). 

Smyd1 expression in skeletal muscle is persistent throughout development and 

adulthood, but its function is not well understood. Our results demonstrate that Smyd1 is 

required for the differentiation of myoblasts. The ability of Smyd1-depleted C2C12 

myoblasts to differentiate into myotubes was impaired, with dramatically decreased 

numbers of MHC positive cells (figure 30), indicating a critical role in the early stage of 

myoblastic differentiation.  

 

It was previously reported that the overexpression of skNAC in C2C12 myoblasts led to 

early fusion of the cells into gigantic myosacs (Yotov, 1996), suggesting that skNAC 

may be involved in myoblast fusion. However, our results indicate that skNAC is not 

required for the early stage of differentiation. skNAC-depleted myoblasts differentiate 

into myotubes normally (figure 30), and the fusion index of skNAC-depleted C2C12 is 

similar to that of wildtype C2C12 (figure 36). Consistent with our observation, myofiber 

formation looks normal in skNAC null mice, although postnatal muscle growth is 

reduced and muscle regeneration capability is impaired (C. Park et al, personal 

communication). skNAC regulates myoglobin expression which facilitates oxygen 

transport to assist the initiation of muscle contraction, indicating a role of skNAC in the 

late stage of myogenesis.  

 

The contrasting effects of Smyd1 and skNAC on myoblastic differentiation suggest that 
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Smyd1 may function in skNAC-dependent and independent pathways. Smyd1 plays roles 

in both the early and late stages of myogenesis. It is likely that only the late stage is 

mediated through skNAC, since skNAC-silenced myoblasts differentiate normally. For 

the early stage of differentiation, Smyd1 may function through its HMTase activity or the 

methylation of other non-histone proteins.  
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Figure 35. In C2C12 cells, the generation of Smyd1a and Smyd1b by alternative 

splicing is also regulated during myoblast differentiation.  C2C12 cells were induced 

to differentiate, and Smyd1 expression at different differentiation time were analyzed by 

RT-PCR. 
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Figure 36. skNAC didn’t effect the fusion of C2C12 cells. C2C12 cells that stably 

express skNAC siRNA or control siRNA were induced to differentiate for 72 hours or 96 

houes. The cells were stained with anti-mHC antibody and DAPI. The number of nuclei 

in skNAC-silenced or control myotubes was analyzed. The number of nuclei in 

individual myotubes was counted for 50–100 myotubes. Myotubes were grouped into two 

categories: those with two to four nuclei and those with five or more nuclei. The 

percentage of myotubes in each category was calculated. 
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