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ABSTRACT 

 

Embryonic stem (ES) cells are able to differentiate into any cell type, a property called 

pluripotency, and have unlimited potential for self-renewal. Although the molecular 

mechanisms responsible for maintaining self-renewal and pluripotency in ES cells are 

not well known, recent studies have demonstrated the importance of epigenetic 

mechanisms in maintaining these processes. Histone modifying enzymes play decisive 

roles in differentiation and development. This study describes that SMYD2 (SET and 

MYND domain containing protein 2), a histone lysine methyltransferase, is induced 

during human ES cells differentiation and it is preferentially expressed in somatic cells 

versus pluripotent cells. Gain and loss-of-function experiments have shown that 

knockdown of SMYD2 in human ES cells promotes the induction of endodermal 

markers during differentiation, while overexpression has opposite effects. In vivo 

experiments in zebrafish revealed that knockdown of smyd2a (a homologue gene of 

human SMYD2) causes developmental delays and aberrant tail formation. The 

phenotype of smyd2a-morphant embryos correlates with a low expression of ntl and 

over induction Nodal-related genes during gastrulation. Finally, SMYD2 is shown to 

stimulate the activation of BMP signaling pathway and promotes the induction of 

BMP2-target genes in human ES cells. Overall, these findings suggest that SMYD2 

plays a critical role at early stages during development and in human ES cells 

differentiation. 
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RESUM 

 

Les cèl·lules mare embrionàries (ES) són capaces de diferenciar-se a qualsevol tipus 

cel·lular, una propietat coneguda amb el nom de pluripotència, i presenten un potencial 

il·limitat d’auto-renovació. Tot i que els mecanismes moleculars responsables per al 

manteniment de la pluripotència i l’auto-renovació en ES encara no es coneixen bé, 

estudis recents han demostrat la importància dels mecanismes epigenètics en mantenir 

aquests processos. Els enzims modificadors d´histones juguen un paper decisiu durant 

la diferenciació i el desenvolupament. Aquest estudi descriu que SMYD2 (SET and 

MYND domain containing protein 2), una metiltransferasa d’histones, s’indueix durant 

la diferenciació de cèl·lules ES i s’expressa preferentment en cèl·lules somàtiques 

envers cèl·lules pluripotents. Experiments de guany i pèrdua de funció mostren que el 

noqueig de SMYD2 en cèl·lules ES humanes promou la inducció de marcadors 

d’endoderm durant la diferenciació, mentre que la sobre-expressió té efectes oposats. 

Experiments in vivo en el peix zebra van revelar que el noqueig de smyd2a (un gen 

homòleg de SMYD2 humà) causa retard en el desenvolupament i formació aberrant de 

la cua. El fenotip dels embrions absents de smyd2a es correlaciona amb una baixa 

expressió de ntl i una sobre-inducció dels gens relatius a Nodal durant la gastrulació. 

Finalment, SMYD2 estimula l’activació de la via de senyalització BMP i promou la 

inducció dels gens diana de BMP2 en cèl·lules ES humanes. En general, aquests 

descobriments suggereixen que SMYD2 juga un paper important durant els estadis 

primerencs en el desenvolupament embrionari i durant la diferenciació de cèl·lules ES 

humanes.  
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PREFACE 

 

Over the last three decades, human embryonic stem (ES) cells have been proposed as a 

promising tool for many therapeutic applications focused on personalized and 

regenerative medicine. ES cells are able to differentiate into any cell type, a property 

called pluripotency, and have unlimited potential for self-renewal. For many years it 

was thought that the differentiation of ES cells into specialized cell types was an 

irreversible process. However, recently it has been described that it is possible to 

reprogram adult somatic cells into pluripotent cells by overexpressing a combination of 

a subset of transcription factors. These so called induced pluripotent stem (iPS) emerged 

as an alternative to human ES cells, given their ability to self-renew and to differentiate 

into a large cohort of cell types. Although the molecular mechanisms responsible for 

maintaining self-renewal and pluripotency in ES are not well-known, recent studies 

have demonstrated the importance of epigenetic mechanisms in maintaining these 

processes. The chromatin state in ES cells is generally less compact and more 

permissive to the transcriptional machinery, compared with differentiated cells. Upon 

differentiation, chromatin becomes organized into a more repressive state. Histone 

modifications play a key role in chromatin compaction and organization, and many of 

these modifications can be correlated with gene expression activation or repression. In 

ES cells, a range of key developmental genes present a very particular histone 

modification pattern on their regulatory regions consisting on the simultaneous presence 

of marks associated with gene expression (H3K4 methylation) and repression (H3K27 

methylation). This so-called bivalent domain has been suggested to maintain 

developmental genes silenced but poised and ready to be activated upon differentiation 

to specific linages. Differentiation causes the resolution of these domains into H3K4 

methylation only in genes that become active and H3K27 methylation only in genes that 

become permanently repressed. We anticipated that histone marks present at the 

bivalent domains are controlled by a complex interplay of histone modifying enzymes 

in ES cells. These enzymes would contribute to the establishment and maintenance of 

the bivalent domains in ES cells and to their resolution during differentiation. The main 

aim of our study is to identify critical histone lysine methyltransferases (HKMTs) and 

demethylases (HKDMs) that participate in the homeostasis of these domains in human 
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ES cells and understand the molecular mechanisms of action of these enzymes. 

Preliminary results identified the histone lysine methyltransferase SMYD2 as a gene 

that is highly induced during the differentiation of human ES cells and likely to play a 

role in this process. SMYD2 is a member of a protein family containing a SET domain 

that is split into two segments by a MYND domain, and has been described to have 

methyltransferase activity specific for histone H3K36 and H3K4, both marks frequently 

associated with active gene expression. In this study we used several biological 

approaches based on in vitro cell culture techniques and in vivo zebrafish model system 

as well, in order to address the role of SMYD2 during human ES cell differentiation.  
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1. INTRODUCTION 

 

1.1. CHROMATIN STRUCTURE 

Genomic DNA in eukaryotic organisms is highly compacted but well organized into the 

cell nucleus. The genetic material is packaged into a complex structure named 

chromatin, where DNA is assembled together with proteins. The compaction of DNA 

into a higher-order structure inhibits gene transcription by limiting the access of the 

transcriptional machinery to DNA [1]. However, chromatin presents a dynamic 

architecture which offers a precise control on gene expression by modulating its 

conformation for either facilitate or impair the accessibility of transcription factors to 

DNA [2]. Depending on the level of condensation, in non-dividing cells, chromatin 

presents two different conformation states. Recent findings have shown that genome 

can be classified into five different chromatin types, based on their unique combinations 

of proteins [3]. Transcriptionally active euchromatin can be classified in two different 

subgroups: one containing genes with a broad expression pattern, such as DNA repair, 

ribosome and nucleic acid metabolic process; and another one containing genes linked 

to a more specific processes like receptor binding, transcription factor activity and 

signal transduction. Inactive heterochromatin can also be subdivided in two subgroups: 

one corresponds to classic heterochromatin marked with SU(VAR)3-9, HP1 and HP1-

interacting proteins; and another one corresponds to Polycomb binding chromatin. The 

fifth chromatin type, which covers about a half of the genome, corresponds to the 

prevalent type of repressive chromatin and lacks the classic heterochromatin markers. 

This prevalent repressive chromatin presents no signals for transcriptional activity, and 

harbour most of the silent genes in the genome. 

Histones are the main protein component of chromatin and they are composed of a 

globular domain and flexible unstructured tails. The biological function of histones was 

first described to merely organize DNA within the nucleus, but in recent years mounting 

evidence suggest that histones also play an important role in regulating gene expression 

[4]. There are five primary histone isotypes designated as core histones H2A, H2B, H3, 

H4 and linker histone H1. In addition, with exception of H4, all different histone 
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isotypes present several histone replacement variants that are recruited to specific 

regions of the genome to carry out specific functions [5].  

The nucleosome is the basic structural element of chromatin organisation [6]. The 

structure of the nucleosome consists of two copies of each core histone proteins, H2A, 

H2B, H3 and H4, with 145-147 base pairs of DNA wrapped 1.65 times around the 

histone octamer [7,8] (Fig. 1). During nucleosome assembly, a first formation of H3-H4 

heterodimers give rise to a (H3-H4)2 tetramer as a stable complex.  At the same time, 

H2A heterodimerizes with H2B, but in this case two separate H2A-H2B dimers binds 

one at each side of the (H3-H4)2 [9,10]. Besides the histone octamer fold core, each 

histone presents N-terminal tails that protrude from the nucleosome, exposed as ideal 

surfaces for post-translational covalent modifications [11]. Moreover, these 

modifications can modulate the chromatin structure and gene expression by affecting 

the accessibility of transcription factors to DNA [12,13].     

           

Figure 1.  Structure of the nucleosome core particle at 1.9 Å resolution. It shows the double helix of 
DNA wrapped around the histone octamer. The histone-fold domains of the histone core proteins are blue 
for H3, green for H4, yellow for H2A and red for H2B. The histone-fold extensions and N-terminal tail 
regions shown are white [8]. 

 
Recently, a new model for chromatin packaging has been proposed, similar to the one 

used for protein folding [14] (Fig. 2). The primary structure consists of a 10-nm 

chromatin fiber organized in linear arrays of nucleosomes connected by short segment 

of DNA. The secondary structure is formed by the folded nucleosomal arrays into a 

compact fiber with a diameter of ~30nm, which is stabilized by the binding of linker 
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histone H1. The tertiary structure is associated with interactions between secondary 

structures and the establishment of long-distance chromatin fiber interactions. 

 

Figure 2.  

 

 

1.2. EPIGENETIC MODIFICATIONS  

1.2.1. DNA methylation 

DNA methylation is a covalent modification catalyzed by DNA methyltransferases 

(DNMTs) that occurs in the C-5 cytosine position at the CpG stie-regions of DNA  [15]. 

In the genome, CpG-rich regions are known as CpG islands, that is, unmethylated GC-

rich regions that possess high relative densities of CpG and are commonly found at the 

5’ regulatory region of many genes [16]. In mammals, the DNMTs family is composed 

of three active enzymes: Dnmt1, which is the responsible for the maintenance of DNA 

methylation, and Dnmt3a and Dnmtb are the responsibles for the de novo methylation 

of DNA [17]. DNMTs catalyzes the transfer of methyl group at the 5 position of 

cytosine ring, using S-adenosyl-L-methionine as a methyl-donor, and produces the 5-

methylcytosine (5mC) and S-adenosyl-L-homocysteine [17].  

Figure 2. DNA organization within the 
chromatin structure. Two superhelical turns 
of DNA are wound around the histone octamer 
forming the nucleosome. Strings of 
nucleosomes are folded into a 30 nm fibers, 
which are further folded into high-order 
structures [2].  
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While 5mC has been extensively studied, recent studies have demonstrated that Tet 

family proteins are capable of the generate 5-hydroximethylcitosine (5hmC) from 

oxidation of 5mC in mammalian cells [18,19]. Expression and functional analysis have 

shown that Tet1, a member of the Tet family, is highly expressed in mouse ES cells, and 

necessary for its maintenance and self-renewal [20]. Moreover, Tet1 occupies 

regulatory regions of both pluripotent genes and Polycomb-repressed developmental 

genes in mouse ES cells [21]. Conversion of 5mC to 5hmC is believed to be the first 

step in the DNA demethylation process, suggesting that generation of 5hmC can lead to 

passive demethylation in a replication-dependent manner [22].   

The methylation of DNA is associated with gene silencing and plays a critical role in 

many cellular processes such as X chromosome inactivation, genomic stability, and 

embryonic development [23,24]. A mode of repression consists of direct interference of 

the methyl group with the binding ability of transcription factors to their cognate DNA 

sequence. The conserved family of proteins containing methyl-CpG binding domain 

(MBD) which binds selectively to methylated CpG and contribute to the repressive 

properties of DNA methylation [16]. Mammalian Mbd1, Mbd2 and Mbd4 binds to 

5mC, in contrast to Mbd3, which binds to 5hmC regions of DNA and regulate genes 

whose regulatory sequences are enriched for this modification [18,25]. There is a clear 

evidence of interaction between of MBD-containing proteins and histone deacetylases 

and remodelling complexes, providing a mechanistic relationship of DNA 

hypermethylation and histone deacetylation to promote transcriptional repression [26]. 

In contrast to normal cells, cancer cells often show genome-wide DNA 

hypomethylation and hypermethylation of CpG islands located in the promoters of 

tumour suppressors genes such as CDKN2A, BRCA1 and VHL, leading to the silencing 

of tumor suppressors and genomic instability [27].The mechanisms responsible for 

aberrant DNA methylation have not yet been concluded. One hypothesis is that aberrant 

DNA methylation occurs randomly throughout the genome, but hypermethylation at 

genes that limit cell proliferation (e.g., tumor suppressor genes) provides a selective 

advantage [28]. Another hypothesis is that aberrant DNA methylation is the result of 

aberrant targeting of DNMTs to certain regions, or that certain regions possess intrinsic 

features that make them better substrates for de novo DNA methylation [28].   
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1.2.2. Histone modifications  

Post-translational covalent modifications on histone tails present a wide range of 

variation in epigenetic regulation with more than 60 different sites of modification. In 

the last few years, the use of chromatin immunoprecipitataion (ChIP) techniques has 

improved the analysis of histone modifications present at specific genomic sites, 

allowing a better understanding of such modifications and its enrolment in regulation of 

gene expression. Histones are subject to several distinct types of modifications which 

include acetylation, methylation (lysine/arginine), phosphorylation, ubiquitylation, 

sumoylation, ADP ribosylation, deamination and proline isomerization [29] (Fig. 3). 

Histone modifications have distinct impact on chromatin structure: acetylation causes a 

decondensation of the chromatin fiber since it neutralizes the basic charge of the lysine, 

whereas methylation can act as a mark for the recruitment of specific regulatory 

proteins in order to modulate DNA accessibility and therefore, gene expression. The 

coexistence of different histone modifications on the same histone tail suggests the 

existence of a “histone code” that can be read by external proteins to trigger a specific 

transcriptional program [30,31]. The recognition of histone marks is performed by 

proteins containing specific domains, which can recognize specific residues e.g. 

acetylation (bromodomain) or methylation (chromodomain).   

Figure 3 

 

 

 

 

 

 
Figure 3. Histone code hypothesis. Amino-acid residues of histone tails are subject to various post-
translational modifications, such as methylation, acetylation, phosphorylation, ubiquitination, 
sumoylation, citrullination and ADP ribosylation. Histone modifications have been associated with 
either active or inactive chromatin states, as well as with particular cellular processes. Based on these 
observations, it has been proposed that patterns of post-translational modification form a combinatorial 
“histone code” [151].  
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1.2.2.1. Histone acetyltransferases 

The acetylation of histone residues is associated with transcriptional activation [32]. 

Hyper-acetylation of histone lysine residues is thought regulate transcriptional activity 

beacause acetylation brings a negative charge that neutralizes the positive charge of 

histone tails and decreases the electrostatic interaction between N-termini of histone 

with negatively charged phosphate groups of DNA [33-35]. As a consequence, the 

condensed chromatin adopts a more relaxed state to allow the access of transcription 

factors to gene promoters. However, this process can be reverted by histone 

deacetylation to restore the initial positive charge [36]. In addition to conformational 

changes, histone acetylation has been described to act as a binding platform to recruit 

different transcriptional regulators to promote gene activation [35]. In fact, acetylation 

of histone tails facilitates the binding of subunits of the TFIID transcription initiation 

complex on the gene promoters [37]. The transcriptional coactivator complex GCN5 is 

recruited to target promoters and acetylates histone H4K8, and histone H3K9 and 

H3K14. Subsequently, H4K8 acetylation is required for recruitment of BRG1, the 

ATPase subunit of the SWI/SNF complex that mediate nucleosome remodeling. As 

postulated by the histone code hypothesis, these findings demonstrate a functional 

interaction between chromatin remodeling complexes, such as SWI/SNF, and histone 

acetylase complexes, such as GCN5 [37]. Since the first histone acetyltransferase 

(HAT) was discovered in 1995, several proteins, previously described as transcriptional 

coactivators, have been identified to present HAT activity [32]. According to sequence 

similarities, HAT proteins can be classified in different groups such as Gcn5/PCAF, 

p300/CBP, and MYST family [38]. Moreover, protein acetylation can induce a crosstalk 

between other post-translational modifications such phosphorylation or methylation, 

among others, to control complex regulatory programs [39]. 

1.2.2.2. Histone deacetylases 

Conversely to HAT, histone deacetylases (HDAC) are traditionally associated with 

transcriptional repression and gene silencing [40]. The first mammalian HDAC was 

related to the yeast transcriptional regulator Rpd3 [41]. Since then, several HDAC have 

been identified and classified in three different subgroups, based on its sequence 

similarities with their yeast homologs [36]. (1) Human HDAC class I include HDACs 
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1,2,3, and 8, and present a high degree of homology with the yeast Rpd3. Members of 

HDAC class I present a specific sensitivity for small molecule compounds that can act 

as inhibitors to block their catalytic activity [42]. Also class I members have been 

closely associated with other protein subunits that participate in transcriptional 

repression, such as Sin3 and N-CoR [43]. (2) HDAC class II include HDACs 

4,5,6,7,9,and 10, and are similarly related with yeast Hda1. Members of class II display 

tissue-specific expression and can shuttle in and out between the nucleus and the 

cytoplasm. As a special mention to HDAC 11, although being mostly related with class 

I HDAC, it can’t be classified in any of the three HDAC classes given that the overall 

sequence of similarity is too low. (3) HDAC class III, also named sirtuins, consists of 

Sir1 to Sir7 members, which are homologous to the yeast Sir2. Class III members 

exhibit significant structural and functional differences from class I and II groups, and 

present a NAD-dependent deacetylase activity [44]. Given the divergence with class I 

and II, HDAC class III members are not sensitive to traditional HDAC inhibitors. 

Unexpectedly, paradoxical findings have shown that histone deacetylation may also be 

required for transcriptional activation, suggesting that recruitment of HDACs 

complexes into a cytokine-inducible promoters is necessary for its activation [45]. 

Disrupting the balance between histone acetylation and deacetylation may have critical 

consequences in the regulation of gene expression, and it has been associated with 

tumor development and progression. Several studies have shown aberrant expression 

levels of individual HDACs in tumor samples. Therefore, the use of HDACs inhibitors 

emerged as a promising therapeutic treatment in cancer progression [46]. 

1.2.2.3 Histone methyltransferases 

The methylation of histone tails does not affect directly the conformational state of 

chromatin. Instead, methyl marks on histone tails provide a binding site for the 

recruitment of transcriptional regulatory complexes. Histone methylation has been 

described as a critical player in the regulation of many biological processes such as 

transcriptional regulation, genome stability, and nuclear architecture [47-49]. The 

methylation of histone tails can be associated either to activation or repression, in a 

residue-depending manner [29]. Histone methyltransferases (HMT) methylates histone 

tails by transferring a methyl group from S-adenosyl-L-methionine into a lysine or 

arginine residue from the amino group of histone tails, leaving the cofactor byproduct 
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S-adenosyl-L-homocysteine [47]. According to this we can distinguish between histone 

lysine methyltransferases (HKMT) and histone arginine methyltransferases (PRMT). 

1.2.2.3.1 Histone arginine methyltransferases 

Protein arginine methyltransferases (PRMT) are able to catalyze mono- and di- 

methylation of arginine residues. There are three main forms of methylated arginine in 

mammals: monomethylarginines (MMA), asymmetric dimethylarginines (ADMA), and 

symmetric dimethylarginines (SDMA) [50]. PRMTs are evolutionary conserved from 

yeast to humans. The mammalian family of PRMT family consist of nine members, and 

can be classified as either type I, II or III. All members of PRMT type I and II can 

catalyse the formation of an MMA intermediate, whereas type I (PRMT1, 2, 3, 4, 6 and 

8) can perform the formation of ADAMA, and type II (PRMT5 and 7) produce the 

SDMA. PRMT7 can only monomethylate certain residues, which is referred as type III 

[50]. Several members of this protein family have been described to participate in 

transcriptional regulation, e.g., PRMT6 mediates methylation of H3R2 and antagonizes 

to H4K4 trimethylation [51]. 

1.2.2.3.2 Histone lysine methyltransferases 

Histone lysine methyltransferases (HKMT) are characterized by the presence of the 

catalytic SET domain, a module encoded within many proteins and strongly conserved 

among evolution. There is one exception, Dot1L, which is a HKMT member but does 

not have a SET domain [52]. The function of the SET domain is to catalyze the 

methylation of lysine residues using the AdoMet as a methyl-donor (Fig. 4). The SET 

domain was first identified as a conserved sequence of approximately 130 amino acids 

containing three Drosophila genes involved in epigenetic processes: the suppressor of 

variegation 3-9 (Su(var)3-9) [53], the Polycomb-group (PcG) chromatin regulator 

Enhancer of zeste (Ez), and the Trithorax-group chromatin regulator trithorax (Trx) 

[54]. The SET domains-containing proteins have been classified in different groups 

depending on the grade of sequence conservation in regions flanking the SET domain, 

where each group seems to present a specific affinity corresponding with a lysine 

residue [29,49]. Most of the targeted lysine methylation that has been reported so far 

occurs mainly on histone H3 tail, including H3K4, K9, K27, K36 and K79, and histone 
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H4 tail on H4K20. The biological significance of these modifications is dependent on a 

residue-specific manner and correlates with distinct states of gene expression [55] 

Figure 4 

The first HMT to be characterized was the mammalian homolog of Drosophilia 

Su(var)3-9, which specifically methylates H3K9 to mediate gene silencing [56]. In 

humans, SUV39H1 has been characterized as a nuclear protein that acts on the 

centromeres during mitosis methylating H3K9. This mark facilitates the recruitment of 

the repressive protein HP1, which is involved in higher-order heterochromatin 

organization together with HDACs enzymes [57].  

Methylation of H3K27 has been associated with gene silencing and has been found on 

euchromatic gene loci, at pericentromeric heterochromatin, and at X inactivated 

chromosome in mammals [58,59]. The methylation of H3K27 is catalyzed by the 

Polycomb-repressive complex (PRC), which plays a central role in the epigenetic 

regulation of chromatin structure and gene expression. Recently, Polycomb has also 

been associated with the recruitment of several DNA methyltransferases, involved in 

the control and regulation of developmental programs such as stem cell self renewal and 

different cell linage commitment [60]. At least there are two different PRC well 

described, PRC1 and PRC2. PRC1 is a multiprotein complex that includes at least one 

paralog of the Pcgf, Ring1, Phc and Cbx [61]; whereas PCR2 consists of the three core 

components Ezh2, Edd and Suz12 among others [47]. Methylation of H3K27 is 

catalysed by PRC2 through its catalytic subunit Ezh2. This modification can be 

recognized by the Cbx subunits of PRC1, mediating its recruitment and subsequent 

ubiquitylation of H2AK119 by the Ring1 component. However, several reports have 

shown that global levels of H2AK119ub1 are preserved in PRC2-deficient cells, 

Figure 4. Chemistry of lysine methylation. Molecular structure of lysine and mono-, di- and tri-
methylated lysisne [47].  
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suggesting the existence of H3K27me3-independent mechanisms of PRC1 recruitment 

[62,63]. Accordingly, recent findings show that Kdm2b participates in the recruitment 

of PRC1 complexes devoid of Cbx subunits to unmethylated CpG islands [64-66]   

The methylation of H3K4 has been generally associated with transcriptional activation. 

In particular, H3K4 trimethylation has been found in the promoters of active genes and 

participates in the recruitment of the TFIID transcriptional initiation complex [67]. In 

humans, several H3K4 methyltransferases have been identified such as mixed-linage 

leukemia (MLL) family proteins, which play a critical role in gene expression. Among 

all H3K4 methyltransferases, MLL1 emerged as a potential candidate to become the 

yeast Set1 analog, given its homology on the SET domain and its interaction with basal 

transcription factors, in a similar manner as the yeast Set1 complex [68].  MLL1 is a 

mammalian member of the Drosophila Trithorax-group proteins. These proteins has 

been described to regulate and maintain the transcriptional states of Hox genes during 

development [69].  

Trimethylation of H3K36 has been identified on the coding region of active genes, 

which correlates with active transcription. H3K36 has been associated with 

transcriptional elongation [59]. In yeast, RNA pol II is activated for transcriptional 

initiation after Ser5 phosphorylation of its carboxy-terminal domain (CTD), which 

permits the recruitment of Set1 to methylate H3K4. During transcriptional elongation, 

CTD-Ser2 is phosphorylated and recruits Set2, which subsequently methylates H3K36. 

In addition, H3K36me act as a binding site to recruit HDACs complexes, possibly to 

provide a transcriptional memory of the passing polymerase and ensure the fidelity of 

transcriptional initiation [70]. On the contrary, H3K36me can also recruit HAT through 

its PHD finger domain [71]. H3K36me mark has been observed on the exons of active 

genes relative to the promoter occupancy, while it remained enriched through the entire 

exon region [72]. Although it still remains unclear whether H3K36me is implicated in 

any developmental process [73], it has been related to participate in transcriptional 

activation and repression, dosage compensation, splicing, DNA replication, 

recombination and repair [74]. 

Methylation of H4K20 was one of the first histone modifications to be discovered, but 

its biological significance was not well understood until recently. This mark has been 
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related with transcriptional repression, and H4K20me3 appears to be functionally 

associated with H3K9me3 mark in the establishment and maintenance of pericentric 

heterochromatin [75]. The histone methyltransferse PR-Set7/Set8 specifically 

monomethylates H4K20 to regulate cell cycle progression, and to maintain silent 

chromatin for mitotic chromosome separation [76]. MMSET, another methyltransferase, 

dimethylates H4K20 and participate in DNA damage response [77]. Recently, 

SUV420H2-mediated trimethylation of H4K20 has been described to mediate gene 

silencing, through pausing Pol II, by acetylation of H4K16 [78].  

1.2.2.4 Histone demethylases 

Together with the discovery of histone methyltransferases, there was a permanent 

debate about the existence of unidentified histone demethylases (HDM) capable of 

catalyze the removal of methyl marks from histone tails lysines. The first HDM 

described was the lysine specific demethylase 1 (LSD1), which consists of an amine 

oxidase subunit, frequently associated within various HDAC corepressor complexes, 

and presents a specific demethylase activity for H3K4 mono- and di-methylated [79]. 

LSD1 belongs to the flavine adenine dinucleotide (FAD)-dependent amine oxidase 

family, where the removal of methyl groups consists of a substrate oxidation by the 

presence of FAD as a cofactor [80].  

Subsequently, a new family of HDMs was identified containing a jumonji catalytic 

(JmjC) domain that has been previously implicated in chromatin dependent functions. 

Therefore, most of the JmjC family members possess a lysine demethylase activity with 

distinct lysine methylation sites, including the JHDM1A (H3K36me1/2) [81], JHDM2A 

(H3K9me1/2) [82], JMJD2 (H3K9me2/3 and H3K36me2/3) [83], JARID1 

(H3K4me2/3) [84],  and UTX/JMJD3 (H3K27me2/3) [85], among others. In the last 

years, JMJD3 has gained special attention because it was shown to play a decisive role 

in stem cells differentiation, by removing the repressive H3K27me3 mark of some 

lineage-specific genes during differentiation [86]. In addition to histone H3 tail 

demethylation, a PHD and JmjC containing-domain protein, PHF8, has been described 

as a H4K20me1 demethylase and plays a role in cell cycle progression [87]. Recently, 

another member of the JmjC family, JMJD6, was identified as the first arginine 

demethylase by removing methyl-groups from H3R2me and H4R3me [88]. 
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Unlike LSD1, the catalytic mechanism of JmjC family members is capable to 

demethylate tri-methylated, as well as mono- and di-methylated lysines, via Fe(II)-

dependent hydroxylation reaction. Importantly, genetic studies have identified 

mutations or aberrant expression levels of several demethylases in human diseases such 

as neurological disorders and cancer [89]. 

1.3. CHROMATIN REMODELING 

The regulation of chromatin architecture is necessary to facilitate the control of gene 

expression. Transcription is regulated by the integration of many cis-regulatory 

elements such as core promoters and promoter-proximal elements, in addition to some 

others cis-regulatory modules which are located at relatively large distances from the 

transcriptional star sites, like enhancers, silencers, insulators, and tethering elements 

[90]. During transcriptional activation, transcription factors need to bind to specific 

DNA sequences of a gene promoter to facilitate transcription, but most of these DNA-

binding sequences are wrapped inside the nucleosome, remaining inaccessible [90]. In 

order to gain access to these specific binding sites, several chromatin-remodeling 

complexes participate in nucleosome displacement to modulate promoter accessibility 

and generating a suitable environment for transcriptional initiation [91]. Nucleosomes 

are dynamic structures, and the histone octamer can either be displaced to a 

neighbouring DNA sequence, called sliding, or exchanged in and out of DNA, known 

as replacement [92].  

The process of nucleosome mobilization is carried out by a family of enzymes, the 

ATP-dependent chromatin remodelling complex, in a non-covalent manner. Due to its 

implication in regulating gene expression, these complexes are fundamental elements 

that present an important role during the regulation of cell cycle, cell differentiation, and 

development [93]. Depending of their ATPase catalytic subunits and domain structure, 

chromatin remodeling complexes can be classified in three distinct groups: the 

SWI/SNF-type complex [94], the ISWI/SNF2L-containing machines [95], and the 

CHD-containing complexes [96]. The ATPase subunits Swi2/Snf2, ISWI, and Mi-2 

define the three different groups, respectively. Remodeling complexes can be associated 

with other regulatory proteins, such as histone modifying enzymes, to form multiprotein 

complexes [97] (Fig. 5). 
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Figure 5 

The binding of chromatin remodeling complexes to nucleosomes is achieved through 

the presence of certain protein domains that are able to recognize various chromatin 

structures. Among different domains, two well-characterized domains are the 

bromodomain, which can recognize the acetylated tails of histones, and the 

chromodomain, which can recognize the methylated tails of histones. The bromodomain 

was first identified in the Drosophila chromatin remodeling protein Brahma and consist 

on a left-handed four-helix bundle that recognizes acetylated N-terminal histone tails 

[98,99]. Bromodomains have been found in three major chromatin-associated protein 

families: ATP-dependent chromatin remodelling factors, histone acetyltransferases, and 

Figure 5. Chromatin remodeling. Chromatin-remodeling is necessary for activation of gene 
expression. (A) Yeast HO promoter. Swi5p activator recruits the SWI/SNF and Gcn5p HAT very early 
in gene activation. SWI/SNF and HAT complex cooperate to facilitate binding of a second activator, 
SBF. (B) Human IFN-β gene promoter. Upstream activators (green and purple) recruit multiple HAT 
proteins during the assembly of the preinitiation complex (PIC). Histone acetylation promotes 
recruitment of the SWI/SNF, which facilitates the TBP binding to the TATA element, completing the 
PIC assembly. (C) Human α1-AT gene promoter. Multiple HAT complexes, CBP and P/CAF, and the 
SWI/SNF complex are recruited after PIC assembly [97].  
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BET transcriptional regulators [99]. Chromodomains consist on a monomeric three anti-

parallel beta sheet flanked by a single C-terminal alpha helix [100]. This domain was 

first identified as a 37 amino acid homologue region with Drosophila Polycomb protein 

and heterochromatin protein 1 (HP1) [101]. Chromodomains define CMi-2HD family 

remodelers, which typically contain two tandem chromodomains in their N-terminal 

region [102]. Certain tandem CHD domains function as a unit to bind one methylated 

lysine. Unlike HP1 and Polycomb proteins that use single chromodomains to bind their 

respective methylated histone H3 tails, the two chromodomains of human CHD1 

cooperate to interact with one methylated H3 tail [103].  

1.4. SMYD2 

1.4.1. SMYD family of histone lysine methyltransferases  

The family of SET and MYND containing proteins (SMYD), contain a SET domain 

that is split into two segments by an MYND domain/zinc finger motif, followed by a 

cysteine-rich post-SET domain. The SET domain provides its methyltransferase activity 

by adding methyl groups to lysine residues using AdoMet as a donor substrate. The 

MYND domain encompasses a putative zinc-finger motif that facilitates protein-protein 

interactions through the conserved PXLXP motif-containing proteins. This domain is 

present in several other transcriptional regulators where it is known to contribute in 

developmental processes [104,105].    

In human, there are five members in the SMYD protein family (SMYD1-5) and have 

been shown to participate regulating gene transcription and cell proliferation (Fig 6). 

SMYD1 is a heart and muscle specific histone methyltransferase involved in 

cardiomyocyte and myogenic differentiation [106,107]. The lack of Smyd1 in mice 

development results in embryonic death due to cardiac defects [106]. Knockdown of 

smyd1a/b in zebrafish causes skeletal and cardiac muscle defects and presents a 

disrupted expression of myofibril organization [108]. SMYD3 has been mainly related 

with cancer cell proliferation [109]. Several findings indicate that endogenous 

expression of SMYD3 is present at very high levels in hepatocellular, colon and breast 

carcinoma, and silencing through siRNAs have an inhibitory effect in cell growth [110]. 

Similarly to smyd1a/b, smyd3 plays an important role in cardiac and skeletal muscle 
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development in zebrafish [110]. In the other hand, SMYD4 is significantly reduced in 

tumor cells and its re-expression dramatically decreases cancer cell growth [111]. Also, 

Drosophila SMYD4 homologue has been involved in muscle development [112]. Little 

is known so far about SMYD5. Unlike the rest of family members, SMYD5 does not 

present a C-terminal tetratricopeptide repeat (TPR) domain [113].  

Figure 6 

1.4.2. SMYD2 structure 

The overall structure of SMYD2 consists of 433 amino acid, and is composed of five 

structurally distinct domains, which together form two large lobes that are separated by 

a deep groove [114-116] (Fig. 7). The first lobe (1–282) comprises the first four 

domains and the N-terminal catalytic SET domain, and the second lobe (283-433) the 

C-terminal three helix-turn-helix domain, containing tetratricopeptide repeats (TPR). 

The core of the SET domain (split into 1-44 and 182-244) shares a characteristically 

conserved folding structure, formed by three sets of anti-parallel β- strands. The MYND 

zinc binding domain is inserted between the N- terminal core SET domain (45-99), and 

consists of a long bent α-helix αA and a few loops which are organized by two zinc ions 

coordinated by a typical C2HC motif composed of seven cystein residues. Between the 

MYND domain and the C-terminal portion of the catalytic SET domain we found the 

insertion SET domain (100–181) and finally, the cysteine-rich post-SET domain (246-

282). As expected, all these four domains have been also observed in other protein 

lysine methyltransferases, but the split SET domain is restricted to the SMYD protein 

family [115]. Together with SMYD2, the structure of mouse SMYD1 and human 

SMYD3 present a similar architecture, but with different arrangements on the N- and C-

Figure 6. Schematic representation of mammalian SMYD family members. All family members 
present a split SET domain (light gray), a MYND domain (black) and a cysteine-rich post-SET domain 
(dark gray) [119].  
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terminal lobes [117,118]. The interaction with the methyl donor SAM takes place at the 

bottom of the deep surface groove that separates the N- and C-terminal lobes of 

SMYD2, where the SAM bounds to the protein. Given the functional and structural 

importance of this region, removing the first 13 residues would clearly disrupt the 

structural integrity of the cofactor binding site [116].  

Figure 7 

1.4.3. SMYD2 activity 

SMYD2 was first described as a histone lysine methyltransferase with specific H3K36 

dimethylation activity, a mark associated with actively transcribed genes [119]. 

Moreover, SMYD2 has been described to interact with HDAC1 and the Sin3A repressor 

complex [119]. Although H3K36 methylation has been associated with transcriptional 

activation, there is evidence of a link between H3K36 methylation and the recruitment 

of repressive Rpd3 (the prototypical yeast HDAC) complex in yeast [70,120,121]. 

Conversely, SMYD2 was also described to specifically monomethylate H3K4 in the 

presence of HSP90α in vitro, with no activity for H3K36 [122]. Despite observing a 

weak activity of H3K36 methylation in the absence of HSP90α, in vivo experiments 

suggested that H3K4 is the predominant site of methylation by SMYD2 [122]. Recent 

studies determined that SMYD2 also methylates histones H2B and H4 more efficiently 

than H3 in vitro [123].  

 

Figure 7. Overall structure of SMYD2. The view is given (a) directly above the pronounced surface 
groove that separates the N- and C-terminal lobes of SMYD2, and (b) rotated by 90°. The S-sequence is 
shown in cyan, the MYND domain is red, the I-SET domain is blue, the core SET domain is green, the 
post-SET domain is orange, and the C-terminal domain is yellow. Three coordinated zinc ions are also 
shown in purple [116].  
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Several non-histone proteins have been also identified as substrates for SMYD2 

methylation such as p53 and retinoblastoma (Rb) [124-128]. Monomethylation of p53 at 

K370 reduces its binding to target genes like p21 and mdm2, resulting in a decreased 

expression of these genes [124]. Unexpectedly, the adult hearts of cardiac-conditional 

Smyd2 knockout mice showed no changes in p21 and mdm2 expression and no 

significant effects in the global levels of H3K36 or H3K4 methylation [129]. 

Additionally, Smyd2 was dispensable for proper heart development in mouse [129]. Rb 

protein can be methylated by SMYD2 at K860 facilitating its interaction with the 

methyl-binding protein L3MBTL1 [126]. More recently, SMYD2 was also found to 

methylate Rb at K810, which increases Rb phosphorylation and promotes cell cycle 

progression [128]. The effects observed on p53 and Rb tumor supressors are in 

accordance with the high levels of SMYD2 expression found in human cancer 

[128,130], suggesting a possible role during tumor progression and proliferation. 

However, contrary to these observations where SMYD2 promotes cell proliferation, 

previous data has shown that exogenous expression of SMYD2 significantly reduces the 

proliferation rate of NIH3T3 [119]. It was also reported that SMYD2 is involved in 

maintaining self-renewal activity of MLL-AF9-induced acute myeloid leukemia [131]. 

Another novel non-histone substrate for SMYD2, cytoplasmic HSP90, is methylated at 

K209 and K615 [113]. HSP90 is known to regulate myosin stability and sarcomeric A-

band organization in skeletal muscle. In mouse, Smyd2 methylates HSP90 to form a 

complex with the sarcomeric protein titin to protect myocyte organization [132,133].  

1.4.4. SMYD2 expression patterns 

SMYD2 has a wide expression along different tissues in mouse embryos, but is most 

highly expressed in heart, skeletal muscle and brain tissues, as demonstrated by in situ 

hibridization and RT-PCR [119,129].  

In zebrafish, SMYD2 homologues smyd2a and smyd2b, present a high expression levels 

in somites and muscle cells, and smyd2a was also observed to be significantly, though 

weakly, expressed in heart primordium during early development [134]. Moreover, the 

same study identified smyd2a as a maternally expressed gene in zebrafish embryos.  
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In addition, SMYD2 was also found to be overexpressed in a wide range of human 

tumor samples and esophageal squamous cell carcinoma (ESCC) cell line [128,130].  

1.5. EMBRYONIC STEM CELLS  

Embryonic stem (ES) were first isolated in 1981 from mouse embryos [135]. ES cells 

are derived from the inner cell mass (ICM) at the early blastocyst stage of the pre-

implantation embryo, although some researchers have shown that it is also possible to 

obtain ES cells from earlier stage embryos [136,137]. The main properties of ES cells 

are their ability to self-renew indefinitely in vitro maintaining their undifferentiated 

state, and their potential to give rise to derivatives of the three germ layers (endoderm, 

ectoderm and mesoderm). For these reasons, ES cells hold tremendous potential for 

regenerative medicine and tissue replacement. Recently, it has been reported that 

terminally differentiated somatic cells can be reprogrammed into induced pluripotent 

stem (iPS) cells by the overexpression of a defined set of transcription factors, as 

described by Takahashi and Yamanaka [138]. These iPS cells are morphologically and 

phenotypically indistinguishable from ES cells. The use of human ES cells has been 

controversial due to the need to destroy human embryos for their isolation. This and the 

fact that iPS cells can be generated for autologous therapies make iPS cells a promising 

alternative to ES cells in regenerative medicine. Given the strong impact of iPS cells 

discovery, Dr. Yamanaka, together with Dr. John B. Gurdon, was awarded with the 

Nobel Prize in Physiology or Medicine in 2012. 

1.5.1.  Maintenance of self-renewal 

1.5.1.1 The pluripotency network 

One of the main goals in stem cell biology is to decipher the molecular basis underlying 

ES cell physiology, which is crucial to understand the key components that regulate 

self-renewal and pluripotency. Key transcription factors have been identified to form a 

coordinated regulatory network that play an essential role in maintaining the pluripotent 

stem cell phenotype [139,140]. The first transcription factor identified as indispensable 

for pluripotent stem cells in the mammalian embryo was the POU transcription factor, 

OCT4 [141]. The precise control of OCT4 levels is crucial to determine ES cell identity 
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and cell fate. An increase in the levels of OCT4 causes the differentiation of ES cells 

into primitive endoderm and mesoderm, whereas a reduction initiates the differentiation 

into trophectoderm [140]. Another strong candidate, SOX2, has been implicated in the 

regulation and preservation of developmental potential [142]. The homeobox 

transcription factor NANOG was also identified as a master regulator in pluripotent 

cells. NANOG knockout embryos are not able to form epiblast and present problems 

with extraembryonic tissue, while overexpression experiments exhibit a LIF-

independence condition to maintain pluripotent stem cells in culture [143]. Considerable 

evidence indicates that this “trinity” of transcription factors, OCT4, SOX2 and 

NANOG, function in combinatorial complexes that govern pluripotency in vivo and in 

vitro [144,145]. The three transcription factors co-occupy a large number of genes in ES 

cells, including genes involved in self-renewal and developmental regulators [139]. 

Moreover, OCT4 and SOX2 have been known to act synergistically to stimulate their 

own transcription [146]. The mechanisms by which these transcription factors activate 

the expression of self-renewal genes while participating in the repression of 

developmental regulators is not fully understood. Interestingly, OCT4 and NANOG 

have been reported to interact with proteins from multiple repression complexes, 

suggesting their involvement in transcriptional repression [147].  

1.5.1.2. Bivalent domains 

It has been reported that many developmental genes in ES cells present both active 

H3K4 and repressive H3K27 methylation marks on their regulatory regions, the so-

called “bivalent domains” [148,149]. This histone modification pattern consists of large 

regions of H3K27 trimethylation harbouring smaller regions of H3K4 trimethylation 

around the transcriptional start site [150]. This bivalency keeps these genes silenced in 

ES cells, but “poised” to become activated during differentiation [151] (Fig. 8).  

The molecular mechanisms involved in maintaining developmental genes poised in ES 

cells are not fully understood. Although H3K27 trimethylation has been proposed to 

participate in the repression of lineage-specific genes [152,153], self-renewing mouse 

ES cells can be derived from PRC2-deficient blastocysts, but these show defects on 

lineage specification [154]. [155]. Interestingly, H2A ubiquitination by PRC1 has been 

suggested to restrain poised RNA Pol II at bivalent domains [156]. On the other hand, 
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Figure 8 

 

 

 

 

depletion of a core subunit of the MLL complex results in a partial reduction of the 

levels of H3K4 trimethylation in mouse ES cells that alters the activation of genes upon 

differentiation but has no major implications for self-renewal [157]. However, LSD1 

depletion in human ES cells causes the induction of developmental genes due to 

increase in the levels of H3K4me2 at the regulatory regions of these genes [158]. 

The mechanism by which PcG proteins are recruited to bivalent genes is still poorly 

understood.  A recent study has shown that Oct4 can interact with components of the 

MLL and PRC complexes [159], suggesting that pluripotency factors may play a role in 

the establishment of bivalent domains in ES cells. Additionally, Jarid2, a JmjC family 

member without catalytic activity, has been described to facilitate the recruitment of 

PRC2 to target genes in mouse ES cells [160,161].  

Interestingly, many inactive genes in ES cells have been found to be marked with 

H3K4me3 only. Despite this activating modification, these monovalent genes were 

neither expressed nor stably bound by RNA polymerase II nor transcriptional activators 

[162,163]. 

Figure 8. Bivalent domains in ES cells. The promoters of a range of non-transcribed developmental 
genes in ES cells present a combination of histone modifications associated with either active (H3K9ac 
and H3K4me) and inactive (H3K27) chromatin states. During differentiation, “bivalent” marks are 
resolved, leading to transcriptional activation of tissue-specific genes and silencing of loci associated 
with alternative developmental pathways [151].  
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1.5.2. Differentiation of embryonic stem cells  

The differentiation of embryonic stem cells is characterized by the silencing of the 

expression of pluripotency-related factors and the induction of developmental genes in a 

germ layer specific fashion. All these gene expression changes are orchestrated by a 

complex network of signalling events that respond to the presence of certain factors in 

the media.  

During differentiation bivalent domains can be resolved into H3K27me3 only, 

H3K4me3 only or remain bivalent depending on cell fate decisions [164]. The 

activation of developmental genes during lineage commitment requires the removal of 

the H3K27me3 mark. UTX and Jmjd3, two histone H3K27me3/me2 demethylases, 

have been described to participate in this process [165,166]. For example, Jmjd3 is 

required for neural lineage commitment by resolving the bivalent domain at the Nestin 

promoter in mouse ES cells [86].  

Importantly, the gene clusters repressed by PcG proteins in ES cells change during 

differentiation. In response to differentiation signals, PcG complex are recruited to other 

different promoters regions that are required to become silenced during differentiation 

[167-169]. Furthermore, some ES cell-specific genes such as NANOG are marked with 

H3K27me3 during differentiation, indicating that upon lineage commitment 

pluripotency genes are required to be silenced [170].  In order to avoid a possible 

reactivation stem cell-specific genes, DNA methylation occurs at the promoter region of 

key pluripotent transcription factors during differentiation [171]. 

1.6. ZEBRAFISH AS A MODEL SYSTEM 

During the past three decades, the zebrafish (Danio rerio) has become an excellent 

model system for the study of developmental processes, physiology, and human 

disorders [172]. Compared to other vertebrate model systems, the zebrafish presents 

some advantages such as: short generation time (3-4 months), high fecundity rate (200-

300 eggs/week), and embryos are transparent and develop outside the body, making 

them very accessible to visualization and manipulation during all stages of their 

development. In addition, zebrafish are easy and inexpensive to maintain.  
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Another advantage of using the zebrafish as an in vivo model is the highly degree of 

genetic conservation with higher vertebrates [173]. Thus, most of the molecular 

mechanisms that regulate embryonic development and many other physiological 

processes are shared between zebrafish and mammals [174]. For that reason, during the 

last years the zebrafish has gained a special interest for modeling human diseases 

including cardiovascular disorders, muscular dystrophy, neural disorders, and cancer 

therapies [175-178]. 

As a vertebrate model, the zebrafish presents a wide range of genetic tools originally 

developed for research on developmental biology and embryogenesis [179]. Recently, 

the zebrafish has emerged as a suitable system for large-scale forward genetic screens 

and gene inactivation studies. One efficient method for gene knockdown is the use of 

morpholinos, a chemically modified antisense oligonucleotides that transiently inhibits 

gene expression by blocking translation or splicing [180,180,181].  Morpholinos are 

injected at one- or few-cell stage embryos and can maintain their activity up to several 

days later. Considering that in zebrafish most of the organs are already developed and 

functional during the first five days after fertilization, this technology provides a rapid 

analysis of a specific gene function during the first stages of development. Another 

strategy to inactivate gene expression is known as TILLING (targeting-induced local 

lesions in genes), which generates stable zebrafish mutants. This method consists in a 

combination of standard mutagenesis using ethylnitrosourea (ENU), an alkylating 

mutagen that induces point mutations, together with genome sequencing in order to 

identify specific mutations [182]. There are alternative methods for the generation of 

stable zebrafish mutants including the use of zinc finger endonucleases, transcription 

activator-like effectors, and transposon-mediated systems [183-185]. 

1.6.1. Early development 

Zebrafish embryogenesis can be classified in different periods as shown by Kimmel et 

al. [186,187] (Fig. 9). These divisions are based on the morphological features and 

major developmental processes that take place during the first three days after 

fertilization: 
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•    Zygote (0 - 0.75 h). The fertilized egg remains at the one-cell stage until the 

first cleavage division take place about 40 minutes after fertilization. 

 

•    Cleavage (0.75 – 2.25 h). From one-cell stage, successive cell divisions of the 

blastomeres take place at the animal pole until reaching the 64-cell stage. 

 

•    Blastula (0.75 – 5.25 h). The blastula period is comprised between the 128-cell 

stage and the onset of gastrulation. Around the 512-cell stage the embryo enters 

the midblastula transition (MBT) in which zygotic gene transcription is activated. 

Also at this point, the marginal cells release their cytoplasm and nuclei together 

into the adjoining cytoplasm of the yolk cell, forming the yolk syncytial layer 

(YSL). At the late blastula stage, epiboly appears and produces a blastoderm. The 

fraction of the yolk covered by the blastoderm is known as percent-epiboly. 

Blastula stage ends with 30%-epiboly.  

 

• Gastrula (5.25 – 10.33 h). During this period, morphogenetic cell movements 

produce the primary germ layers and embryonic axis. At 50%-epiboly appears the 

marginal region termed germ ring. Within the germ ring there are two germ 

layers: the epiblast (upper) and hypoblast (lower). Epiblast cells move towards the 

margin, and the cells from the margin move inward to enter the hypoblast. Then, 

convergence movements produce the local accumulation of cells along the germ 

ring, the so-called embryonic shield. Epiboly continues its expansion until cover 

the yolk cell completely and, just after the yolk closure, the posterior region of 

embryonic axis develops the tail bud. By the end of the gastrulation, the cells that 

remained in the epiblast correspond to the definitive ectoderm, whereas the cells 

from the hypoblast will give rise to the mesoendoderm.  

 

• Segmentation (10.33 – 24 h). This period is characterized by the development of 

somites, the observation of primary organs, the prominent extension of the tail 

bud, and the embryo elongation. Somites appear sequentially in the trunk and the 

tail. Several somite divisions will take place during this period, from one- to 26-

somite stage.  
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•    Pharyngula (24 – 48 h). The body axis begins to straighten and the head 

straightens out and lifts dorsally. At this stage embryos present a well-developed 

notochord, a nervous system expanded anteriorly, a functional circulatory system 

and a beating heart.  

 

•   Hatching (48 -72 h). Morphogenesis of many of the rudimentary organs is 

now completed and slows down considerably. After this period, the zebrafish 

embryos are known as “larvae”. 

Figure 9 

 

 

 

Figure 9. Schematic representation of zebrafish development from the Zygote Period to the mid-
Segmentation Period. In the Zygotic Period, BD indicates the blastodisc at the one-cell stage, which 
develops into blastoderm during subsequent stages of development. The Cleavage Period runs from the 
two-cell stage to 64-cell stage. During the Blastula Period, which comprises from 128-cell stage to the 
50% epiboly stage, formation of the EVL and YSL are indicated in panels I, and j and k, respectively. 
The Gastrula Period runs from the end of 50% epiboly stage through the bud stage. The leading edge of 
the blastoderm is indicated by a blue arrowhead in the panel q, and the simultaneous cell movements of 
epiboly (blue arrows), convergence (green arrows) and extension (red arrows) are shown in panel t. The 
Segmentation Period is only partially shown at early stages, from bud stage to the 14-somite stage 
[187].  
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1.6.2. Signaling events during gastrulation 

The precursors of the different germ layers are already distributed along the animal-

vegetal axis by the onset of gastrulation [188]. The mesoendodermal cells are located at 

the margin region adjacent to the yolk, the mesoderm is next to the mesoendodermal 

cells towards the animal pole, and the animal pole give rise to the ectoderm. There are 

different signaling pathways governing the specification of the three germ layers: 

Nodal, Bmp, Wnt and Fgf.  

The ectoderm differentiates into epidermis, spinal cord and brain. Combinatorial Fgf 

and Bmp signaling patterns the gastrula ectoderm [189]. In the vegetal ectoderm, Fgf 

activity initiates the development of neural tissue that contributes to trunk and tail CNS. 

In the animal ectoderm, high levels of BMP activity induce non-neural fate whereas in 

vegetal ectoderm, differential levels of BMP promote the ability of cells to contribute to 

caudal neural ectoderm [189]. 

 The mesoderm develops from the mesoendoderm ring away from the yolk and 

develops into notochord, head, trunk somites, tail somites, vasculature and erythroid 

cells. It has been found that the overlapping activity of Nodal, Bmp, Wnt and Fgf 

pathways lead to the formation of mesoderm [190]. The effect of the different signaling 

pathways on the mesodermal cells is dependent on their location. Nodal dosage received 

by mesodermal cells is higher at the dorsal and ventral region than the ones at the 

ventral and animal region. In the lateral mesoderm, medium levels of Nodal, Wnt and 

Fgf activate the expression of tbx6, ntl and tbx6 genes, which are required for the trunk 

and tail mesoderm formation [191,192]. 

The endoderm is derived from the most marginal cells at the dorsal and lateral region of 

the blastoderm [193] and differentiates into pharynx, stomach/intestine and liver. It has 

been shown that endoderm segregates from mesoendodermal cells by a combinatorial 

mechanism of Nodal, Bmp, and Fgf signaling [194]. Apparently, Bmp (ventral site) and 

Fgf (dorsal site) pathways cooperate to restrict the number of endodermal progenitors 

induced in response to Nodal pathway. Fgf/ERK signaling phosphorylates Casanova, an 

important regulator of endoderm formation, and reduces its ability to induce sox17 

[194].  
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1.6.3. Signaling pathways 

 Nodal signaling pathway. Both Nodal and Bmp pathways are members of the Tgf-β 

superfamily. Tgf-β is activated through cell surface complexes by specific ligand-

binding into type I and type II serine/threonine receptors [195]. Type II receptor 

phosphorylates the cytoplasmatic domain of the type I receptor, which become activated 

and phosphorylates a Smad factor. In zebrafish, Nodal ligands include Squint and 

Cyclops [196]. Type I and type II Activin receptors mediates Smad2/3 phosphorylation 

and binds to Smad4 co-factor. Smad complex translocate to the nucleus where they bind 

to specific DNA-binding factors and regulate the transcriptional activation of specific 

target genes [197,198]. Members of the Nodal family of Tgf-β signals are essential 

inducers of both mesoderm and endoderm. 

Bmp signaling pathway. In zebrafish, the Bmp pathway comprises several ligands such 

as Bmp1a, Bmp2a, Bmp2b, Bmp4, Bmp5 and Bmp7 [190,199]. Type I and type II Bmp 

receptors mediate Smad1/5/8 phosphorylation and binds to Smad4 co-factor. The Bmp 

pathway present several inhibitors of Smad1/5/8 phosphorylation including Chordin, 

Noggin 1, and Follistatin [200-202]. During gastrulation, Bmp expression has been 

found highly expressed in the ventral region and is involved in patterning the mesoderm 

[190,203]. Several studies have demonstrated that Bmp is necessary for tail formation 

[204-206], and embryos with a mutant Bmp pathway exhibit expanded trunk muscle, 

abnormal tails and severe defects in ventral mesoderm such as vasculature and blood 

[207]. Recently, it has been shown that Bmp is necessary to establish the trunk-tail 

boundary and, in addition, it has also an important role to regulate the morphogenesis of 

cells on the ventral side of the embryo, so that they will end up in the tail bud [208]. 

Wnt signaling pathway. The Wnt pathway can be divided in two main branches: the 

canonical pathway (β-catenin-dependent) and the non-canonical pathway (β-catenin-

independent). In the canonical pathway, Wnt ligand binds to Frizzled /Lrp receptor and 

mediates intracellular response by disrupting the called b-catenin protein complex. 

When β-catenin is not degraded, it translocates into the nucleus and associates with Tcf 

transcription factor to activate expression of downstream genes. In zebrafish, maternal 

β-catenin is necessary for dorsal YSL gene activity and organizer formation [209]. Gsk3 

and Axin1, both components of the β-catenin protein complex, have been 
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required for the determination of dorsal fate [210,211].  

Fgf signaling pathway. Binding of Fgf ligand to the Fgf receptor results in receptor 

dimerization and phosphorylation of the cytosolic domain. Phosphorylated Fgf receptor 

activates G-protein Ras, which activates Raf kinase. Raf phosphorylates and activates 

Mek, which subsequently phosphorylates and activates Mapk. Mapk enters the nucleus 

and activates the target transcription factors. In zebrafish, injection of fgf17b mRNA 

induces expression of ntl (mesodermal marker) and chordin (dorsal marker) [212]. 

Activation of Fgf pathway results in embryo dorsalization, by inhibiting ventral bmp 

gene expression [213]. 

 

Figure 10 

 

 

 

Figure 10. Intracellular signaling pathways. Essential details of the intracellular pathways that are 
used by the four signaling factors Nodal, Bmp, Wnt and Fgf [190].   
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2. SPECIFIC AIMS 

 

1. Evaluate the expression of SMYD2 in undifferentiated and differentiated human 

ES cells and somatic cells.  

2. Test the involvement of the identified candidate SMYD2 in the differentiation of 

human embryonic stem cells by gain- and loss-of-function strategies.  

3. Determine the molecular mechanisms by which SMYD2 controls the 

differentiation of human ES cells. 
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3. RESULTS 

Figure 11 

3.1. SMYD2 EXPRESSION IS PREVALENT IN DIFFERENTIATED    
CELL TYPES 

3.1.1. SMYD2 is highly expressed in somatic cells 

In an effort to understand how the epigenetic landscapes are maintained in pluripotent 

and somatic cells we analyzed the potential differential expression of histone modifying 

enzymes between human pluripotent and differentiated cells. Preliminary data 

suggested that the histone methyltransferase SMYD2 could be differentially expressed 

in these cell types. To confirm this, we analyzed the expression levels of SMYD2 in 

several pluripotent and somatic cells by quantitative PCR (qPCR) (Fig. 11). Pluripotent 

cells included three different human ES cell lines (ES[4], ES[2] and ES[6]) and an iPS 

cell line derived from human keratinocytes (KiPS4F1); and differentiated cells included 

293T, human foreskin fibroblasts (HFF), human keratinocytes (HK), a human liver 

hepatocellular carcinoma cell line (HepG2) and ES[4] cells after 15 days of in vitro 

differentiation (ES[4] D15). Our data shows that SMYD2 mRNA is preferentially 

expressed in human somatic cells compared to pluripotent cells.  
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Figure 11. Expression of SMYD2 in different cell types. Comparison of SMYD2 mRNA levels 
between pluripotent (ES[4], ES[2], ES[6] and KiPS4F1) and differentiated (293T, HFF, HK, HepG2 
and ES[4] at day 15 of in vitro differentiation) cells. mRNA levels were quantified by qPCR and 
normalized to GAPDH. Means and standard deviations from two independent RNA extractions are 
shown. 
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Next we asked whether other SMYD family members could follow the same expression 

pattern as SMYD2 in pluripotent and differentiated cells. For that, mRNA levels of all 

five SMYD family members were measured in human ES cells (ES[2] and ES]4]), 

induced pluripotent cells derived from human keratinocytes (KiPS4F1 and KiPS4F8), 

human fibroblasts (HFF) and keratinocytes (HK) (Fig. 12). Here, we show that SMYD2 

is the most differentially regulated family member between somatic and  pluripotent 

cells. SMYD1 is expressed at hardly detectable levels in all cases, but showed higher 

levels of expression in keratinocytes. Other members of the SMYD family did not show 

consistent significant differences in expression levels between pluripotent and 

differentiated cells. 

Figure 12 

3.1.2. SMYD2 is induced during the differentiation of human ES cells  

Our previous results suggest that SMYD2 could be induced during the differentiation of 

human ES cells. To confirm this we performed a time course experiment in which we 

collected samples at day 0, 4, 8 and 15 of human ES cells differentiation in the form of 

embryoid bodies (EB). Additionally, we analyzed the expression levels of the rest of the 

SMYD family members.  

Fig. 13a shows the expression profile of SMYD1-5 during the differentiation of two 

different human ES cell lines (ES[4] and ES[2]). After 15 days of differentiation 

Figure 12. Expression of SMYD family members in different cell types. Comparison of SMYD1-5 
mRNA levels between pluripotent (ES[4], ES[2], KiPS4F1, and KiPS4F8) and differentiated (HFF and 
HK) cells. mRNA levels were quantified by qPCR and normalized to GAPDH. Means and standard 
deviation from two quantifications are shown.  
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SMYD2 presents a remarkable induction of mRNA levels compared with the rest of 

family members. SMYD2 was already induced at day 4 with considerable expression 

levels in both human ES cell lines. Also SMYD3 presents a progressive induction during 

the differentiation process, but less accentuated. SMYD1 was also induced during 

differentiation until day 8 and followed by a decrease at day 15. In the other hand, 

SMYD4 and SMYD5 show a slight downregulation during differentiation. Proper 

downregulation of the pluripotecy markers OCT4, NANOG and SOX2 during 

differentiation is also shown (Fig. 13b). Taken together, these results show that SMYD2 

expression is rapidly induced during human ES cells differentiation to similar levels as 

found in somatic cells.  

Figure 13 

 

Figure 13. Expression of SMYD family members during human ES cell differentiation. (a) SMYD 
family members (SMYD1-5) and (b) pluripotency genes (OCT4, NANOG and SOX2) mRNA levels 
were measured in undifferentiated ES[4] and ES[2] cells (D0) and at day 4, 8 and 15 of EB 
differentiation. mRNA levels were quantified by qPCR and normalized to GAPDH. Means and standard 
deviation from two quantifications are shown.  
 

ES[4]

D0 D4 D8 D15
0

1

2

3

4

R
E

LA
T

IV
E

 m
R

N
A

 L
E

V
E

LS
 T

O
 G
A
P
D
H

ES[4]

D0 D4 D8 D15
0

10

20

30

R
E

LA
T

IV
E

 m
R

N
A

 L
E

V
E

LS
 T

O
 G
A
P
D
H

ES[2]

D0 D4 D8 D15
0.0

0.5

1.0

1.5

2.0

2.5
SMYD1
SMYD2
SMYD3
SMYD4
SMYD5

ES[2]

D0 D4 D8 D15
0

10

20

30 OCT4
NANOG
SOX2

a 

b 



  50 

3.1.3. SMYD2 is marked with H3K4me2/3 in human ES cells  

Since SMYD2 is expressed at low levels in human ES cells but rapidly induced during 

differentiation we considered the potential presence of bivalent domains on its 

regulatory regions in pluripotent cells. We performed ChIP assays to detect the presence 

of H3K4me2/3 and H3K27me3 in ES[4] and ES[2] cell lines (Fig. 14) Precipitated 

DNA was analyzed by qPCR for the presence of SMYD2 regulatory regions. As 

controls, we tested the presence of histone marks at the pluripotency gene OCT4 and 

two well described genes containing bivalent domains in human ES cells, SOX17 and 

FOXA2. Surprisingly, despite being transcribed at low levels, SMYD2 showed 

remarkable levels of H3K4me2/3 at its promoter. Levels of H3K27me3 showed 

variability between lines, being very low in ES[4] but significant in ES[2] while 

compared with the well known bivalent genes SOX17 and FOXA2. The OCT4 promoter 

shows active H3K4me2/3 marks with no repressive H3K27 mark. SOX17 and FOXA2 

show clear bivalent domains on their promoters with significant signal of both active 

H3K4me2/3 and repressive H3K27me3 marks.  

 

 

Figure 14 

 

In addition, we used publically available data from the ENCODE project to check the 

presence of histone marks on the SMYD2 promoter in other lines of human ES cells. We 

compared the promoter region of two different human ES cell lines (H1 and H7) and 

human fibroblasts (NHLF) (Fig. 15). Surprisingly, the H1 cell line exhibited bivalent 

domains on the SMYD2 promoter, whereas the H7 cell line only showed active 

Figure 14. ChIP assay for histone marks on the SMYD2 promoter. ChIP assay was performed using 
control IgGs, and antibodies against H3K4me2, H3K4me3 and H3K27me3 in ES[4] and ES[2] cells. 
Precipitated DNA was analyzed by qPCR for the presence of the regulatory regions of SMYD2, OCT4, 
SOX17 and FOXA2 genes. Values are represented as percentage to the input. Means and standard 
deviation from three independent experiments are shown.  
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H3K4me3 marks, similar to NHLF cells. As previously shown, these results are in 

accordance with the differences found on the levels of H3K27me3 between ES[4] and 

ES[2] at the SMYD2 promoter.  

 Figure 15 

 

 

3.1.4. SMYD2 is a potential target of miR-302/367 in human ES cells  

The presence of active chromatin marks in the SMYD2 promoter suggests the existence 

of other mechanisms responsible for blocking its expression in human ES cells. 

Recently, it has been published that SMYD2 is a high-confident target gene of miR-

302/367 in human ES cells [214]. The miR-302 cluster is the most abundant microRNA 

transcript in human ES cells and its levels rapidly decline upon differentiation 

[215,216], and its overexpression in somatic cells mediate the reprogramming into 

pluripotent cells [217]. Thus, we suspected that miR-302/367 might target the SMYD2 

mRNA in undifferentiated ES cells for degradation. To determine whether SMYD2 is 

regulated by miR-302/367 cluster we compared the expression levels of SMYD2 in 

293T cells overexpressing miR-302/367 (293T-miR-302), and 293T control (293T-

GFP) (Fig. 16a). We detected slight but significant lower levels of SMYD2 mRNA in 

cells overexpressing the miR-302/367 cluster. To further confirm this finding, we 

Figure 15. ENCODE data on histone modifications in the SMYD2 promoter. Presence of active 
(H3K4me2/3) and repressive (H3K27me3) histone marks in the SMYD2 promoter in human ES cell 
lines H1 and H7, and human fibroblasts NHLF according to the ENCODE project.  
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cloned into the luciferase reporter vector pmirGLO the full length SMYD2 3’ UTR 

region (pmirGLO-SMYD2.UTR) or a shorter form of SMYD2 3’UTR (pmirGLO-

SMYD2.UTRshort) that does not contain the reported target region for the miR-302/367 

cluster. We also cloned the full length MBD2 3’ UTR region (pmirGLO-MBD2.UTR) 

as a positive control, since it has been recently found that overexpression of miR-302 

cluster suppresses MBD2 expression during reprogramming of somatic to iPS cells 

[218]. Both constructs were transfected into control 293T cells and 293T 

overexpressing the mir-302/367 cluster and after 48 hours we measured the luciferase 

activity for each condition (Fig. 16b). Unfortunately, we found no significant changes in 

luciferase activity between 293T cells with and without overexpression of the miR-

302/367 cluster. These results indicate that the miR-302/367 cluster does not target the 

3’ UTR region of SMYD2. However, other regions of the SMYD2 mRNA might be 

targeted by this cluster.  

 

 

Figure 16 

Figure 16. Luciferase assay for SMYD2 3’UTR regulatory region. (a) Levels of miR-302a, miR-
302c and miR-367, as part of miR-302/367 cluster, normalized to U6 expression (left panel), and levels 
of SMYD2 in 293T-GFP and 293T-miR-302 stable cell lines normalized to GAPDH (right panel). 
Means and standard deviation from three quantifications are shown. (*) P < 0.05 compared with 293-
GFP cell line. (b) pmirGLO-Empty vector, pmirGLO-SMYD2.UTR, and pmirGLO-SMYD2.UTRshort 
were transfected into 293T-GFP and 293T-miR-302 stable cell lines. At 48 h post-transfection, cells 
were harvested and assayed for luciferase activity. Values are normalized to Renilla activity. Means and 
standard deviation of three independent experiments are shown. 
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3.2. SMYD2 METHYLATES H3K4 AND H4K20 IN VITRO 

SMYD2 has been described as a histone lysine methyltransferase, but there is 

controversy regarding its specific catalytic activity on histone tails. Brown et al. [119] 

first identified SMYD2 to methylate H3K36, but years later Abu-Farha et al. [122] 

found that it can also methylate H3K4. To decipher the specific residue methylated by 

SMYD2 on histone H3 N-terminal tail, we performed in vitro methylation assays using 

as a substrate the H3 N-terminal tail wild type or mutated at specific sites (K4 and K36) 

fused to GST, in the presence of [H3] SAM as a methyl-donor. We tested a recombinant 

octamer reconstituted from independent core histones expressed and purified from E. 

coli (Oct [b]), an octamer purified from HeLa cells (Oct [H]), two independently 

purified wild type GST-H3 (1 and 2), GST-H3K4R, GST-H3K36R, GST-H3K4R/K36R 

and also a GST fused to the N-terminal tail of histone H4 (GST-H4) (Fig. 17). Among 

all different substrates, SMYD2 was able to strongly methylate both recombinant and 

HeLa core octamers and likely both histones H3 and H4. Wild type GST-H3, GST-

H3K36R, and GST-H4, were also methylated, although wild type GST-H3 showed an 

unexpected weak methylation signal, in both protein preparations. Our results suggest 

that the main in vitro methylation site on histone H3 tail is K4. 

 

Figure 17 

 

 

Figure 17. In vitro Methyltransferase activity 
of SMYD2 on histone substrates. In vitro 
methyltransferase assay using recombinant 
SMYD2 and different substrates including 
histone octamers (Oct[b] and Oct[H]) and GST 
tagged histone tails (GST, GST-H3 wt (1), 
GST-H3 wt (2), GST-H3K4R, GST-H3K36R, 
GST-H3K4R/K36R and GST-H4 wt). 
Coomassie staining shows the presence and 
amount of loaded proteins (bottom).     
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 We next planned to address the specific residue of methylation of histone H4 tail. A 

well-described residue of histone H4 subject to methylation is K20, therefore, we tested 

the in vitro methylation of a GST-H4 tail construct mutated in K20. We also took 

advantage of several recombinant transcription factors available in our laboratory, 

including linker histone H1, histone variant macroH2A.1 and the transcription factors 

RXR, HNF4, AP2 and E2F6 (Fig. 18). Our results show that SMYD2 methylates 

histone H4 at K20 and that is also able to in vitro methylate linker histone H1.  

 Figure 18 

 

3.3. SMYD2 IS INVOLVED IN HUMAN ES DIFFERENTIATION 

3.3.1. Knockdown of SMYD2 in human ES cells 

To investigate whether SMYD2 could be involved in the differentiation of human ES 

cells we performed loss-of-function experiments using a lentiviral pLVTHM vector 

encoding short hairpin RNAs (shRNA) against SMYD2 and GFP. The knockdown 

efficiency of six different shRNAs, including a previously published shRNA [124] 

(shSMYD2), was tested in 293T. Cells were infected with the different viral encoded 

shRNAs, including a non target shRNA (shControl), and GFP positive cells were sorted 

and the SMYD2 mRNA levels were measured by qPCR (Fig. 19). All shRNA sequences 

Figure 18. In vitro Methyltransferase activity 
of SMYD2 on histone H4 and other 
substrates. In vitro methyltransferase assay of 
recombinant SMYD2 with different substrates 
including GST tagged histone tails (GST, GST-
H4 wt and GST-H4K20R) and several 
recombinant proteins (H1, RXR, HNF4, 
mH2A1, AP2 and E2F6). Coomassie staining 
shows the presence and amount of loaded 
proteins (bottom).     
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were able to knock down SMYD2 expression. shSMYD2 was the most efficient shRNA 

with more than 90% of knockdown efficiency. 

 

  Figure 19 

Therefore, we used shSMYD2 shRNA to knock down SMYD2 in ES[4]. We infected 

ES[4] with the lentiviruses expressing shSMYD2 (ES[4]-shSMYD2) and non-target 

shRNA (ES[4]-shControl), sorted the GFP positive cells and analyzed the efficiency of 

the knockdown by qPCR (Fig. 20). Although the levels of endogenous SMYD2 in ES[4] 

was very low, we could observe a 67% of knockdown efficiency. In self-renewing cells, 

the knockdown of SMYD2 did not show any morphological differences compared to the 

control, neither differences regarding the expression of selected pluripotency and 

differentiation genes (data not shown). This result was expected since SMYD2 is 

expressed at very low levels in ES[4].  

 

 

Figure 20 
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Figure 20. Knockdown efficiency of SMYD2 in ES[4] cells. 
SMYD2 mRNA levels were measured in ES[4]-shSMYD2 cell line 
and compared to ES[4]-shControl cell line. Expression levels were 
quantified by qPCR and normalized to GAPDH. Means of two 
independent quantifications are shown.   
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Figure 19. Knockdown efficiency of SMYD2 in 293T cells. SMYD2 mRNA levels were measured in 
293T cell lines with stable expression of different short hairpins against SMYD2 (shSMYD2, shSM1, 
shSM2, shSM3, shSM4 and shSM5), and compared to a 293T control line (shControl). Expression 
levels were quantified by qPCR and normalized to GAPDH. Means and standard deviation of two 
quantifications are shown.   
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3.3.1.1. The knockdown of SMYD2 promotes the induction of 

endodermal genes during human ES cells differentiation  

To evaluate the potential role of SMYD2 in the differentiation of human ES cells we 

performed in vitro differentiation in the form of EB and presence of 20% FBS of both 

ES[4]-shSMYD2 and ES[4]-shControl cell lines. We analyzed the mRNA levels of 

several pluripotent and differentiation markers by qPCR at different time points (day 0, 

4, 8 and 15). OCT4, NANOG and SOX2 were used as markers of pluripotency; HNF4, 

FOXA2 and SOX17 for endoderm; BRACHYURY for mesoderm and PAX6 for 

ectoderm. mRNA levels of SMYD2 were upregulated during differentiation with a 

knockdown efficiency of about 50%. Upon differentiation, the ES[4]-shSMYD2 cell 

line showed a strong induction of the endodermal genes HNF4, FOXA2 and SOX17 at 

day 4 compared with the ES4[4]-shControl line (Fig. 21) but no differences in PAX6 or 

BRACHYURY expression. The pluripotency-related genes OCT4, NANOG and SOX2  

 

Figure 21 

 

 

 

 

 

 

Figure 21. Knockdown of SMYD2 during human ES cell EB differentiation. EB differentiation of 
ES[4]-shControl and ES[4]-shSMYD2 cell lines. mRNA levels of pluripotency genes (NANOG, OCT4, 
SOX2), differentiation genes (HNF4, FOXA2, SOX17, PAX6, BRACHYURY), and SMYD2 were 
measured by qPCR at the indicated time points and normalized to GAPDH. One representative 
experiment out of three independent experiments is shown. Mean and standard deviation of two 
quantifications are shown. 

NANOG

D0 D4 D8 D15
0

5

10

15

R
E

LA
TI

V
E

 m
R

N
A

 L
E

V
E

LS
 T

O
 G
A
P
D
H

HNF4

D0 D4 D8 D15
0.0
0.5
1.0
1.5
2.0
2.5

R
E

LA
TI

V
E

 m
R

N
A

 L
E

V
E

LS
 T

O
 G
A
P
D
H

PAX6

D0 D4 D8 D15
0.00
0.05
0.10
0.15
0.20
0.25

R
E

LA
TI

V
E

 m
R

N
A

 L
E

V
E

LS
 T

O
 G
A
P
D
H

OCT4

D0 D4 D8 D15
0
5

10
15
20
25

FOXA2

D0 D4 D8 D15
0

1

2

3

BRACHYURY

D0 D4 D8 D15
0.0

0.5

1.0

1.5

2.0

SOX2

D0 D4 D8 D15
0

5

10

15
shControl
shSMYD2

SOX17

D0 D4 D8 D15
0.0

0.5

1.0

1.5

SMYD2

D0 D4 D8 D15
0.0
0.5
1.0
1.5
2.0
2.5



    Results 

   57 

were similarly downregulated in both ES[4]-shSMYD2 and ES[4]-shControl lines. 

Together, the SMYD2 knockdown causes an induction of endodermal genes during 

human ES differentiation, without affecting the silencing of the pluripotency network. 

Our results suggest that SMYD2 might act as a negative regulator of endodermal 

differentiation. 

3.3.1.2. The knockdown of SMYD2 accelerates the silencing of OCT4 

during monolayer differentiation of human ES cells 

Next, we reevaluated the potential effects of SMYD2 depletion in the silencing of 

OCT4 during monolayer differentiation. Compared to EB differentiation, monolayer 

differentiation occurs much more slowly and might offer additional time windows to 

observe potential differences between the control and the SMYD2 depleted cell line. 

ES[4] cell lines were grown to 70% confluency in self-renewal conditions and then 

media containing 20%FBS was added. The percentage of OCT4 positive cells was 

measured by FACS, at different days after the addition of differentiation media (Fig. 22) 

shows that the knockdown of SMYD2 causes a faster reduction of the number of cells 

positive for OCT4 during monolayer differentiation, compared to the control. These 

results, together with previous EB differentiation experiments, indicate that the SMYD2 

knockdown stimulates the in vitro differentiation of human ES cells.   

 

 

 

 

 

 

Figure 22 

Figure 22. Knockdown of SMYD2 during human ES cell monolayer differentiation. Monolayer 
differentiation of ES[4]-shControl and ES[4]-shSMYD2 cell lines. The percentage of OCT4 positive 
cells was determined by FACS analysis at the indicated time points. Mean and standard deviation from 
three independent experiments are shown. 
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3.3.2. Overexpression of SMYD2 in human ES cells  

To further confirm the involvement of SMYD2 in human ES cells differentiation we 

also performed SMYD2 overexpression experiments in human ES cells. The use of 

retroviral and lentiviral vectors in human ES cells present some difficulties for stable 

transgene expression since they very frequently become silenced after transduction and 

integration [219]. For that reason we used an expression vector (pTP6) that has been 

reported to support strong expression levels in ES cells [220]. The presence of 

overexpressed FLAG-SMYD2 was determined by immunofluorescence after transient 

transfection of ES[4] cells with pTP6-SMYD2, at undifferentiated state and after 14 

days of differentiation, using antibodies against SMYD2 or FLAG (Fig. 23). Consistent 

with published data in 293T cells [119], SMYD2 is present in both cytoplasm and 

nucleus of human ES cells.  

 

Figure 23 

 

 Figure 23. Immunolocalization of SMYD2 in human ES cells. (a) Undifferentiated ES[4] cells and 
(b) 14 days differentiated ES[4] cells were transiently transfected with pTP6-SMYD2 overexpression 
vector. Cells were fixed and immunolocalization with anti-SMYD2 (red) or anti-FLAG (green) 
antibodies was performed.  

DAPI SMYD2 FLAG MERGE 

DAPI SMYD2 FLAG MERGE 
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Next, we generated ES[4] stable cell lines overexpressing FLAG-SMYD2 (ES[4]-

SMYD2) or GFP (ES[4]-GFP) as a control, by transfecting pTP6-SMYD2 or pTP6 and 

selecting with puromycin. We confirmed FLAG-SMYD2 overexpression by qPCR and 

western blot using antibodies against SMYD2 or FLAG (Fig. 24). Despite the high 

levels of SMYD2 overexpression, we could not find any phenotypical change compared 

to control cell lines.  

Figure 24 

 

3.3.2.1. The overexpression of SMYD2 impairs the differentiation of 

human ES cells  

To further confirm the involvement of SMYD2 in human ES cell differentiation, we 

performed EB differentiation of ES[4]-SMYD2 and ES[4]-GFP cell lines. Contrary to 

the knockdown, cells overexpressing SMYD2 showed a reduced induction of 

endodermal (HNF4, FOXA2 and SOX17) and mesodermal (BRACHYURY) genes but no 

differences in the silencing of pluripotency genes (OCT4, NANOG and SOX2) 

compared to the control line during differentiation (Fig. 25). However the ectodermal 

marker PAX6 was more induced in ES[4]-SMYD2 cells than ES[4]-GFP cells during 

differentiation.  

Figure 24. Overexpression of FLAG-SMYD2 in ES[4]. (A) SMYD2 mRNA levels were measured by 
qPCR in ES[4]-GFP and ES[4]-SMYD2 cell lines and normalized to GAPDH. Mean and standard 
deviation of two quantifications are shown. (B) SMYD2 protein levels were measured in ES[4]-GFP 
and ES[4]-SMYD2 cell lines using antibodies against SMYD2 (left) and FLAG (right). β-actin was 
used as a loading control. 
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Figure 25 

 

 

 

Figure 26 

 

 

 

Additionally, ES[4]-SMYD2 cells showed differential morphology at days 12-15 of 

differentiation, which correlates with their inability to properly differentiate. After 15 

days of differentiation, the number of cells in the ES[4]-SMYD2 line was smaller and 

displayed a more elongated shape and bigger size that resembled the senescent 

phenotype (Fig. 26).  

 

 

 

 

Figure 26. SMYD2 overexpression phenotype 
during human ES cell EB differentiation. 
Comparison of ES[4]-GFP and ES[4]-SMYD2 
cell line phenotype after 15 days of EB 
differentiation.  

 

Figure 25. Effects of SMYD2 overexpression in human ES cells EB differentiation. mRNA levels 
of pluripotency genes (NANOG, OCT4, SOX2), differentiation genes (HNF4, FOXA2, SOX17, PAX6, 
BRACHYURY), and SMYD2 were measured by qPCR in ES[4]-GFP and ES[4]-SMYD2 cell lines at the 
indicated days of EB differentiation and normalized to GAPDH. One representative experiment out of 
three independent experiments is shown. Mean and standard deviation from two quantifications are 
shown. 
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To test if ES[4]-SMYD2 cells had defects in proliferation we performed EdU 

incorporation assays, to discriminate cells in G0/G1, S or G2/M phases in ES[4]-SMYD2 

and ES[4]-GFP cell lines. In accordance with the observed phenotype, at day 12 of 

differentiation ES[4]-SMYD2 cells showed a lower percentage of cells in S phase, and a 

larger percentage in G2/M phase, compared to ES[4]-GFP cells, suggesting that the 

overexpression of SMYD2 causes cells to slow the cell cycle progression during 

differentiation (Fig. 27)  .  

Figure 27 

 

 

 

 

 

 

To gain mechanistic insights into the observed cell cycle effects we measured the 

mRNA levels of two majors cyclin-dependent kinase inhibitors (CDKIs), p21 and p16, 

during EB differentiation of ES[4]-SMYD2 and ES[4]-GFP cell lines (Fig. 28). 

Although no changes were observed for p21 expression between both lines, p16 is more 

strongly induced in ES[4]-SMYD2 cell line, specially at day 15 of differentiation. Thus, 

the reduced proliferation and changes in morphology observed in ES[4]-SMYD2 cell 

line may be caused by p16 induction during EB differentiation, resulting in a cell cycle 

arrest.  

Figure 27. Cell cycle analysis of SMYD2 overexpression in human ES cells EB differentiation. 
Cell cycle analysis was performed in ES[4]-GFP and ES[4]-SMYD2 cell lines at day 12 of EB 
differentiation. DAPI (4’, 6-diamidio-2-phenylindole) staining and EdU incorporation were measured. 
One representative experiment is shown out of two independent experiments.  
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Figure 28 

3.3.2.2. The overexpression of SMYD2 does not affect the neural 

differentiation of human ES cells 

We have shown that the overexpression of SMYD2 in human ES cells causes defects in 

the induction of the expression of differentiation genes during EB differentiation, except 

for the ectodermal marker PAX6. Therefore, we hypothesized that SMYD2 

overexpression may cause ES[4] cells to preferentially differentiate into ectodermal 

lineage during EB differentiation. To validate our hypothesis, we performed in vitro 

neural directed differentiation experiments based on the dual SMAD signalling 

inhibition protocol [221]. We collected several time points during the differentiation of 

for ES[4]-SMYD2 and ES[4]-GFP cell lines and analyzed the mRNA levels of PAX6, 

OCT4 and SMYD2 (Fig. 29). The endogenous expression of SMYD2 was induced 

during upon neural commitment in ES[4]-GFP cells, reaching similar mRNA expression 

levels to the differentiated cell types analyzed in Fig. 11. However, SMYD2 

overexpression did not further promote the induction of PAX6, compared to control 

cells.   

Figure 29 

 

 

 

Figure 28. CDKIs levels during overexpression of SMYD2 in human ES cell EB differentiation. 
As shown in Fig. 15, mRNA levels of p21 and p16 were measured by qPCR at the indicated days of EB 
differentiation of ES[4]-GFP and ES[4]-SMYD2 cell lines and normalized to GAPDH. One 
representative experiment out of three independent experiments is shown. Mean and standard deviation 
from two quantifications are shown. 

p21

D0 D4 D8 D15
0

10
20
30
40
50

R
E

LA
TI

V
E

 m
R

N
A

 L
E

V
E

LS
 T

O
 G
A
P
D
H

p16

D0 D4 D8 D15
0.0
0.1
0.2
0.3
0.4
0.5

GFP
SMYD2

PAX6

D0 D4 D8 D10
0

10

20

30

R
E

LA
TI

V
E

 m
R

N
A

 L
E

V
E

LS
 T

O
 G
A
P
D
H

OCT4

D0 D4 D8 D10
0
5

10
15
20
25

SMYD2

D0 D4 D8 D10
0
1
2

20
40
60
80

GFP
SMYD2



    Results 

   63 

We additionally evaluated the expression of PAX6 and SMYD2 by 

immunohistochemistry at day 10 of differentiation (Fig. 30). Both cell lines showed a 

strong percentage of cells positive for PAX6, whereas ES[4]-SMYD2 cells were also 

positive for SMYD2, and ES[4]-GFP cells were positive for GFP. Taken together, the 

overexpression of SMYD2 has no effect on the efficiency of neural lineage 

differentiation using the dual SMAD signalling inhibition protocol. 

Figure 30 

 

 

 

 

 

3.4. SMYD2 IS INVOLVED IN ZEBRAFISH DEVELOPMENT 

3.4.1. smyd2a is induced during zebrafish gastrulation 

The effects of SMYD2 knockdown and overexpression in human ES cells 

differentiation suggested that SMYD2 could be involved in regulating early 

development. To assess the potential involvement of SMYD2 in early stages of 

development we performed knockdown experiments in zebrafish. The zebrafish 

Figure 30. Immunolocalization of PAX6 in human ES cell lines differentiated to neural 
precursors. ES[4]-GFP and ES[4]-SMYD2 cell lines were fixed and analyzed at day 10 of neural 
differentiation. Images show the immunolocalization of SMYD2 (blue), the neural marker PAX6 (red) 
and GFP signal (green) and are representative of two independent differentiation experiments. 

Figure 29. Overexpression of SMYD2 during the differentiation of human ES cells to neural 
precursors. ES[4]-GFP and ES[4]-SMYD2 cell lines were differentiated to neural precursors following 
the dual SMAD signaling inhibition protocol and mRNA levels of OCT4, PAX6, and SMYD2 were 
measured by qPCR at the indicated days of differentiation and normalized to GAPDH. One 
representative experiment out of two independent experiments is shown. Mean and standard deviation 
from two quantifications are shown. 



  64 

presents two ortholog genes to human SMYD2: smyd2a and smyd2b. SMYD2 shares a 

75% identity and 90% similarity with smyd2a, and a 65% identity and less that 90% 

similarity with smyd2b. Moreover, they all present a similar exon-intron structure 

composed of 12 exons with the SET domain located between exons 1-8 [134].  

We first analyzed the mRNA expression profile of smyd2a and smyd2b genes during 

zebrafish development from 0.2 to 48 hours post-fertilization (hpf) (Fig. 31). 

Interestingly, smyd2a was maternally expressed, rapidly degraded after fertilization and 

induced again during gastrulation (from 5 to 10 hpf). smyd2b expression levels 

remained low until 10 hpf and was dramatically induced after gastrulation. The 

induction of smyd2a during gastrulation suggests a potential role for this gene in germ 

layer specification.  

Figure 31 

 

 

 

 

3.4.2. The knockdown of smyd2a in zebrafish causes tail formation 

defects 

Because smyd2a is induced during gastrulation, it is the most likely gene to play 

homologous functions to human SMYD2. In order to knock down the expression of 

smyd2a we designed a splice-blocking morpholino (smyd2a-MO) at the exon 1-intron 1 

junction, to impair proper splicing of the zygotic transcripts without affecting the 

maternal mRNA. It has been described that targeting a splice junction of the first exon-

intron generates a first intron inclusion [222]. In that sense, smyd2a-MO will block 

Figure 31. Expression of smyd2a and smyd2b during the first 48 hours of zebrafish development. 
30 embryos were collected at the indicated hours post fertilization (hpf) and mRNA levels were 
measured by qPCR and normalized to 18S. Coloured area represents the gastrulation stage, from 5 to 10 
hpf. One representative experiment out of two is shown. Mean and standard deviation from two 
quantifications are shown. 
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smyd2a pre-mRNA splicing generating an intron 1 insertion, introducing several stop 

sequences on the reading frame.  

In order to find the optimal morpholino concentration to observe potential effects, we 

injected three different concentrations (0.50 mM, 0.35 mM and 0.25 mM), and 

evaluated the resulting phenotype and mortality (Fig. 32). smyd2a-MO injection at 0.50 

mM caused 70-80% of mortality and all surviving embryos exhibited a strong delay of 

development at 24 hpf. Mortality reached 100% at 48 hpf. Importantly, Control-MO 

injection at 0.50mM had only marginal effects on mortality or phenotype, suggesting 

that the effects caused by smyd2a-MO injection were specific. Injections of smyd2a-

MO at 0.35 mM caused 50-55% of mortality and 70% of surviving embryos showed a 

delay in development and tail defects but were alive at 48 hpf. Injections at 0.25 mM 

caused no significant differences compared with Control-MO. Therefore, the 0.35 mM 

morpholino concentration seemed optimal to study the potential effects of smyd2a 

depletion during zebrafish development. 

Figure 32 

 

 

 

After choosing the proper concentration of smyd2a-MO injection, we evaluated the 

smyd2a knockdown. We injected smyd2a-MO and Control-MO and measured the 

mRNA levels of smyd2a by RT-PCR at 24 hpf. As expected, the mature mRNA of 

smyd2a was undetectable in embryos injected with smyd2a-MO at 24 hpf compared to 

embryos injected with Control-MO, while smyd2b expression was unaffected by the 

injection of smyd2a-MO (Fig. 33). The resulting unspliced smyd2a fragment of 4473 bp 

generated in smyd2a-MO embryos was not detected probably due to its long size. In any 

case, we achieved a very efficient knockdown of smyd2a in zebrafish embryos.  

Figure 32. smyd2a morphant phenotypes corresponding to different doses of smyd2a-MO at 24 
hpf. Zebrafish embryos were injected at 1-2 cell stage with smyd2a-MO and Control-MO at 0.50 mM, 
0.35 mM and 0.25 mM. For the control 0.50mM injected embryos are shown.  
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Figure 33 

 

 

 

 

We injected zebrafish embryos again with 0.35 mM smyd2a-MO and Control-MO to 

evaluate the morphant phenotype at different time points during development. Injected 

embryos were examined morphologically up to 6 days post-fertilization (dpf) (Fig. 34). 

At 5 hpf, smyd2a-MO injected embryos could not be morphologically distinguished 

from the controls. At 24 hpf, we could detect some smyd2a morphant embryos with a 

tail defect (mild), and others with a strong delay in development (severe). At 48 hpf, we 

could observe several degrees of tail defects, including a morphant phenotype with a 

complete absence of the tail (very severe). Later on, at 6 dpf, all three smyd2a morphant 

phenotypes were distinguishable and still alive. The mild and severe morphants were 

able to swim with some difficulties while the very severe morphants showed very 

reduced motility but beating-heart activity. Our results show that the depletion of 

smyd2a results in a developmental delay and aberrant tail formation during fish 

development. 

Figure 33. smyd2a knockdown efficiency of smyd2a-MO at 24 hpf. (a) Schematic representation of 
the splice-blocking morpholino smyd2a-MO at the exon1-intron 1 junction. Specific primers for 
smyd2a were designed at each side of exon 1 and intron 1 flanking a region of 410 bp in wild type 
mRNA, and 4473 bp in unspliced mRNA. (b) Absence of mature smyd2a mRNA in smyd2a-MO 0.35 
mM compared to Control-MO 0.35 mM and non-injected embryos. 50 embryos were collected for each 
injection and mRNA was measured by RT-PCR using specific primers for smyd2a shown in left panel. 
Expression of smyd2b was unaffected by the smyd2a-MO injection. β-actin 2 was used as control. 
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Figure 34 

3.4.3. The smyd2a knockdown phenotype in zebrafish can be rescued 

overexpressing human SMYD2   

To further confirm the specificity of the smyd2a-MO, we performed rescue experiments 

by co-injecting with in vitro-transcribed human SMYD2 mRNA (smyd2a-MO + 

SMYD2 mRNA). In order to find the optimal amount of SMYD2 mRNA that rescues 

the smyd2a-MO phenotype, we performed co-injection of 0.35 mM smyd2-MO with 

different amounts of SMYD2 mRNA (Fig. 35). At 24 hpf, co-injection with 30pg 

SMYD2 mRNA showed the most significant rescue of morphant embryos, compared to 

57% obtained with the smyd2a-MO alone. Co-injection of higher amounts of SMYD2 

mRNA (200 pg and 300 pg) rendered no surviving embryos at 24 hpf. Next, we tested 

the effect of SMYD2 mRNA injection alone. Even when injecting 300 pg of SMYD2 

mRNA alone, no significant differences on zebrafish embryos morphology or mortality 

Figure 34. Different phenotypes of smyd2a morphant embryos during zebrafish development. 
Zebrafish embryos were injected at 1-2 cell stage with Control-MO (0.35 mM) and smyd2a-MO (0.35 
mM). Images were taken at 5, 24, 48 hpf and 6 dpf. Different smyd2a-MO phenotypes were classified 
as mild, severe and very severe, corresponding to the observed tail defects. 
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were detected. This indicates that the lethal effects observed at high doses of SMYD2 

mRNA was only associated to its co-injection with smyd2a-MO.  

 

 

 

 

Figure 35 

Next we quantified the effects of smyd2a-MO in zebrafish embryos and the rescue 

capacity of the SMYD2 mRNA at 24 hpf. For this experiment we injected 0.35 mM of 

morpholino and 30 ng of SMYD2 mRNA (Fig. 36). The smyd2a-MO injection resulted 

in about 50% of embryo death and 85% of embryos with mild or severe tail defects. Co-

injection with SMYD2 mRNA rescued mortality by 36% and phenotype by 29% 

suggesting that the effects caused by the smyd2a-MO injection are specific.   

 

Figure 36 
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Figure 35. Percentage of mortality and rescue effect of SMYD2 mRNA co-injected with smyd2a-
MO at 24 hpf. Zebrafish embryos were injected with different combinations of smyd2a-MO 
morpholino (0.35 mM) and SMYD2 RNA (15, 30, 100, 200 and 300 pg). Survival rates and percentages 
of wild type embryos are shown. 



    Results 

   69 

 

3.4.4. Gene expression analysis of smyd2a knockdown in zebrafish 

embryos  

Once we made sure that the effects of smyd2a knockdown in zebrafish embryos were 

consistent and reproducible, we decided to identify possible changes in gene expression 

during gastrulation stage in smyd2a-MO injected embryos. To gain insights into the 

potential pathways affected by the smyd2a knockdown we investigated the expression 

pattern of the T-box gene no tail (ntl), a zebrafish Brachyury ortholog required for 

notochord formation and essential for tail development [223,224]. Interestingly, ntl 

mutants embryos exhibited a phenotype with tail defects, similar to smyd2a-MO 

injected embryos [225]. To determine the expression pattern of ntl gene on smyd2a 

morphants, we performed whole-mount in situ hybridization (ISH) assays at 6 hpf using 

a specific probe for ntl gene (Fig. 37). Because at this stage we could not yet 

differentiate the smyd2a morphant phenotype, we collected a pool of embryos for each 

condition: 8 embryos for the Control-MO, and 17 for the smyd2a-MO. As expected, all 

control embryos showed ntl expression at the margin cells as gastrulation proceeds 

while most smyd2a morphants showed a reduction or complete absence of ntl 

expression. Interestingly, the percentage of the three different ntl expression patters 

detected in smyd2a morphants is similar to the percentage of different phenotypes at 24 

hpf. Therefore, the lack of ntl expression in smyd2a-depleted embryos may explain the 

problems of tail formation.  

Next we analyzed different marker genes that have been described to play a role in 

gastrulation, such as gata2 and sox17. We collected 14 embryos for Control-MO, and 

20 for smyd2a-MO at 6 hpf and analyzed the expression of each gene (Fig. 37). Gata2 

was expressed in all control embryos and exhibited a ventral expression, but only 25% 

of smyd2a-MO embryos presented reduced expression. Sox17 was expressed on the 

Figure 36. Percentage of phenotypes of morpholino injection and rescue experiment at 24 hpf. 
Zebrafish embryos were injected with four different combinations of morpholino (0.35 mM) and 
SMYD2 RNA (30 pg): A) Control-MO; B) smyd2a-MO; C) smyd2a-MO + SMYD2 RNA; and D) 
Control-MO + SMYD2 RNA. Upper panel shows the survival rates and percentages of wild type, mild 
and severe phenotypes. Mean and standard deviation from three independent experiments are shown. 
Lower panel represents the percentages of phenotypes shown in upper panel.  
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margin in all control embryos, while about 50% of smyd2-MO-injected embryos 

showed abnormal distribution through the animal pole.  

Figure 37 

In order to identify potential defects in muscle development in smyd2a-MO injected 

embryos we next checked the expression of the early myogenic marker myoD. Since the 

smyd2a-MO-injected embryos showed a delay in development we compared the 

expression of myoD in smyd2a-MO-injected embryos at 48 hpf to control-MO-injected 

embryos at 24 hpf, when the tail structure and somites have been already formed. We 

selected two smyd2a-MO embryos with different tail defects and one Control-MO 

embryo as a control (Fig. 38). In accordance with published data [226], Control-MO 

embryos showed myoD expression in lateral cells of all somites along the trunk and the 

tail. In contrast, some smyd2a-MO-injected embryos showed myoD expression but it 

reflected a disorganized structure of somites in the tail, whereas some others exhibited a 

weak myoD expression. In addition, all smyd2a-MO embryos presented myoD 

expression on the tail somites, but not in the trunk somites.  

 

Figure 37. In situ hybridization of ntl, gata2 and sox17 in control and smyd2a morphant embryos. 
Zebrafish embryos were injected at 1-2 cell stage with Control-MO (35 mM) and smyd2a-MO (35 mM) 
and analyzed for the expression of the indicated genes by in situ hybridization at 6hpf. Embryos are 
shown in lateral views (left), and animal pole views (right).  
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Figure 38 

To further identify specific transcripts affected by smyd2a knockdown, we analyzed the 

expression profile of a set of genes involved in gastrulation from 4 hpf to 10 hpf by 

qPCR (Fig. 39). For this analysis we selected the Nodal target genes chordin (chd), 

goosecoid (gsc), bonnie and clyde/Mixer (bon), and casanova/sox32 (cas); the ventral 

markers gata2 and bmp2a; and the Wnt pathway genes β-catenin-1 and dkk1b. All four 

Nodal target genes (chd, gsc, bon, cas) were up-regulated in smyd2a-MO-injected 

embryos compared to control embryos. In addition to their strong induction, gsc and 

bon also showed a different profile of expression with at peak of expression at 8 hpf, 

while the control-MO-injected embryos showed already reduced expression at this time 

point. Compared to Control-MO-injected embryos, the ventral marker gata2 was less  

 

 

Figure 39 

 

 

 

 

Figure 38. In situ hybridization of myoD in control and smyd2a morphant embryos. Zebrafish 
embryos were injected at 1-2 cell stage with Control-MO (35 mM) and smyd2a-MO (35 mM). Different 
expression of myoD in one representative embryo for Control-MO at 24 hpf (left), and two different 
representative embryos for smyd2a-MO at 48 hpf (right).  
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expressed in smyd2a-MO-injected embryos at 8hpf. Moreover, dkk1b, a negative 

regulator of Wnt signaling, was highly induced at 6 hpf in smyd2a-MO-injected 

embryos. Bmp2a and β-catenin-1 are not affected by smyd2a knockdown, suggesting 

that genes of the Bmp2 and Wnt pathways remain unaffected. These results indicate that 

smyd2a depletion causes an induction of Nodal-regulated genes during gastrulation 

events in zebrafish. This effect is similar to the induction of endodermal genes in human 

ES cells differentiation caused by SMYD2 knockdown.  

3.5. SMYD2 PROMOTES BMP SIGNALING IN HUMAN ES CELLS 

3.5.1. SMYD2 enhances the expression of BMP2 target genes in human 

ES cells 

 The results obtained in the zebrafish model support the idea that SMYD2 has an early 

effect during development, possibly during gastrulation, as suggested also by our 

previous experiments of knockdown and overexpression in human ES cells. It has been 

described that BMPs play an essential role during tail formation in zebrafish [204]. In 

addition, tail defects observed in zebrafish mutant embryos are often related with 

disrupted members of the BMP pathway [227]. Therefore, we addressed the potential 

mechanistic connection between SMYD2 and BMP signaling.  

To address the potential involvement of SMYD2 in the BMP signaling, we asked 

whether SMYD2 would be able to promote the induction of BMP target genes in human 

ES cells. We treated ES[4]-SMYD2 and ES[4]-GFP cell lines with BMP2 during four 

days and measured the expression of BMP2 target genes by qPCR (Fig. 40). These 

genes were selected based on previous transcriptomic analysis carried out in our 

laboratory after BMP2 treatment of human ES cells [158]. After BMP2 treatment, most 

BMP2 target genes were more strongly induced in the presence of overexpressed 

Figure 39. Changes in gene expression during gastrulation in smyd2a morphant and control 
embryos. Zebrafish embryos were injected at 1-2 cell stage with Control-MO (0.35 mM) and smyd2a-
MO (0.35 mM) and 50 embryos were collected at each time point for mRNA extraction. mRNA levels 
of Nodal related genes (chd, cas, gsc and bon), ventral genes (gata2 and bmp2a) and Wnt genes (dkk1b 
and β-catenin-1) were measured by qPCR and normalized to 18S. Mean and standard deviation of 
triplicate quantifications are shown. 
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SMYD2, compared to the control. Accordingly, OCT4 was more strongly 

downregulated in the ES[4]-SMYD2 cell line than in the control.  

 

 

Figure 40 

 

 

 

 

In order to validate the specificity on BMP2 target genes we treated both cell lines with 

high doses of Activin A (100 ng/ml), (Fig. 41). EOMES, BRACHYURY and FOXA2 

were induced after Activin A treatment but no differences were observed between 

ES[4]-SMYD2 and ES[4]-GFP cell lines.  

To gain insight into the potential regulation of SMYD2 expression by BMP2 or Activin 

A we quantified its mRNA levels in ES[4]-GFP after BMP2 or Activin A treatment. 

Endogenous SMYD2 was strongly induced after BMP2 treatment and reached 

expression levels similar to the ones found in differentiated cells (Fig. 42). However, 

SMYD2 was barely induced upon Activin A treatment.  

 

Figure 40. Induction of BMP2 target genes in human ES cells control and overexpressing 
SMYD2. ES[4]-GFP and ES[4]-SMYD2 cell lines were untreated and treated during 4 days with BMP2 
(200 ng/ml). The mRNA levels of selected BMP2 target-genes (BMP2, ID1, CDX2, FOXA2, SOX17, 
EOMES and BRACHYURY) and a marker for pluripotency (OCT4) were measured by pPCR and 
normalized to GAPDH. Mean and standard deviation from two quantifications are shown. Expression 
levels are plotted as a fold change relative to untreated cells. 
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Figure 41 

Figure 42 

 

 

 

 

Therefore, our results show that SMYD2 promotes the induction of BMP2 target genes 

in human ES cells, but has no significant effects on Activin A treatment. Additionally, 

SMYD2 is a BMP2 target gene in human ES cells.  

 

Figure 42. SMYD2 expression levels after 
BMP2 and Activin A treatment. Induction 
of SMYD2 mRNA levels in ES[4]-GFP cell 
line after BMP2 (200 ng/ml) or Activin A 
(100ng/ml) treatment. mRNA levels were 
normalized to GAPDH. Mean and standard 
deviation from two quantifications are 
shown. Expression levels are plotted as a fold 
change relative to untreated cells. 
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Figure 41. Induction of Activin A target genes in human ES cells control and overexpressing 
SMYD2. ES[4]-GFP and ES[4]-SMYD2 cell lines were untreated and treated during 4 days with 
Activin A (100 ng/ml). The mRNA levels of selected BMP2 target-genes (BMP2, ID1, CDX2, FOXA2, 
SOX17, EOMES and BRACHYURY) and a marker for pluripotency (OCT4) were measured by pPCR 
and normalized to GAPDH. Mean and standard deviation from two quantifications are shown. 
Expression levels are plotted as a fold change relative to untreated cells.  
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3.5.2. SMYD2 stimulates BMP4 signaling in human ES cells  

Next, we measured potential effects of SMYD2 overexpression in the phosphorylation 

of SMAD1/5/8 induced by BMP4. ES[4]-SMYD2 and ES[4]-GFP cell lines were 

treated with recombinant BMP4 for 1 hour and phospho-SMAD1/5/8 protein levels 

were measured by western blot (Fig. 43). The BMP4 treatment caused increased levels 

of phospho-SMAD1/5/8 in the ES[4]-SMYD2 cell line compared to the ES[4]-GFP cell 

line. These results further confirm that SMYD2 promotes BMP signaling.  

 

Figure 43 

 

 

3.5.3. SMYD2 does not interact with SMADs family members in vitro 

or in vivo 

It has been described that some histone methyltransferases, such as Suv39h, can interact 

with SMAD proteins and that this interaction can contribute to the transcriptional 

regulation mediated by BMP signaling [228]. Given that SMYD2 can modulate the 

BMP response in human ES cells, we tested its potential interaction with SMADs. We 

performed in vitro pull down assays with purified SMYD2 and several SMAD family 

members fused to GST: SMAD1 as a member of the BMP pathway, SMAD3 as a 

member of the TGF-β/Activin pathway, and SMAD4 for both signaling pathways. 

Figure 44 shows FLAG-tagged SMYD2 did not co-precipitate with any of the GST 

fusion proteins (Fig. 44).  

Figure 43. SMAD1/5/8 phosphorylation after BMP4 treatment of human ES cells overexpressing 
SMYD2. ES[4]-GFP and ES[4]-SMYD2 cell lines were untreated or treated with BMP4 (20 ng/ml) for 
1 hour and the levels of phospho-SMAD1/5/8 were measured by western blot. β-actin was used as a 
loading control. 
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Figure 44 

Figure 45 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

A 293T cell line overexpressing FLAG-tagged SMYD2 (293T-SMYD2) was used to 

immunoprecipitate SMYD2 from the whole cell extract using an anti-FLAG antibody, 

and a line without SMYD2 over expression as a control (293T-GFP). Next, we tested 

the potential co-immunoprecipitation of phospho-SMAD1/5/8 in each eluted fraction by 

western blot (Fig. 45). However, we did not find any co-precipitation of phospho-

SMAD1/5/8 with SMYD2. Taking together, these results indicate that SMYD2 do not 

interact with SMAD1, SMAD3, and SMAD4 in vitro, neither with phosphorylated 

SMAD1, SMAD5, and SMAD8 in 293T cells. 

  

 

 

 

 

Figure 44. In vitro interaction assay between 
SMYD2 and SMAD1, SMAD3 and SMAD4. 
Purified FLAG-tagged SMYD2 was incubated with 
purified SMADs fused to GST (GST, GST-
SMAD1, GST-SMAD3, and GST-SMAD4). GST 
fusion proteins were pulled down with glutathine-
sepharose beads, washed, eluted and analyzed by 
western blot using an anti-FLAG antibody. 30% of 
input FLAG-SMYD2 was loaded.   
 

Figure 45. Co-IP of SMYD2 in 
293T cells. Whole cell extracts from 
293T-GFP and 293T-SMYD2 were 
immuniprecipitated using an anti-
FLAG antibody and immunoblots 
were probed with an anti-phospho-
SMAD1/5/8 antibody. 10% of input 
was loaded. 
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4. DISCUSSION 

 

4.1. SMYD2 IS MAINLY EXPRESSED IN DIFFERENTIATED 
CELLS 

The interest of our laboratory has been focused on the epigenetic mechanisms that 

contribute to establish and maintain the identity of differentiated cells. We hypothesized 

that critical chromatin regulators involved in this role might have differential expression 

between pluripotent and differentiated cells. Therefore, we tested the differential 

expression of several chromatin related enzymes, with a focus on methyltransferases 

and demethylases, between human pluripotent and differentiated cells.  

We found that SMYD2 is expressed at high levels in somatic cells compared with 

pluripotent cells (Fig. 11). This result confirmed our previous identification of SMYD2 

as a candidate among a screening of differentially expressed genes in human ES cells. 

Moreover, we also compared the expression levels of SMYD2 with the rest of SMYD 

family members between pluripotent and differentiated cells and SMYD2 was the most 

differentially expressed member, whereas the rest of family members are not so 

differentially expressed (Fig. 12). Little is known about SMYD2, and more specifically 

in ES cells. In mouse adult tissue, Smyd2 has been shown to be mostly expressed in 

heart and brain, although presenting levels of expression also in liver, kidney, thymus 

and ovary [119]. In neonatal mouse tissues, Smyd2 expression also presents a broader 

organ distribution, but is highly expressed in heart, brain and skeletal muscle [129]. 

Additionally, Smyd2 was also expressed in embryonic tissue, as well as Smyd1 and 

Smyd3 [119]. In mouse embryos at E13.5 stage, Smyd2 expression is restricted to the 

heart and hypothalamus of the brain [119]. Regarding all expression experiments 

performed in mouse, it seems that Smyd2 is ubiquitously expressed after birth. 

During human ES cells differentiation, SMYD2 is also the most induced member of the 

SMYD family (Fig. 13a) both ES[4] and ES[2] cell lines. From very early at day 4, 

SMYD2 is already highly induced compared with pluripotent cells. SMYD1 and SMYD3, 

which share the highest degree of sequence homology with SMYD2 [113], are also 

induced during differentiation but not so remarkably. SMYD3 shows a progressive 
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induction but only around 3-fold change compared with undifferentiated cells. Even at 

low levels, SMYD1 was induced during differentiation, reaching its peak of expression 

at day 8. This indicates that SMYD1 might be involved also in early development, 

consistent with previous studies involving Smyd1 in mouse developing heart as a direct 

target of MEF2c [229]. Diehl et al. [129] followed the expression of Smyd1, Smyd2 and 

Smyd5 during heart development from embryonic stages through adult mouse, and both 

Smyd1 and Smyd2 present a pick of expression at neonatal stages in the mouse heart. As 

we mentioned before, Smyd1-3 are all widely expressed in adult mouse tissue, so 

maybe they share a similar function in certain specific tissues. For example, in vivo 

experiments have shown that Smyd1-3 play a role in cardiac and skeletal muscle 

regulation [107,108,110,132,133,229,230]. In addition, a SMYD4 homologue has been 

described also as a muscle-specific regulator in Drosphila development [112].  

We also confirmed that during directed differentiation of ES[4] to NPCs endogenous 

SMYD2 is induced and reaches similar levels of mRNA expression as during EB 

differentiation and as in somatic cells (Fig. 29) and that SMYD2 is induced in response 

to BMP treatment (Fig. 42). Despite the potential redundant role of the SMYD family 

members in differentiated cells, the fact that SMYD2 is the most differentially expressed 

member of the family suggests specific roles for this member in the early stages of 

human ES cells differentiation.  

4.2. SMYD2 PROMOTER IS MARKED WITH H3K4me2/3 IN 
HUMAN ES CELLS  

During the last decade, genome-wide analyses using ChIP technology to study histone 

modifications revealed that many key developmental genes in ES cells show both active 

(H3K4me3) and repressive (H3K27me3) marks on their regulatory regions 

[149,151,231]. These bivalent domains have been proposed to keep those genes 

repressed, but ready for activation during ES differentiation. Given the low levels of 

expression of SMYD2 in pluripotent cells and its rapid induction upon differentiation, 

we interrogated the presence of bivalent domains on its promoter. We found active 

H3K4 methylation marks on the SMYD2 promoter in all studied cell lines (Fig. 14) but 

we could detect presence of H3K27me3 in the ES[2] cell line only. However, compared 

to the levels of H3K27me3 at SOX17 and FOXA2, two well-described bivalent genes in 
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ES cells, the levels of H3K27me3 are lower at the SMYD2 promoter. Analysis of two 

additional human ES cell lines in public data available through the ENCODE project 

also showed that the SMYD2 promoter contains only H3K4me3 mark in the human ES 

cell line H7, whereas the H1 cell line shows both H3K4me3 and H3K27me3 marks 

(Fig. 15). 

 Since in several lines of human ES cells the promoter of SMYD2 did not show 

detectable levels of H3K27me3, we looked for additional mechanisms that could be 

contributing to block the expression of SMYD2 in these cells. Recently, Lipchina et al. 

[214] identified SMYD2, together with other 145 genes, as a high-confidence target of 

the miR-302/367 cluster in human ES cells. miR-302/367 is expressed in 

undifferentiated conditions and is downregulated upon neuronal differentiation, 

allowing the expression of its target genes [214]. Therefore, miR-302/367 might be 

regulating the levels of SMYD2 in pluripotent cells. Although 293T cells 

overexpressing miR-302/367 show lower mRNA levels of SMYD2 than control 293T 

we did not find any evidence that the miR-302/367 cluster targets the SMYD2 3’ UTR 

region (Fig. 16a and 16b).  

Interestingly, there are several studies that have identified transcriptionally inactive 

genes marked with H3K4me3 but not H3K27me3 on their promoters [163,232,233]. 

Vastenhouw et al. [163] have shown that among inactive genes after maternal-zygotic 

transition in zebrafish, 36% have H3K4me3 and H3K27me3, 28% have only H3K4me3, 

and 36% have no marks. Moreover, Vastenhouw et al. [163] concluded that according 

to published histone modifications [234-237] and gene expression data 21% of inactive 

genes show monovalent H3K4me3 marks in human ES cells and 20% in mouse ES 

cells. The role of H3K4me3 in transcriptional activation is controversial, since it is not 

clear if this mark participates in transcription or its deposition is a consequence of 

transcription. For example, H3K4me3 can be selectively recognized by the transcription 

factor TFIID [238,239]. Depletion of different subunits of the MLL complex in ES cells 

has been described to have different outcomes. Depletion of Dpy-30 resulted in a 

reduction of total H3K4me3 levels and impeded the activation of lineage-specific genes 

upon differentiation of mouse ES cells, whereas the expression of pluripotency-related 

genes was unaffected [157]. On the other hand, depletion of Wdr5, a core subunit of the 

MLL complexes, resulted in loss of self-renewal in ES cells and reduced the expression 
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of pluripotency-related genes [240]. Additionally, H3K4me3 may mark genes for future 

transcription under certain circumstances, but might not imply that genes carrying this 

mark are being transcribed. Importantly, it has been shown that PRC1-mediated histone 

H2AK119 ubiquitination restrains poised RNA pol II at developmental genes in mouse 

ES cells [156], and recent studies have shown that PRC1 complexes can be recruited to 

target genes and mediate the ubiquitination of H2A independently of the presence of 

H3K27me3 [63,66].  

Certainly, additional experiments will be needed in order to determine if the SMYD2 

gene is actually being transcribed in human ES cells or if its expression is post-

transcriptionally regulated.  

4.3. SMYD2 CAN METHYLATE SEVERAL HISTONE TARGETS 
IN VITRO  

The specific enzymatic activity of SMYD2 as a histone lysine methyltransferase 

remains unclear. On one hand, Brown et al. [119] first described SMYD2 as a H3K36 

methyltransferase whereas, on the other hand, Abu-Farha et al. [122] proposed that 

SMYD2 specifically methylates H3K4. This information is contradictory because, 

although both marks are associated with gene activation, they have different epigenetic 

roles in the transcription process [59]. In fact, it is possible that SMYD2 methylates 

both H3K4 and H3K36 depending on the presence of other proteins or preexisting 

histone modifications.  Moreover, another report showed that SMYD2 can methylate in 

vitro several peptides corresponding to H3 and H4 tails (H3K4, H3K36me1, and 

H3K36me2, H4K20 and H3K27) [115]. This wide range of histone substrates for 

SMYD2 could be explained by the use of small peptides and the use of large amounts of 

purified SMYD2, which may facilitate the access of SMYD2 to the corresponding 

lysines. Finally, other reports suggested H4K20 as a possible candidate for SMYD2 

methylation [115,241] 

Our in vitro methylation assays using purified SMYD2 and recombinant or HeLa core 

histone octamers showed that SMYD2 methylates both H3 and H4 in vitro (Fig. 17). 

Introduction of mutations in histone tails fused to GST showed that the main in vitro 

activity is towards H3K4 and H4K20. Contrary to H3K4, methylation of H4K20 has 

been associated to transcriptional repression [75,76,78]. Interestingly, this H4K20 
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methylation activity of SMYD2 could be closely related with its previous described role 

as a transcriptional repressor mediated through its interaction with the repressive 

HDACI and Sin3A complex [119]. 

Besides core histones, we found that SMYD2 can methylate linker histone H1 in vitro 

(Fig. 18). We have recently shown that histone H1 variants have differential expression 

in pluripotent and differentiated human cells [242]. Moreover, H1 variants are recruited 

to the promoters of pluripotency-related genes during ES differentiation, suggesting that 

the dynamic expression of histone H1 variants may play a decisive role in gene 

silencing during the differentiation of human ES cells[242]. These findings, together 

with the involvement of SMYD2 in human ES cell differentiation, led us to speculate 

that SMYD2 methylation of histone H1 may contribute to the functional role of histone 

H1 in silencing the expression of pluripotency genes during differentiation.  

Nevertheless, our methylation assay has some limitations. First, proteins were purified 

in bacteria, so they lack most of the eukaryotic post-translational modifications that 

could be decisive for the methylation process. Second, the histone substrates used 

consist of a short histone tail region fused to a GST protein of 30 kD in size, which 

differs notably from the full-length histone structure found in the nucleosome. Third, 

the absence of some potential SMYD2 co-activators, such as HSP90 [122], may have a 

negative effect on the methyltransferase activity.  

I anticipate that several additional strategies could be performed in the future in order to 

unravel the specific methylation substrates of SMYD2 in vivo: (1) The use of 

nucleosomes or nucleosomal templates in our in vitro methylation assays might 

represent a more physiological substrate than the histone octamer or histone tails. (2) 

Correlate the presence of SMYD2 and histone modifications genome wide by ChIP-Seq 

(3) Correlate changes in histone modifications after depletion or overexpression of 

SMYD2 (4) identify proteins that interact with SMYD2 and that might be methylation 

substrates.  
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4.4. SMYD2 IS LOCALIZED IN BOTH THE CYTOPLASM AND 
THE NUCLEUS OF ES CELLS  

Transient overexpression of FLAG-tagged SMYD2 in ES[4] provided us with a tool to 

observe the subcellular localization of SMYD2.  SMYD2 was expressed both in the 

nucleus and the cytoplasm in undifferentiated and differentiated ES[4] (Fig. 23). 

Although we cannot rule out potential artifacts caused by the high ectopic expression of 

SMYD2, the same expression pattern was described in 293T cells by Brown et al. [119]. 

A recent publication has shown that endogenous SMYD2 is mainly expressed in the 

cytoplasm of 293 and C2C12 cells and human skeletal muscle tissue with only minor 

expression in the nucleus (19%) [132]. In addition, some other members of the SMYD 

family, SMYD1 and SMYD3, have been localized both in the nucleus and the 

cytoplasm. SMYD1 was described to be expressed in the nucleus and cytoplasm in 

C2C12 myoblast cells, but during myoblast differentiation the distribution of expression 

changes, and SMYD1 was mostly found in the cytoplasm with very low expression in 

the nucleus [243]. SMYD3 in mainly present in the cytoplasm of Huh7 cells arrested in 

G0/G1, but during S and G2/M phases it starts to accumulate in the nucleus [109]. 

Furthermore, a model for SMYD3 translocation was proposed by Ruden et al. [244] in 

which in the absence of estrogen or stress, SMYD3 interacts with Hsp90 in the 

cytoplasm and facilitates its activation and translocation to de nucleus where it 

participates in the transcription of WNT target genes. Possibly, given the closer 

similarities between SMYD1-3, SMYD2 might be also translocated between the 

cytoplasm and the nucleus, depending on the cell type or the cellular program. 

Interestingly, SMYD2 was also described to interact with Hsp90 [132,133], so it is easy 

to speculate that Hsp90 could also facilitate the translocation of SMYD2 into the 

nucleus. 

4.5. GAIN AND LOSS OF FUNCTION OF SMYD2 AFFECTS 
DIFFERENTIATION OF HUMAN ES CELLS  

Loss-of-function approaches revealed that SMYD2 is not essential for self-renewal of 

human ES cells. This observation is not surprising since SMYD2 is already expressed at 

very low levels in human ES cells. However, the knockdown of SMYD2 promoted the 

induction of endodermal genes during EB differentiation of human ES cells, compared 

to control lines (Fig. 21). In vitro differentiation experiments performed in monolayer 
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showed that the depletion of SMYD2 causes the accelerated silencing of the 

pluripotency gene OCT4, further suggesting that the absence of SMYD2 promotes 

differentiation (Fig. 22). This was an unexpected result since the pattern of SMYD2 

expression suggests that its presence would be needed for human ES cell differentiation, 

similarly to histone H1.0 [242]. H1.0 is strongly induced during human ES cell 

differentiation and its absence impairs differentiation.   

Overexpression of SMYD2 in ES[4] did not affect self-renewal, suggesting that the 

molecular machinery required for SMYD2 activity is not yet present in pluripotent ES 

cells. Overexpression of SMYD2 impaired the induction of mesendodermal genes and 

promoted the induction of the neuronal gene PAX6 during EB differentiation (Fig. 25). 

Despite this, the overexpression of SMYD2 did not have significant effects on the 

differentiation of ES cells towards NPCs (Fig. 29). However, we found that the 

endogenous levels of SMYD2 are induced during neuronal commitment, suggesting that 

SMYD2 may play a role in this process. In this regard, it would have been interesting to 

test whether the knockdown of SMYD2 reduces the differentiation efficiency into the 

neural lineage.  

These experiments suggest that SMYD2 could be repressing the induction of endoderm. 

Since, SMYD2 has been previously involved in transcriptional activation through 

monomethylation of H3K4 we speculate that it might participate in the induction of 

repressors of the endodermal fate. Alternatively, SMYD2 might act as a transcriptional 

repressor itself through its association with HDACI and the Sin3A repressive complex 

[119]. Overexpression also causes the lack of induction of mesodermal genes 

suggesting that SMYD2 might be regulating a common pathway of endoderm and 

mesoderm induction, such as Nodal signaling [245]. Since we did not detect any effect 

of SMYD2 overexpression in the differentiation to NPCs we speculate that the 

overinduction of PAX6 during EB differentiation might be the result of an increase in 

the ratio of ectodermal versus mesendodermal fates. In the future, it would be 

interesting to test if SMYD2 overexpression affects the efficiency of definitive 

endoderm directed differentiation using available protocols published by D’Amour et 

al. [246] and Xu et al. [247], in which they obtain a strong induction of endodermal-

related genes such as MIXL1, GSC, SOX17 and FOXA2. Ultimately, determining the 
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genomic sites occupied by SMYD2 performing ChIP assays would reveal which genes 

are directly regulated by SMYD2.  

Another potential mechanism that might be regulated by SMYD2 is cell proliferation 

and apoptosis. Both processes can have a physiological impact in differentiation. 

Published literature describes contradictories roles of SMYD2 in cell proliferation: 

SMYD2 has been described to induce cell proliferation through Rb methylation [128] 

and to suppress cell proliferation in NIH3T3 cells [119]. In addition, SMYD2 has been 

reported to repress p53 activity through Lys 370 methylation [124]. Although the 

potential role of p53 in differentiation is controversial, recent findings show that p53 

knockdown causes a delay in differentiation of human ES cells while overexpression 

induces differentiation [248]. In any case, we could not observe any clear effects on the 

proliferation of 293T cells knockdown or overexpressing SMYD2, compared to their 

controls. However, overexpression of SMYD2 in human ES cells rendered a lower 

number of cells in S-phase at day 12 of differentiation, which correlates with an 

overinduction of the cell cycle inhibitor p16 (Fig. 27 and 28).  

4.6. smyd2a DEPLETION CAUSES DORSALIZATION AND TAIL 
FORMATION DEFECTS IN ZEBRAFISH  

We further investigated the effect of SMYD2 depletion in vivo using the zebrafish as a 

model. Over the past years, the zebrafish has emerged as a powerful model to study 

vertebrate development due to its transparency of embryos, which allows a direct 

visualization of tissue morphogenesis, and its rapid embryonic development. There are 

two homolgous genes identified for SMYD2, smyd2a and smyd2b. It is common to find 

a couple of orthologous genes in the zebrafish that are related to one single gene in 

human or mouse. This phenomena is well explained by the hypothesis of genome 

duplication that took place in the ancestor of teleost fishes [249,250]. Our results show 

that both smyd2a and smyd2b were induced during development, but only smyd2a was 

induced sharply during the gastrulation period (Fig. 31), which is comparable to the 

induction of SMYD2 during human ES cell EB differentiation into the three embryonic 

layers. Therefore, we analyzed the effects of blocking smyd2a expression during 

zebrafish embryonic development. smyd2a was maternally expressed in zebrafish 

embryos. This findings are supported by published data of smyd2a and smyd2b levels 
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by ISH assays [134]. Maternal gene products are generated during oogenesis and 

accumulated in the oocyte cytoplasm, to sustain the embryo during the first cleavage 

stages until the embryonic genome is activated [251,252].  In general, maternal mRNA 

participates during the very early steps of embryogenesis including fertilization, egg 

activation, the first cell divisions, and the initiation of zygotic transcription. To evaluate 

the involvement of SMYD2 in gastrulation, we designed a specific morpholino 

sequence that blocks the splicing of immature smyd2a mRNA, and therefore only 

affects the zygotic smyd2a transcript and not the maternal one.  

Zebrafish embryos depleted of smyd2a suffered delays in development and tail 

deformities, and were present in more than 80% of surviving embryos at 24 hpf (Fig. 34 

and 36). It has been well described that signaling pathways including Nodal, Bmp and 

Wnt8 are required for the tail organizer in zebrafish [204]. Furthermore, it has been 

proposed that both BMP and the non-canonical Wnt pathways regulate tail 

morphogenesis by controlling cell migration and cell adhesion within the tailbud [253]. 

For example, several studies have shown that disrupting Bmp signaling by specific 

morpholino injection against bmp4 lead to a strong dorsalized embryos, with severe 

trunk and tail defects [207,254,255]. In addition, this tail-defective phenotype resemble 

to zebrafish mutant embryos snailhouse (bmp7) [256], and swirl (bmp2b) [257]. Similar 

to loss of Bmp signaling, embryos injected with specific morpholino against wnt8 also 

exhibited problems with trunk and tail formation [258]. So, due to the similarities 

between smyd2a-MO injected embryos and the mentioned Bmp and Wnt8 morphant 

phenotypes, we first speculated that smyd2a may be involved in either the Bmp or Wnt8 

pathways. Intriguingly, another group recently described that smyd2a knockdown 

generates severe skeletal and cardiac muscle defects in zebrafish embryos, and curled 

tails. [132,133]. We did not appreciate any cardiac abnormalities, even in the very 

severe morphant phenotype at 6 dpf, which in spite of its impairment for mobility given 

the severe absence of a tail structure, still presents a functional-beating heart (Fig. 34). 

One possible explanation for the differences in phenotype observed by us in zebrafish is 

that Donlin et al. used two distinct non-overlapping morpholinos to block smyd2a 

expression, one against the 5’UTR region, and the other one against the splice donor 

site of intron 4 [132], which blocks both maternal and zygotic smyd2a transcripts. 

Moreover, our observations are consistent with mice conditional-knockout experiments 

in which Smyd2 was found dispensable for heart development [129]. 
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Co-injection of smyd2a-MO and SMYD2 mRNA, partially rescued the smyd2a 

morphant phenotype at 24 hpf (Fig. 36). This result reveals two main insights. First, it 

validates the specificity of the splice-blocking morpholino against smyd2a and second, 

it demonstrates the conserved function of smyd2a and SMYD2 among two evolutionary 

separated species such as zebrafish and humans, respectively. Unexpectedly, SMYD2 

mRNA injected embryos showed no developmental defects (Fig. 35). Maybe SMYD2 

mRNA is not stable enough to ensure the high levels of SMYD2 protein, but sufficient 

to compensate the lack of smyd2a and rescue the morphant phenotype.  

4.7. smyd2a DEPLETION IMPAIRS THE INDUCTION OF ntl 
DURING GASTRULATION  

We found that ntl, the zebrafish homologue of the mouse Brachyury, is mainly 

expressed in the developing margin of zebrafish embryos at 6 hpf, but practically absent 

in smyd2a-MO embryos [224]. It has been reported that ntl is an immediate early gene 

required for mesoderm development and that ntl mutant embryos lack differentiated 

notochord and exhibit aberrant tail formation [223,224]. The embryonic dorsalization 

observed in the smyd2a knockdown embryos resembles the phenotype of ntl mutant 

embryos [225]. Given the well-established implication of ntl in tail morphogenesis, it is 

easy to speculate that this absence of ntl gene expression in smyd2a morphant embryos 

may cause the defective tail formation. Nevertheless, other mechanisms besides ntl 

misexpression can generate dorsalization and tail formation defects. For example, Yao 

et al. [259] described that transcription factor kzp controls the zygotic expression of 

wnt8 by directly binding to its promoter during zebrafish development. Depletion of kzp 

induces a strong embryo dorsalization, with a very similar phenotype than smyd2a-MO 

embryos. Importantly, kzp morphant embryos have no changes in ntl expression, 

suggesting that kzp regulates dorsoventral patterning through Wnt8 signaling 

independently of ntl expression.  

Our results show that a percentage of smyd2a-MO injected embryos present reduced 

expression of gata2 at 6 hpf and that expression continues to be lower at 8 hpf. 

Considering that gata2 is expressed in the ventral region of wild type embryos, its 

misexpression might be also contributing to the dorsalized phenotype of smyd2a-MO 

injected embryos. Supporting this observation, it has been described that injection of 



    Discussion 

   87 

Bmp2b leads to embryo ventralization and results in the expansion of gata2 expression 

into dorsal regions at 5 hpf [260]. gata2 has been described as a non-neural marker that 

functions predominantly in hematopoietic development [261]. The endodermal gene 

sox17 was misexpressed in some smyd2a-MO embryos compared to control expression 

around the margin region (Fig. 37). Apparently, the overinduction of SOX17 observed 

during the differentiation of ES cells knockdown for SMYD2 does not correlate with 

the expression defects detected in zebrafish.  

The expression of myoD, described to be expressed in the somites of the trunk and tail, 

was considerably reduced in some smyd2a depleted embryos, whereas others presented 

significant myoD expression levels, but they exhibited an unstructured somite 

organization (Fig. 38) It is possible that smyd2a and smyd2b play a role in the process of 

somitogenesis, since they have been described to be expressed in somites and muscle 

cells at 18-72hpf [134]. This would be in agreement with recent findings that associate 

the role SMYD2 with regulatory functions in skeletal muscle [132,133]. However, the 

observed defects might also be the consequence of defective germ layer specification 

during the early stages of gastrulation. 

4.8. smyd2a DEPLETION MIGHT AFFECT MULTIPLE 
SIGNALING PATHWAYS IN ZEBRAFISH  

We observed an overinduction of the Nodal target genes chd, cas, gsc, and bon in the 

smyd2a knockdown during gastrulation (Fig. 39). Published data by Chang et al. [262] 

on foxd3 gene, an upstream positive regulator of Nodal signaling in zebrafish, suggests 

the involvement of Nodal signaling in dorsalization. foxd3-injected embryos exhibited 

induction of Nodal target genes and suppression of bmp7 expression at the gastrula 

stage, resulting in strongly dorsalized embryos at 24 hpf. Also, in Xenopus, it has been 

described that goosecoid and Mix.1, the homologous genes of gsc and bon respectively, 

act together to promote endodermal differentiation and suppress expression of 

mesodermal Xbra, the ntl homologous gene [263]. Eventually, high levels of gsc and 

bon at 6 and 8 hpf in smyd2a-MO embryos might have repressive effects over 

mesoderm induction, resulting in subsequent tail formation defects. This would explain 

the lack of ntl expression observed by ISH assays in smyd2a-MO embryos (Fig. 37). 

Additionally, bon and cas have been reported to trigger endoderm formation in 
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zebrafish [264,265], suggesting that similar to human SMYD2, smyd2a might be 

blocking the expression of endodermal genes in zebrafish. 

Additionally, during the onset of gastrulation, Bmp and Wnt8 signaling play a crucial 

role in mesoderm and tail formation and are responsible for nodal-independent 

induction of ntl in the ventral margin of zebrafish embryo [207,266,267]. Moreover, 

disruption of Bmp signaling has been reported to cause the loss of gata2 expression at 

early stages of development [260]. Regarding the Wnt pathway, the expression of 

dkk1b, a Wnt inhibitor, is highly overinduced in smyd2a-MO embryos at 6 hpf. Given 

the implications of Wnt8 pathway in mesoderm formation [267], the inhibition of Wnt8 

signaling due to high dkk1b expression could be responsible for the defective tail 

formation in smyd2a-MO embryos. In accordance with this, Shinya et al. [268] have 

shown that zebrafish embryos injected with dkk1 RNA do not present notochord and 

somite formation, resulting in similar tail defects as the smyd2a-MO embryos. 

However, the expression of bmp2a and β-catenin-1, two Bmp and Wnt pathways related 

genes respectively, was not affected by the smyd2a depletion. In any case, it would be 

interesting to check potential changes in the expression pattern of these genes in the 

zebrafish embryo, such as changes in the translocation of β-catenin to the nucleus, as a 

consequence of the smyd2a knockdown.  

At the beginning of gastrulation, Bmp signaling is blocked by several antagonists 

produced by the organizer, such as Chordin, in order to induce dorsal fates by inhibiting 

ventralizing signals [227]. Meanwhile, Bmp also acts as a negative regulator of chordin 

expression to induce different ventral-cell fates along the dorsal/ventral axis. 

Considering that Nodal signaling patterns the organizer, we hypothesized that Smyd2a 

might participate as a negative regulator of the expression of Nodal-related genes 

through the Bmp signaling during gastrulation. 
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4.9. SMYD2 PROMOTES BMP SIGNALING IN HUMAN ES CELLS  

BMPs are members of the TFG-β superfamily, which are involved in the regulation of a 

wide range of biological processes, including cell fate establishment during ES cell 

differentiation. Maintaining low BMP signal is necessary for human ES cells to keep 

self-renewal [269,270]. On the contrary, in mouse ES cells BMP has a key role in the 

maintenance of ES cell self-renewal through regulation of the expression of inhibitor of 

differentiation (Id) genes [271]. In spite of these differences between species, BMP 

signaling inhibits neural commitment in both human and mouse ES cells [272,273].  

The mechanism of action behind the role of BMP in cell fate determination is still not 

fully understood and increasing evidence suggests that BMP signaling participates 

intimately with other signaling pathways including extrinsic signals, intrinsic 

transcription factors and epigenetic regulators [270]. Thus, the different functions of 

BMP signaling may be dependent on which context the BMP signals are received. 

The effects of SMYD2 depletion on gastrulation and ES differentiation encouraged us 

to test the potential involvement of SMYD2 in BMP signaling. Our results show that 

SMYD2 overexpression stimulates the induction of almost all selected BMP2 target 

genes after treatment, as well as the silencing of OCT4 (Fig. 40). Importantly, SMYD2 

appears to be a BMP2 target gene itself (Fig. 42). Activin A is another member of the 

TFG-β superfamily that has been described to participate in definitive endoderm 

differentiation, as well as in the maintenance of self-renewal in human ES cells, 

depending on concentration [246,247,274]. However, our treatment with Activin A had 

very minor effects on the expression of selected genes and was not affected by SMYD2 

overexpression (Fig. 41). The absence of strong effects on gene expression after Activin 

A treatment might be explained by its dual ability to promote both self-renewal and 

differentiation of human ES cells [274]. Taken together, our findings show that SMYD2 

overexpression potentiates the induction of BMP signaling in human ES cells, but has 

no significant effects on Activin A signaling. Given that BMP and Activin A pathways 

regulate gene expression by different signal-transduction cascades, such as activated 

SMAD1/5/8 and SMAD2/3 respectively, we speculated that SMYD2 may interfere with 

some specific effectors of the BMP signaling pathway only.  
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In agreement with the previous observations, we found that the overexpression of 

SMYD2 increases the levels of phospho-SMAD1/5/8 after BMP4 treatment (Fig. 43). 

SMYD2 overexpression had no significant effects on phospho-basal levels, which 

correlates with the absence of effects on gene expression in the absence of BMP. The 

effects of SMYD2 on SMAD1/5/8 phosphorylation suggest the possibility of SMYD2 

interaction with the SMAD family members. Our results show that SMYD2 is not able 

to interact with SMAD1, SMAD3 or SMAD4 in vitro and no interaction was detected 

between SMYD2 and phospho-SMAD1/5/8 in vivo (Fig. 44 and 45). However, we 

cannot discard that SMYD2 may interact with some SMAD family member under 

specific conditions or may be cell type specific, such as in human ES cell 

differentiation, but not in 293T cells. Eventually, the in vitro interaction might require 

the presence of additional proteins or the presence of certain post-translational 

modifications in SMAD or SMYD2. Alternatively, the increase in SMAD1/5/8 

phosphorylation caused by SMYD2 overexpression could be caused by indirect 

mechanisms, such as the repression of SMAD inhibitors.  

Interestingly, some other histone methyltransferases have been reported to cooperate 

and participate in SMAD signaling. It has been shown that H3K9 methyltransferase 

Suv39h2 associates with Smad5, leading to the silencing of genes involved in 

developmental processes [228]. Moreover, the H3K9 methyltransferases Setdb1 and 

Suv39h1 interact with Smad3 and suppress IL-2 promoter activity [275]. More recently, 

Setdb1 was shown to interact directly with Smad1 in the presence in a BMP-dependent 

manner [276]. Therefore, despite we were not able to find a direct interaction between 

SMYD2 and SMAD proteins in the conditions used, it is possible that SMYD2 may act 

as a SMAD coactivator during human ES cells differentiation. 

Some of the tested BMP-responsive genes show bivalent domains on their promoters in 

human ES cells [164,277,278]. In mouse ES cells, genome-wide mapping of target gene 

promoter occupancy by SMAD1/5 and SMAD4 revealed a large group of overlapping 

target genes, enriched in developmental regulators marked with bivalent marks [279]. 

Despite the differences in BMP signaling between mouse and human ES cells, it is 

likely that poised developmental genes in human ES cells are also co-occupied and 

regulated by SMAD1/5 and SMAD4. Based on this assumption, the potential regulation
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of the BMP pathway by SMYD2 might influence the resolution of certain bivalent 

domains during the differentiation of human ES cells.  

In summary, our results point to a potential role of SMYD2 as a repressor of 

endodermal genes during human ES cells differentiation, possibly by blocking Nodal 

signaling pathway as shown during gastrulation stage in zebrafish experiments. This 

repressive activity of SMYD2 may be conducted through methylation of H4K20 of 

Nodal-target genes, or methylation of H3K4 of Nodal antagonists. Alternatively, 

SMYD2 activation of BMP signalling may contribute to the blockade of Nodal-

signaling pathway, given the BMP/Nodal antagonism. Induction of SMYD2 expression 

during human ES cells differentiation may be necessary to maintain optimal levels of 

Nodal signaling and ensure proper formation of mesendodermal lineage. Genome wide 

mapping of the sites occupied by SMYD2 as well as identifying interacting proteins 

might reveal the mechanisms of action of SMYD2 during differentiation. 
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5. CONCLUSIONS 

 

1. SMYD2 expression is almost absent in human pluripotent cells but is strongly 

induced during human ES cells differentiation and prevails in adult somatic cell 

types.  

2. SMYD2 presents specific methyltransferase activity for histone H3K4 (active 

mark) and histone H4K20 (repressive mark) in vitro.  

3. Gain- and loss-of-function experiments revealed that SMYD2 plays an early 

decisive role during human ES cells differentiation: 

a) Knockdown of SMYD2 promotes the induction of endodermal genes and 

accelerates the process of differentiation.  

b) Overexpression of SMYD2 leads to a blockade of differentiation by 

impairing the induction of endodermal and mesodermal genes. 

4. smyd2a expression is induced during zebrafish gastrulation. 

5. Loss of smyd2a expression causes problems with mesoderm formation in zebrafish 

developing embryos: 

a) smyd2a-deficient embryos exhibit tail formation defects during the first 

days of development.   

b) Knockdown of smyd2a promotes the induction of Nodal-target genes 

during the gastrulation stage. 

6. SMYD2 promotes the activation of the BMP pathway in human ES cells. 
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6. MATERIAL AND METHODS 

 

6.1. MATERIALS 

6.1.1. Bacterial strains 

Name Description 

DH5α F-φ80lacZ∆M15 ∆(lacZYA-argF) U169 recA1 endA1 hsdR17(rK-, mK+) 
phoA supE44 λ- thi-1 gyrA96 relA1. Used for the amplification of plasmids 

and cloning 

BL21(DE3)pLys F– ompT hsdSB(rB–, mB–) gal dcm (DE3) pLysS (CamR). Used for the 
overexpression and purification of recombinant proteins 

 

6.1.2. Cell lines 

Name Description 

293T Stable cell line from human embryonic kidney expressing the SV40 large T 
antigen. Used for transfection assays, protein-protein interactions and as 

packaging cells 

293T-GFP 293T cell line transduced with pWPI vector stably expressing GFP  

293T-SMYD2 293T cell line transduced with pWPI-SMYD2 vector stably expressing 
FLAG-SMYD2  

293T-miR-302 293T cell line transduced with pWPI-miRNA302/367 vector stably 
expressing the human miR302/367 cluster                                       

(Established by Dr. Bernd Kuebler) 

HFF Primary cell line of human fibroblasts isolated from juvenile foreskin 

HK Primary cell line of human keratinocytes isolated from juvenile foreskin 

HepG2 Stable cell line derived from human liver tissue with differentiated 
hepatocellular carcinoma 

MEF Primary cell line of Mouse Embryonic Fibroblasts established from 
dissociated C57BL/6 mouse embryos at 13.5 d gestation 

ES[2] Human ES cell line derived at the Stem Cell Bank of CMR[B] from a 
cryopreserved donated human embryo at day +2 of development 

ES[6] Human ES cell line derived at the Stem Cell Bank of CMR[B] from a 
cryopreserved donated human embryo at day +2 of development 

ES[4] Human ES cell line derived at the Stem Cell Bank of CMR[B] from a 
cryopreserved donated human embryo at day +2 of development 

ES[4]-shControl ES[4] cell line transduced with pLVTHM-shControl vector stably 
expressing a non-target random shRNA and GFP 
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ES[4]-shSMYD2 ES[4] cell line transduced with pLVTHM-shSMYD2 vector stably 
expressing a shRNA against SMYD2 and GFP 

ES[4]-GFP ES[4] cell line transduced with pTP6 vector stably expressing tau-GFP  

ES[4]-SMYD2 ES[4] cell line transduced with pTP6-SMYD2 vector stably expressing 
FLAG-SMYD2  

KiPS4F1 iPS cell line derived from HK infected with retrovirus encoding for Oct4, 
Sox2, Klf4 and c-Myc 

KiPS4F8 iPS cell line derived from HK infected with retrovirus encoding for Oct4, 
Sox2, Klf4 and c-Myc 

 

6.1.3. Vectors 

Name Description 

pmirGLO 
Mammalian reporter vector used to quantify miRNA activity by the 

insertion of miRNA target sites downstream of the firefly luciferase gene 
(luc2) (Promega) 

pmirGLO-
SMYD2.UTR 

pmirGLO vector  containing a SMYD2 full length 3’ UTR region          
(+1336 to +1680) cloned into NheI and XbaI  

pmirGLO-
SMYD2.UTRshort 

pmirGLO vector  containing a SMYD2 3’ UTR truncated  region         
(+1336 to +1443) cloned into NheI and XbaI  

pmirGLO-MBD2.UTR pmirGLO vector conaining a MBD2 full length 3’ UTR region          
(+1475 to +1860) cloned into NheI and XbaI 

pRL-CMV Mammalian reporter vector encoding for Renilla luciferase used for the 
normalization of transfection efficiency (Promega) 

pBS-SK+ 
Phagemid plasmid used to reach optimal DNA concentration for co-

transfection with pmirGLO constructs and pRL-CMV                          
(Agilent Technologies) 

pGEX-6P-1  
Bacterial vector used for the expression and purification GST fusion 

proteins in E.coli. It contains an IPTG inducible promoter and ampicillin 
resistance (GE Healthcare) 

pGEX-H3 pGEX-6P-1vector containing aminoacids 1-41 of Xenopus laevis histone 
H3 fused to GST (Cloned by Dr. Julio Castaño)  

pGEX-H3K4R pGEX-6P-1vector containing aminoacids 1-41 of Xenopus laevis histone 
H3 with Lys-4 mutated to Arg (K4R) fused to GST  

pGEX-H3K36R pGEX-6P-1vector containing aminoacids 1-41 of Xenopus laevis histone 
H3 with Lys-36 mutated to Arg (K36R) fused to GST  

pGEX-H3K4RK36R pGEX-6P-1vector containing aminoacids 1-41 of Xenopus laevis histone 
H3 with Lys-4 and Lys-36 mutated to Arg (K4RK36R) fused to GST  

pGEX-H4 pGEX-6P-1vector containing aminoacids 1-36 of Xenopus laevis histone 
H4 fused to GST (Provided by Dr. Sohail Malik) 

pGEX-H4K20R pGEX-6P-1vector containing aminoacids 1-36 of Xenopus laevis histone 
H4 with Lys-20 mutated to Arg (K20R) fused to GST  

pGEX-SMAD1 pGEX-6P-1vector containing full length human SMAD1 cloned into 
BamHI and XhoI 
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pGEX-SMAD3 pGEX-6P-1vector containing full length human SMAD3 cloned into 
BamHI and XhoI 

pGEX-SMAD4 pGEX-6P-1vector containing full length human SMAD3 cloned into 
BamHI and XhoI 

pGEX-4T-RXRα pGEX-4T containing full length RXR alpha                                            
(provided by Dr. Diego Haro) 

pGEX-HNF4 pGEX-4T containing full length human HNF4                                    
(provided by Dr. Sohail Malik) 

pGEX-mH2A1 pGEX-6P-1vector containing full length human macroH2A.1               
(Cloned by Dr. Julio Castaño)  

pGEX-AP2 pGEX-6P-1vector containing full length human AP2                            
(Cloned by Dr. Julio Castaño) 

pGEX-E2F6 pGEX-6P-1vector containing full length human E2F6                             
(Cloned by Dr. Julio Castaño) 

pLVTHM 
Lentiviral vector used for the expression of shRNAs. Also encodes for 

GFP. All sequences were cloned into ClaI and MluI restriction sites 
(Provided by Didier Trono) 

pLVTHM-shControl pLVTHM vector containing a non-target random shRNA  

pLVTHM-shSMYD2 pLVTHM vector containing a shRNA against SMYD2 

pLVTHM-shSM1 pLVTHM vector containing a shRNA shM1 against SMYD2 

pLVTHM-shSM2 pLVTHM vector containing a shRNA shM2 against SMYD2 

pLVTHM-shSM3 pLVTHM vector containing a shRNA shM3 against SMYD2 

pLVTHM-shSM4 pLVTHM vector containing a shRNA shM4 against SMYD2 

pLVTHM-shSM5 pLVTHM vector containing a shRNA shM5 against SMYD2 

pWPI Lentiviral vector used for overexpression in mammalian cells. Also 
encodes for GFP (Provided by Didier Trono) 

pWPI-SMYD2 
pWPI vector containing human FLAG-SMYD2 cloned into PmeI. SMYD2 

cDNA was obtained from pCR-BluntII-TOPO-SMYD2                                                                  
(cDNA clone MGC:119302 IMAGE:40005280)  

pWPI-miRNA302/367 pWPI vector expressing the human miRNA302/367 cluster                    
(Cloned by Drs. Maria Barrero and Josipa Bilic) 

pTP6 Mammalian expression vector encoding for tau-GFP and provides 
puromycin resistance (kindly provided by T. Pratt) 

pTP6-SMYD2 pTP6 vector containing human FLAG-SMYD2 cloned into EcoRI-blunted 
restriction sites 

pCS2+ Expression vector used for in vitro mRNA synthesis under the SP6 
promoter  

pCS2-SMYD2 pCS2+ vector containing human FLAG-SMYD2 cloned into XhoI 
restriction site 

pCMV-VSVG Envelope vector used for lentiviral production                                     
(kindly provided by D. Trono) 

psPAX2 Packaging vector used for lentiviral production                                      
(kindly provided by D. Trono) 
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6.1.4. Oligonucleotides 

Quantitative Real Time PCR 

Name Forward (5’- 3’) Reverse (5’- 3’) 

SMYD2 CAATCCGAGACATGGTCAGA GCCCTCCGGAACTCTTCAA 

GAPDH GCACCGTCAAGGCTGAGAAC AGGGATCTCGCTCCTGGAA 

SMYD1 CACCAGGTCCCACGTTTGTT TCATCATGTGGTGAGGATGGA 

SMYD3 GCCGCGTCGCCAAA TGTGGTCTGGCCAAGCTTTT 

SMYD4 TGCCACCACCGCATCA AATAGAGGTCCCCATTGGTGACT 

SMYD5 TGTGCACTGTGCGCAAAGA TGCAGTACATCACTTGGCAATG 

OCT4 GGAGGAAGCTGACAACAATGAAA GGCCTGCACGAGGGTTT 

NANOG ACAACTGGCCGAAGAATAGCA GGTTCCCAGTCGGGTTCAC 

SOX2 TGCGAGCGCTGCACAT TCATGAGCGTCTTGGTTTTCC 

HNF4 CTGCAGGCTCAAGAAATGCTT TCATTCTGGACGGCTTCCTT 

FOXA2 CTGAAGCCGGAACACCACTAC CGAGGACATGAGGTTGTTGATG 

SOX17 TGGCGCAGCAGAATCCA CCACGACTTGCCCAGCAT 

PAX6 GCTTCACCATGGCAAATAACC GGCAGCATGCAGGAGTATGA 

BRACHYURY CAATGAGATGATCGTGACCAAGA GCCAGACACGTTCACCTTCA 

p21 TGGAGACTCTCAGGGTCGAAA GCGTTTGGAGTGGTAGAAATCTG 

p16 CCCTCAGACATCCCCGATT TCTAAGTTTCCCGAGGTTTCTCA 

BMP2 CCAACACTGTGCGCAGCTT CCCACTCGTTTCTGGTAGTTCTTC 

ID1 GCTGGACGAGCAGCAGGTA GCGTGAGTAACAGCCGTTCA 

CDX2 CTCGGCAGCCAAGTGAAAA GGTCCGTGTACACCACTCGAT 

EOMES CCACTGCCCACTACAATGTGTT CTGGAAGCGCCAGTGGTT 

smyd2a AGAGCTGTCTCATTTGGGATCTG TGGGCTACAGCTGTGATTCATC 

smyd2b CAAATCTATGGATGTGGTGAAGATG TCTCCTTTTCCCCGATTTCAT 

chd CCGCAGGCCGATAACG GTGAGGTTTCGGCACATTTTTC 

cas GGAGAACACTGACCTCAGCAAA GCTTATCTGCCAGAGACATTGCTT 

gsc CAATCGGTGAATGGAAGGATAG GTTTCGTGCCAGTTGTTCTC 

bon GGAGGACGGGCATGCA GCACCATCCAGGAACTTCATC 

gata2 GGGCTAGAGTATCGTACGGACAA TGGCCGACAGACCTGACTTC 

dkk1b GCGAGAGTGATGAGGAATG CTTTCGGCATGAGAGCAGT 

bmp2b CAGCAGAGCAAACACGATACG GCTGGACAGTGCCTCGAAA 

β-catenin-1 GGCACCCTACACAATCTTTC CAAGGCCACCATTTTCTGC 

SMYD2.PROM AACCCTCTGCACACCAAACTTC GGAACGCCAAGGAGAAAGC 

OCT4.PROM CAGTTGTGTCTCCCGGTTTTC CGAAGGATGTTTGCCTAATGG 

FOXA2.PROM CAGCAGCGGGCGAGTTA TGCAAAGCGCTGTCCTATTTAG 

SOX17.PROM CCGTCTGTCCAGTCTTGCTTATT TGAAGGCCAGGAGTTTGCA 
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Semiquantitative RT-PCR 

Name Name Name 

smyd2a GTGTATGTATGTGTGTGATTGCC GCTTGTTTACATTTCCCACAC 

smyd2b GTCAGAGATTCTGCTCTTACTGG GAAGTTTTCCATGGAGTTCCG 

β-actin 2 TGTGGCCCTTGACTTTGAGCAG TAGAAGCATTTGCGGTGGACGA 

Insert amplification 

Name Forward (5’- 3’) Reverse (5’- 3’) 

SMYD2           
(pWPI) 

ACGTTTAAACGCCGCCGCCATGGACTA
CAAGGACGACGATGACAAGAGGGCCG

AGGGCCTCGGCGGCC 

ACCAAATTTGTCAGTGGCTTTCAATTTC
CTGTTTGATC 

SMYD2          
(pCS2) 

ACGTTTAAACTCGAGGCCGCCGCCATG
GACTACAAG 

ACGTTTAAACTCGAGTCAGTGGCTTTCA
ATTTCCTG 

SMYD2.UTR ACGCTAGCAACTATGCAGCATTTCAGTT
TTC 

ACTCTAGACTGATATCTCTTTAATACTT
TC 

SMYD2.UTR short ACGCTAGCAACTATGCAGCATTTCAGTT
TTC 

ACTCTAGACCAATTATTTTACAGAGATG
CTG 

SMAD1 ACGGATCCATGAATGTGACAAGTTTATT
TTCCTTTACA 

ACCTCGAGTTAAGATACAGATGAAATA
GGATTATGA 

SMAD3 ACGGATCCATGTCGTCCATCCTGCCTTT
C 

ACCTCGAGCTAAGACACACTGGAACAG
CGG 

SMAD4 ACGGATCCATGGACAATATGTCTATTAC
GAATACACC 

ACCTCGAGTCAGTCTAAAGGTTGTGGG
TCTG 

Mutagenesis 

Name Forward (5’- 3’) Reverse (5’- 3’) 

H3K4R GATCCATGGCCCGTACCAGGCAGACCG
CCCGTAAATC 

GATTTACGGGCGGTCTGCCTGGTACGG
GCCATGGATC 

H3K36R CTGCTACCGGCGGAGTCAGGAAACCTC
ACCGTTAG 

CTAACGGTGAGGTTTCCTGACTCCGCCG
GTAGCAG 

H4K20R CTAAACGTCACCGTAGAGTTCTGCGTG
ACAACATC 

GATGTTGTCACGCAGAACTCTACGGTG
ACGTTTAG 

Short-hairpins 

Name Forward (5’- 3’) Reverse (5’- 3’) 

shControl 
CGCGTCCCCCTTGCTATGAGAACAAATT
TTCAAGAGAAATTTGTTCTCATAGCAAG

TTTTTGGAAAT 

AGGGGGAACGATACTCTTGTTTAAAAG
TTCTCTTTAAACAAGAGTATCGTTCAAA

AACCTTTAGC 

shSMYD2 
CGCGTCCCCGGATTGTCCAAATGTGGA

AGACGAATCTTCCACATTTGGACAATCC
TTTTTGGAAAT 

CGATTTCCAAAAAGGATTGTCCAAATG
TGGAAGATTCGTCTTCCACATTTGGACA

ATCCGGGGA 

shSM1 
CGCGTCCCCCCGGTTAAGAGATTCTTAT
TTCAAGAGAATAAGAATCTCTTAACCG

GTTTTTGGAAAT 

CGATTTCCAAAAACCGGTTAAGAGATT
CTTATTCTCTTGAAATAAGAATCTCTTA

ACCGGGGGGA 

shSM2 
CGCGTCCCCGCCGTACTTTGAGGTTAGT
TTCAAGAGAACTAACCTCAAAGTACGG

CTTTTTGGAAAT 

CGATTTCCAAAAAGCCGTACTTTGAGGT
TAGTTCTCTTGAAACTAACCTCAAAGTA

CGGCGGGGA 

shSM3 
CGCGTCCCCCCCAACGGAAGATAGAAA
TTTCAAGAGAATTTCTATCTTCCGTTGG

GTTTTTGGAAAT 

CGATTTCCAAAAACCCAACGGAAGATA
GAAATTCTCTTGAAATTTCTATCTTCCG

TTGGGGGGGA 

shSM4 
CGCGTCCCCGTCTGAATCTTGAACTTTA
TTCAAGAGATAAAGTTCAAGATTCAGA

CTTTTTGGAAAT 

CGATTTCCAAAAAGTCTGAATCTTGAAC
TTTATCTCTTGAATAAAGTTCAAGATTC

AGACGGGGA 

shSM5 
CGCGTCCCCGGAGACTGTAAGACTAAC
ATTCAAGAGATGTTAGTCTTACAGTCTC

CTTTTTGGAAAT 

CGATTTCCAAAAAGGAGACTGTAAGAC
TAACATCTCTTGAATGTTAGTCTTACAG

TCTCCGGGGA 
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Morpholinos 

Name Forward (5’- 3’) 

smyd2a-MO TTATAAGGAGCGCTGACCTGGTAAA 

Control-MO CCTCTTACCTCAGTTACAATTTATA 

 

6.1.5. Antibodies 

Western blot 

Name Organism Provider  

SMYD2 (Y-22) Rabbit Santa Cruz Biotechnology 

FLAG(M2) Mouse Sigma 

β-actin Mouse Sigma 

phospho-SMAD1/5/8 Rabbit Cell Signaling Technology 

anti-Rabbit (2nd) Goat Santa Cruz Biotechnology 

anti-Mouse (2nd) Goat Santa Cruz Biotechnology 

Immunohistochemistry 

Name Organism Provider  

SMYD2 (Y-22) Rabbit Santa Cruz Biotechnology 

PAX6 Rabbit Covance 

anti-Rabbit (CY3) Donkey Jackson ImmunoResearch 

anti-Mouse (CY2) Donkey Jackson ImmunoResearch 

anti-Mouse (CY5) Goat Jackson ImmunoResearch 

FACS 

Name Organism Provider  

OCT3/4 Mouse BD Biosciences 

 

6.1.6. Reagents 

Molecular biology 

Name Provider  

SYBER® Safe DNA Gel Stain Invitrogen 

Anctartic Phosphatase New England Biolabs 

Klenow enzyme Roche 

Taq DNA polymerase Roche 

T4 DNA Ligase Roche 
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Phusion® Hot Start Thermo Scientific 

BIGDye Kit Invitrogen 

TRIzol® Reagent Invitrogen 

Cloned AMV Reverse Transcriptase Invitrogen 

SYBER® Green Invitrogen 

Bio-Rad Protein assay Bio-Rad Laboratories  

ECL Plus detection kit GE Healthcare Europe 

H3SAM PerkinElmer España SL 

Recombinant SMYD2 Active Motif 

Histone H1 (calf thymus) Santa Cruz 

HeLa core histones  Laboratorios Conda, S.A. 

Amplify solution Amersham 

Glutathione-sepharose  Amersham 

FLAG peptide Sigma 

M2 FLAG beads Sigma 

Dynabeads Protein A Invitrogen 

Proteinase K Sigma 

RNase A Sigma 

Polybrene Millipore 

mMESSAGE mMACHINE kit Invitrogen 

DIG RNA Labeling Kit SP6/T7 Roche 

Passive Lysis Buffer Promega 

Dual-Luciferase® Reporter Assay System Promega 

Cell culture 

Name Provider  

Matrigel BD Biosciences 

Knockout DMEM Gibco 

DMEM Gibco 

DMEM/F12 Gibco 

FBS Gibco 

KSR Gibco 

Non-essential amino acids Gibco 

2-mercaptoethanol Gibco 

Penicillin Gibco 

Streptomycin Gibco 

GlutaMAX Gibco 

bFGF Peprotech 

0.25% trypsin-EDTA Invitrogen 
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0.05% trypsin-EDTA Invitrogen 

Epilife® medium Invitrogen 

TrypLE Express Invitrogen 

Fugene6® reagent Roche 

FIX and PERM® kit Invitrogen 

Click-iT® EdU AlexaFluor647® Flow 
Cytometry Assay kit Invitrogen 

mTeSR1 media Stemcell Technologies 

Accutase Lab Clinics SA 

SB431542 Tocris 

Noggin R&D Systems 

N-2 supplement  Invitrogen 

BMP2 Abnova 

Activin A Abnova 

 

6.2. METHODS 

6.2.1 DNA manipulation techniques 

6.2.1.1. Bacterial growth conditions and transformation 

E. coli was grown in liquid LB media (casein 10 gr, yeast extract 5 gr, NaCl 10gr and 

bacto-agar 15 gr, in a final volume of 1 liter) and solid LB plates. In addition, different 

antibiotics have been added according to the different E. Coli strands and to the specific 

plasmids resistances: kanamycin (30 µg/ml), cloramphenycol (20 µg/ml), or ampicillin 

(100 µg/ml). 

 Preparation of DH5alpha heat shock competent cells 
 

On single colony of E.coli from a LB-agar plate was inoculated into 5 ml of LB media 

and grown at 37°C for 8 hours. Bacterial culture was diluted 1:50 with SOB media (2% 

tryptone, 0.5% yeast extract, 10 mM NaCl, 2.5 mM KCl, 10 mM MgCl2, 10 mM 

MgSO4) and grown at 18°C to OD600 = 0.6. Next, Bacterial culture was placed on ice 

for 10 minutes and centrifuged at 2,500 g for 10 min at 4°C. Supernatant was discarded 
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and the pellet was resuspended in 80 ml ice-cold TB media. Again, bacterial suspension 

was centrifuged at 2,500 g for 10 min at 4°C and the pellet was resuspended in 20 ml 

ice-cold TB media. DMSO was added to a final concentration of 7% and placed on ice 

for 10 minutes. Several aliquots were prepared and frozen immediately in liquid N2 and 

stored at -80°C.   

 

 Transformation using the heat shock method  

A suitable volume of DNA was added into 100 µl of competent bacteria and mixed 

gently. Incubation of DNA-bacteria mixture was performed for 30 min on ice. Next, the 

mixture was incubated for 90 seconds at 42°C, followed by 2 minutes on ice. LB media 

was added and incubated at 37°C shaking for 1 hour. The mixture was spread into an 

LB plates, containing the corresponding antibiotic, and incubated for 16-24 hours at 

37°C. 

6.2.1.2. DNA extraction from bacterial cells 

The extraction of plasmidic DNA from E. coli cells was performed using the 

commercial QIAprep Spin Miniprep Kit (QIAGEN). The procedure consists in the lysis 

of the cells, the precipitation of the unsoluble cell debrees and bacterial genomic DNA 

and the binding of the plasmidic DNA to a positively charged membrane that retains the 

DNA while proteins and other components are washed away. The purified DNA was 

eluted into 25-50 µl of TE buffer or water. 

6.2.1.3. Analysis of DNA fragments by agarose gel 

The analysis, identification and isolation of DNA fragments were performed through 

agarose gel electrophoresis using non-denaturating conditions. The percentage of 

agarose used was variable, between 0.8 % and 2 %, depending on the size of the DNA 

fragments to analyze. The electrophoresis buffer used was TAE 1X and the detection of 

DNA fragments was performed by SYBER® Safe DNA Gel Stain (Invitrogen). To 

estimate the size of the DNA fragments we used molecular weight markers  
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6.2.1.4. Plasmid construction 

6.2.1.4.1. Cloning 

 Vector preparation  

Digestion with restriction enzymes 

We used a standard protocol for the digestion reaction of plasmidic DNA to ensure the 

total digestion of the DNA substrate without generating unspecific cuts. 

DNA concentration in the final solution was between 20 and 200 ng/µl. Glycerol never 

exceeded 10 %. We used one unit on enzyme per 1µg of DNA. We digested 2-3 µg of 

DNA into a final volume of 20-50 µl. The amount of restriction enzyme, the buffer, the 

temperature and the time of the reaction were specific for each enzyme used. Restriction 

enzymes were supplied by New England Biolabs.  

Vector Dephosphorylation 

To dephosphorylate 1 µg of vector DNA we added 1 unit of Antarctic Phosphatase 

(New England Biolabs), and incubated during 1 hour at 37°C. Next, phosphatase was 

inactivated after incubation at 65°C during 10 minutes. DNA was purified using the 

PCR Purification Kit (QIAGEN), following the manufacturers protocol and eluted in a 

suitable volume of TE buffer or water. 

 Insert preparation 
 

A) Restriction enzyme digestion 

We followed the same strategy as for the vector digestion with restriction enzymes. 

Digested products were isolated by agarose gel and purified using the Gel Extraction 

Kit (QIAGEN). 
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Generation of DNA blunt ends: Klenow fragment 

If appropriate, purified DNA from digestion was treated with 2 U/µg DNA of Klenow 

enzyme (Roche) and 0.5 mM of dNTPs at 37°C during 1 hour in a final volume of 50 

µl. This is used to fill the 5′ protruding DNA ends allowing the formation of blunted 

ends. The resulting blunt-DNA insert was purified using the PCR Purification Kit 

(QIAGEN). 

B) PCR amplification 

The reaction was performed in the presence of 10-50 ng of DNA template, 1X buffer 

reaction containing 1 mM MgCl2, 0.5 mM of dNTPs, 0.3 µM of each complementary 

primers, and 1-2 U of a thermostable Taq DNA polymerase (Roche) in a final volume 

of 50 µl. The stardard protocol for PCR amplification was performed as follows: 95°C 

for 2 minutes; 20 to 25 cycles of 95°C for 15 seconds, 60°C* for 30 seconds (* 

temperature depends on the annealing temperature of primers), 68°C for 1minute per 

Kb; final extension of 68°C for 10 minutes. 

C) Short-hairpin oligonucleotides annealing 

 We used a specific short-hairpin sequence to knock down SMYD2 in human ES cells. 

The oligonucleotides annealing reaction contained 10 µl of each 100 µM forward and 

reverse primers, 3 µl of 5M NaCl and 77 µl of TE. The mixture was heated at 95°C 

during 5 minutes and subsequently cooled slowly overnight (O/N) at room temperature 

(RT), to allow the annealing of the two complementary oligonucleotides. For cloning, 

we used 5 µl of annealing mixture and 50 ng of the host vector. 

 Ligation 

Once obtained purified vector and insert, ligation was performed in a general molar 

ratio vector:insert of 1:3 for sticky ends, or 1:10 for blunt ends. The reaction was 

usually performed in 10 µl of final volume and 1 U of T4 DNA Ligase (Roche) O/N at 

16°C or during 1-2 hours at RT.  
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6.2.1.4.2. Site-directed mutagenesis 

In order to introduce point mutations in histone tails we carried out site-directed 

mutagenesis reactions. The reaction was performed using 20 ng of DNA template, 1X 

reaction buffer containing 1 mM MgCl2, 0.5 mM dNTPs, 0.3 µM each primer, 1.5 µl 

DMSO, and 1 U of Phusion® Hot Start (Thermo Scientific) in a final volume of 50 µl. 

PCR amplification was performed as follows: 98°C for 30 seconds; 25 cycles of 98°C 

for 30 seconds, 60°C for 30 seconds, 72°C for 4 minutes; final extension of 72°C for 10 

minutes. After PCR amplification, DNA template was digested with 1 µl of DpnI during 

1 hour at 37°C. About 1µl of this reaction was used to transform DH5α competent cells. 

Screening of positive colonies was done by sequencing. 

6.2.1.5. Sequencing 

We used the BIGDye Kit (Invitrogen) to amplify 300 ng of template DNA with 1 µM of 

specific primer in a final volume of 10 µl. The PCR amplification was performed as 

follows: 96°C for 2 minutes; 35 cycles of 96°C for 10 seconds, 50°C for 5 seconds, 

60°C for 4 minutes. The product of the reaction was analyzed at the Pompeu Fabra 

University genomics Genomics Core Facility using an automated sequencer that 

discriminates DNA fragments that differ from a single base pair. 

6.2.1.6. Real Time PCR analysis 

RNA extraction 

For real time RT-PCR experiments cells were collected from 10 cm tissue culture 

plates, centrifuged at 500 g for 5 min, and rinsed with PBS. Total cellular RNA was 

extracted using TRIzol® Reagent (Invitrogen) following the manufacturer instructions. 

Final RNA was resuspended in 30-50 µl of water. 
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cDNA synthesis 

1 µg of purified RNA was converted into cDNA using the Cloned AMV Reverse 

Transcriptase (Invitrogen) following the manufacturer instructions in a final volume of 

20 µl.  

Real Time PCR 

The mixture of the PCR reaction consists of 0.5-2 µl of cDNA, 10 µl SYBER® Green 

(Invitrogen), 0.5 µM each primer in a final volume of 20 µl. The PCR amplification was 

performed as follows: 50°C for 2 minutes, 95°C for 10 minutes, 40 cycles of 95°C for 

15 seconds, 60°C for 1 minutes. To obtain a dissociation curve the following steps were 

also included at the end of the reaction: 95°C for 15 seconds, 60°C for 30 seconds, 95°C 

for 15 seconds. The relative expression of Real Time PCR products was determined 

using the fold induction method = 2-ΔCt, where Ct is the threshold cycle. Using this 

procedure the value of expression of each gene analyzed is normalized to the expression 

of a housekeeping gene such as GAPDH. 

6.2.2. Protein manipulation techniques  

6.2.2.1. Electrophoretic techniques for protein analysis 

 Protein extraction 

Total soluble protein extracts were obtained from the different cell lines using the RIPA 

extraction method. Cells were harvested from culture dishes and collected by 

centrifugation at 500 g for 5 minutes at 4°C. The pellet was resuspended in a volume of 

RIPA lysis buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1% NP-40, 0.5% sodium 

deoxycholate, 1 mM EDTA, 0.1% SDS, 1mM PMSF and a mix of proteases inhibitors) 

and incubated during 20 minutes at 4°C. Soluble proteins were collected from the 

supernatant after centrifugation at 14000 rpm during 15 minutes at 4°C and protein 

concentration was determined using the Bio-Rad Protein Assay (Bio-Rad Laboratories). 

Samples were stored at -80°C. 
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 SDS-PAGE electrophoresis 

Protein analysis was performed by electrophoresis in polyacrylamide gels under 

denaturant conditions (SDS-PAGE). We used gels with 1.5 mm thickness with 10-13% 

of acrylamide for the resolving gels (depending on the molecular weight of the proteins 

to resolve), and with 5% of acrylamide for the stacking gel. In all cases we kept the ratio 

acrylamide: bisacrylamide 37.5: 1.  

Samples were prepared adding SDS loading buffer 2X (100 mM Tris-HCl pH 6.8, 4% 

SDS, 20% glycerol, 0.2% bromophenol blue and 200 mM 2-mercaptoethanol) and 

heated for 5 minutes at 100°C. Boiled samples were loaded in the acrylamide gel and 

resolved under a constant voltage during 1-2 hours. The molecular weight of the 

proteins was estimated by loading the protein marker Novex® Sharp Unstained Protein 

Standard (Invitrogen). 

 Western blot 

Proteins were transferred from the acrylamide gel to a PVDF membrane using a Semi-

dry Transfer Apparatus (BioRad Laboratories) and transfer buffer (25 mM Tris Base, 

200 mM glycine and 20% methanol). The protein transference was performed during 1 

hour at 10 V. 

 Immunodetection 

Protein detection was performed by the sequential incubation of the PVDF membrane 

with a specific primary antibody and a subsequent secondary antibody conjugated with 

horseradish peroxidase (HRP). First, non-specific protein binding was blocked with 

TBS-Tween (10 mM Tris-HCl pH 8, 150 mM NaCl and 0.1% Tween 20) containing 5% 

milk powder for 1 hour at RT. Next, the membrane was incubated with the primary 

antibody diluted in TBS-Tween O/N at 4°C. The next day, the membrane was washed 

with TBS-Tween and incubated with the secondary anti- rabbit/mouse/goat antibody for 

1 hour at RT. The membrane was washed with TBS-Tween and the HRP activity was 

detected using ECL Plus detection kit (GE Healthcare Europe) and exposed to an 

Amersham ECL Hyperfilm (VWR international Eurolab). 
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6.2.2.2. Immunohistochemistry assay 

Cells were grown on plastic cover slide chambers (170920, NUNC) and fixed with 4% 

paraformaldehyde (PFA) (Sigma-Aldrich Quimica) during 20 minutes at RT. Slides 

were washed three times with TBS and blocked with TBS+ (0.5% Triton X-100 and 6% 

donkey or goat serum) during 30 minutes at RT. Slides were incubated overnight with 

the primary antibody in TBS++ (0.1% Triton X-100 and 6% donkey serum) at 4°C. The 

next day, the slides were washed with TBS++ and incubated with CY-conjugated 

secondary anti-rabbit/mouse/goat during two hours at 37°C. Finally, the slides were 

washed with TBS++ for 5 minutes at RT and counterstain with DAPI (1:10,000 diluted 

in water from stock solution) for 10 minutes at RT in the dark. Slides were covered with 

mounting media and a 24 x 40 mm Knittel Glass coverslip. Images were taken using 

Leica SP5 confocal microscope and Leica AF6000 software. 

6.2.2.3. Recombinant protein expression and purification in E. coli 

 Protein expression 

The corresponding pGEX-6P-1 constructs were transformed into competent 

BL21(DE)pLys by the heat shock method and plated in ampicillin plates. A 

BL21(DE3)pLys colony was picked and inoculated in 50 ml of ampicillin/LB media 

and incubated O/N shaking (220 rpm) at 37°C. The next day the cultures were diluted 

1:10 in 200 ml of ampicillin (2x)/LB media and incubated shaking at 30°C until the D.O 

reached 0.6. Then cultures were induced with 0.5 mM IPTG and kept growing in the 

same conditions for 4 hours. After that cultures were centrifuged at 8000 rpm for 15 

minutes at 4°C. 

 Protein purification 

Pellet was resuspended in 10 ml of fresh NTEN buffer (0,5% NP-40, 1 mM EDTA, 20 

mM Tris-HCl pH 8,0, 150 mM NaCl, proteases inhibitors and PMSF 1mM) and 

sonicated four times for 30 seconds. Samples were centrifugated at 12,000 rpm for 20 

minutes at 4°C. Next, supernatant was collected and added to 0.5 ml of 50% 

glutathione-sepharose slurry equilibrated in NTEN buffer. Samples rotated for two 
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hours at 4°C and centrifuged at 1,000 rpm for one minute. Pellets were washed three 

times with BC300 (20 mM Tris-HCl pH 7.5, 0.1 mM EDTA, 0.01% glycerol, 0.1% 

NP40 and 0.3 M KCl) and once with BC 150 (20 mM Tris-HCl pH 7.5, 0.1 mM EDTA, 

0.01% glycerol, 0.1% NP40 and 0.15 M KCl). Elution was performed with 0.5 ml of 

elution buffer (30 mg of glutathione and 500 µl of 1 M Tris-HCl pH 8.0 in 10 ml of 

final volume) per sample for 1 hour at 4°C. Finally, samples were centrifuged at 1,000 

rpm and supernatant was recovered. A second elution was performed with 0.25 ml of 

elution buffer for 30 minutes at 4°C. Protein concentration was measured in both eluates 

and stored at - 80°C. 

The efficiency of purification was determined by SDS-PAGE followed by 20 minutes 

staining with Coomassie blue solution (40% methanol, 10% acetic acid and 0.1% 

Brilliant Blue R) and several washes with destaining solution (40% methanol and 10% 

acetic acid). The amount of purified protein was estimated with a concentration curve of 

BSA, included in the same gel. 

6.2.2.4. Methyltransferase assay 

The in vitro methylation assays contained 4 µl  of 5X assay buffer  ( 250 mM Tris-HCl 

pH 9, 750 mM NaCl and 2.5 mM dTT), 1 µl H3SAM (PerkinElmer España SL) as a 

methyl donor, 100-500 ng of the methyltransferase SMYD2 (Active Motif), 1 µg of 

protein substrate and up to 20 µl of H2O. Reactions were incubated for 1 hour at 30°C.  

Next, 4 µl of NuPage loading buffer (6X) and 1 µl 0.1 M dTT were added per sample 

and denatured at 95°C for 5 minutes. Samples were resolved on a NuPAGE® Novex® 

4-12% Bis-Tris Gel (Invitrogen) at 100V for 2 hours and stained with Coomassie blue 

solution for 20 minutes and destained until sharp protein bands were visible. Then, 

about 20 ml of Amplify solution (Amersham) was added for 10-15 minutes. Gel was 

dryed in a gel dryer at 80°C under vacuum for 1 hour and exposed at -80°C O/N. 
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6.2.2.5. Protein-protein interaction assay 

A) In vitro protein-protein interaction: GST pull down 

In order to purify SMYD2 from mammalian cells, total soluble extracts were prepared 

from a 293T cell line that overexpresses SMYD2 (293T-SMYD2) using RIPA buffer. 

10 mg of extract were incubated with 100 µl of 50% ANTI-FLAG M2 agarose beads 

(Sigma), previously equilibrated in RIPA buffer, in a total volume of 10ml. Samples 

were rotating O/N at 4°C. Next day, the agarose beads were extensively washed and 

FLAG-SMYD2 was eluted with 400 µl of BC180 (20 mM Tris-HCl pH 7.5, 0,1 mM 

EDTA, 0.01% glycerol, 0.1% NP40 and 0.18 M KCl) containing 8ul of 5 mg/ml FLAG 

peptide (Sigma). 

GST fused proteins were expressed and purified from E.Coli. Cellular extracts were 

prepared as described in the protein purification section and incubated with 50 µl of 

50% glutathione-sepharose for 1 hour at 4ºC and extensively washed. The purified GST 

fusion protein bound to the sepharose beads was finally resuspended in 50 µl NTEN 

buffer and 90 µl of purified FLAG-SMYD2 were added. Samples were kept rotating for 

2 hours at 4°C, washed with BC180 buffer, resuspended in SDS sample buffer 2X and 

boiled for 5 minutes at 100°C. Proteins were resolved in a 8.5% acrylamide gel and 

immunoblot was performed by using an anti-FLAG antibody.  

B) Co-IP of SMYD2 

293T-SMYD2 cells were treated with BMP4 (10 ng/ml) for 1 hour, collected and lysed 

in 200 µl of IP buffer (20 mM Tris-HCl pH 7.5, 180 mM NaCl, 1 mM EDTA, 0.01% 

Triton X-100, 1 mM dTT, 1X PhosphoSTOP (Roche) and proteases inhibitors). About 1 

mg of soluble extract was incubated with 100 µl of 50% ANTI-FLAG M2 agarose 

beads rotating for 2-3 hours at 4°C. and washed with IP buffer. The immunoprecipitated 

complexes were disrupted by boiling in SDS sample buffer and resolved in a 10% 

acrylamide gel. Immunoblot was performed by using an anti-phospho-SMAD1/5/8 

antibody.  
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6.2.2.6. Chromatin immunoprecipitation (ChIP) assay 

Briefly, 1×106 human ES cells were used for each immunoprecipitation. Cells were 

fixed using 1% formaldehyde, collected, resuspended in ChIP lysis buffer (1% SDS, 10 

mM EDTA and 50 mM Tris-HCl, at pH 8.1) and sonicated using the Branson Digital 

Sonifier to generate fragments of 150–500 bp. Sonication conditions used were 50% 

power / 5 seconds pulse / 4 times. Soluble chromatin was diluted eightfold in ChIP 

RIPA buffer (10 mM Tris-HCl, at pH 7.5, 140 mM NaCl, 1 mM EDTA, 0.5 mM 

EGTA, 1% Triton X-100, 0.1% SDS and 0.1% Na-deoxycholate) and incubated with 

Dynabeads Protein A (Invitrogen) coupled to the specific antibody. After incubation, 

the immunocomplexes were washed sequentially with low-salt buffer (0.1% SDS, 1% 

Triton X-100, 2 mM EDTA, 20 mM Tris-HCl, at pH 8.1 and 150 mM NaCl), high-salt 

buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl, at pH 8.1, and 

500 mM NaCl), LiCl buffer (0.25 M LiCl, 1% NP-40, 1% deoxycholate, 1 mM EDTA 

and 10 mM Tris-HCl, at pH 8.1) and TE buffer (10 mM Tris-HCl, at pH 7.5, and 1 mM 

EDTA). Immunocomplexes were eluted in ChIP elution buffer (1% SDS and 0.1 M 

NaHCO3) and the crosslinking was reversed O/N at 65◦C. Samples were treated with 

Proteinase K and RNase A, and purified using the Qiagen PCR purification kit. 

6.2.3. Cell culture 

6.2.3.1. Cell culture conditions 

Human ES and human KiPS cell lines were derived and characterized at the CMR[B] 

[280-282]. All these cell lines were cultured in Matrigel (BD Biosciences) coated dishes 

with HES media (Knockout DMEM supplemented with 20% KSR, 1% non-essential 

amino acids, 50 µM 2-mercaptoethanol, 100 U/ml penicillin, 100 µg/ml streptomycin, 2 

mM GlutaMAX and 10 ng/ml bFGF) conditioned for 24 hours with irradiated mouse 

embryonic fibroblasts (MEFs). Human ES and human KiPS cell lines were subcultured 

by trypsinization with 0.05% trypsin-EDTA (Invitrogen). Conditioned HES media was 

changed daily.  

MEFs were grown in DMEM supplemented media (supplemented with 10% FBS, 100 
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U/ml penicillin, 100 µg/ml streptomycin, and 2 mM GlutaMAX) and mitotically 

inactivated by gamma irradiation. 

Human foreskin fibroblasts (HFF), 293T and HepG2 cells were cultured in DMEM 

supplemented media and subcultured using 0.25% trypsin-EDTA (Invitrogen). Human 

keratinocytes (HK) were cultured in serum-free low calcium Epilife® medium 

(Invitrogen) and subcultured using TrypLE Express (Invitrogen). 

All cell culture lines used in this work were grown and maintained in the incubator at 

37°C and 5% CO2 atmosphere conditions. 

6.2.3.2. Transfection of eukaryotic cells 

Transfection of DNA into 293T and ES[4] cell lines was performed using Fugene6® 

reagent (Roche), according to the manufacturer’s protocol.  

6.2.3.3. Flow cytometry analysis 

 FACS analysis 

For the OCT4 analyses by FACS we used the FIX and PERM® kit (Invitrogen). Human 

ES cells were trypsinized from a 10 cm plate, washed and resuspended in 100 µl of 

PBS-1% BSA. Then, 100 µl of Fixation medium A was added to the cell suspension and 

incubated for 15 minutes at RT. Cells were washed with 3 ml of PBS-1% BSA and 

collected by centrifugation at 2,000 rpm for 3 minutes. Next, 100 µl of PBS-1% BSA, 

100 µL Permeabilization medium B and 5% of mouse serum were added into the cell 

pellet and incubated for 15 minutes at RT. Cells were washed with 3 ml of 1X saponin-

based permeabilization buffer and collected by centrifugation at 2,000 rpm for 3 

minutes. Finally, 100 µl of 1X saponin-based permeabilization buffer and 20 µl of anti-

OCT3/4 (BD Bioscience) were added into the cell pellet and incubated for 30 minutes at 

RT. Cells were washed with 3 ml of PBS-1% BSA and collected by centrifugation at 

2,000 rpm for 3 minutes. The cell pellet was resuspended in 500 µl of PBS-1% BSA. 

Cells were analyzed on a Gallios Flow Cytometer (Beckman Coulter, Inc) using the 

Kaluza® Flow Analysis Software (Beckman Coulter, Inc). 
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 Cell cycle analysis 

For cell cycle analyses we used the Click-iT® EdU AlexaFluor647® Flow Cytometry 

Assay kit (Invitrogen). Human ES cells and EBs were plated in a 6-well plate and 2 µl 

of 10 mM EdU solution was added to each well for 45 minutes at 37°C. Cells/EBs were 

trypsinized, washed and resuspended in 100 µl of PBS-1% BSA. Then, 100 µl of Click-

iT fixative solution was added into the cell suspension and incubated at RT for 15 

minutes. Cells were washed with 3 ml of PBS-1% BSA and collected by centrifugation 

at 2,000 rpm for 3 minutes. Next, 100 µl of 1X saponin-based permeabilization buffer 

were added into the cell pellet and incubated for 30 minutes at RT. Cells were washed 

with 3 ml of 1X saponin-based permeabilization buffer and collected by centrifugation 

at 2,000 rpm for 3 minutes. Finally, we added 500 µl of Click-iT reaction cocktail (1X 

Click-iT EdU buffer additive, CuS04, and Alexa Fluor 647) and incubated for 30 

minutes at RT. Cells were washed with 3 ml of 1X saponin-based permeabilization 

buffer and collected by centrifugation at 2,000 rpm for 3 minutes. The cell pellet was 

resuspended in 500 µl of saponin 1X buffer. DNA content was assessed by staining 

cells with the addition of DAPI solution (0.1M Tris Base pH 7.4, 150 mM NaCl, 1 mM 

CaCl2, 0.5 mM MgCl2, 0.2% BSA, 0.1% NP40, and 10 mg/ml DAPI) O/N at 4°C. 

Cells were analyzed on a MoFlo cell sorter (DakoCytomation) using the Kaluza® Flow 

Analysis Software (Beckman Coulter, Inc). 

6.2.3.5. Viral production and titration 

 Production 

The production of viral particles was performed in 293T cells. The day before 

transfection 3.65x106 cells have been plated on a 10 cm plate. Plasmids encoding the 

viral components were co-transfected in 293T cells: 3µg pCMV-VSVG (envelope), 8 

µg psPAX2 (packaging) and 10 µg of transfer vector (for knockdown experiments we 

used the vector pLVTHM and for overexpression experiments the vector pWPI). 

Culture media was collected each 24 hours during 2 days after transfection. The virus-

containing media was then filtered using a 0.22 µm filter and concentrated by 

ultracentrifugation during 2 hours at 19,000 g at 22°C. The viral pellet was then 
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resuspended in a suitable volume of PBS in order to obtain about 300-1000 fold 

concentrated virus. 

 Titration  

In order to obtain the best efficiency of infection with the lowest cell toxicity is 

necessary to determine the amount of virus obtained during the production. The day 

before the infection 100,000 HeLa cells were plated in each well of a 24-well plate.  

Infection of HeLa cells was performed by the addition of serial dilutions of virus.  

The viral particle carries a GFP, encoded by the pLVTHM vectors, that can be used as a 

marker for infection. After 24 hours of infection HeLa cells were fixed and analyzed by 

FACS analysis to determine the number of GFP positive cells.  

The titration of the virus, expressed as transduction units/ml (TU/ml), reflects the 

number of infective viral particle in a volume unit and is determined according to the 

following formula: 

TU/ml     =   
nº  of  HeLa  cells  transduced   105     x    [%  of  GFP  positive  cells]

dilution  factor    

To calculate the volume of viral preparation necessary to infect a specific cell type we 

used the following formula:  

viral  volume     =   
MOI     x    [nº  of  infected  cells]

TU/ml      

6.2.3.6. Generation of stable cell lines 

 ES[4] cell lines 

ES[4] lines knockdown of SMYD2 

To generate ES[4] cell lines  knocked down for SMYD2 (ES[4]-shSMYD2) and 

control (ES[4]-shControl) we infected ES[4] cells with lentiviral particles of 
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pLVTHM-shSMYD2 and pLVTHM-shControl, respectively. The infection was 

performed using 200,000 cells suspended in 100µl of conditioned HES media for 1 

hour at 37°C at and MOI of 10-15. After infection, cells were plated in a 6-well plate 

and later expanded to a 10 cm plate. When confluent, cells were trypsinized and 

resuspended in 1 ml of pre-warmed conditioned HES media and GFP positive cells 

were sorted using a MoFlo cell sorter (DakoCytomation) and plated back in HES 

conditioned media. 

ES[4] lines overexpressing FLAG-SMYD2 

Vectors pTP6 and pTP6-SMYD2 were linearized with PvuI, which cuts the vector on 

the ampicillin resistance, and 1 µg of linearized vector was transfected into ES[4] 

using Fugene6. After 48 hours cells were selected with 2µg/ml puromycin. Several 

resistant clones were selected and expanded to generate clonal ES[4] cell lines ES[4]-

GFP and ES[4]-SMYD2.  

 293T cell lines 

Knockdown of SMYD2 in 293T 

To generate a stable knockdown of SMYD2 in 293T cells we used the different 

pLVTHM constructs containing specific short-hairpins against SMYD2 (293T-

shSMYD2, -shSM1, -shSM2, -shSM3, -shSM4 and -shSM5) and a short-hairpin 

control (293T-shControl). The infection was performed on a 50% confluent 6 cm plate 

at a MOI of 3. Subsequently, 293T cells were expanded to a 10 cm plate, trypsinized 

and resuspended in 1 ml of pre-warmed DMEM supplemented media. GFP positive 

cells were sorted by a MoFlo cell sorter (DakoCytomation) and plated back in DMEM 

supplemented media. 

Overexpression of SMYD2 in 293T 

To establish a stable 293T cell line overexpressing SMYD2 (293T-SMYD2) we used 

the pWPI lentiviral vector. A control 293T cell line was established by using a pWPI 
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empty vector (293T-GFP). Infection and selection of GFP positive cells were 

performed exactly as described above. 

6.2.3.7. In vitro differentiation of human ES cells and treatments 

 Embryoid body (EB) differentiation 

The EB differentiation protocol was used to differentiate human ES cells into a mix of 

the three embryonic germ layers endoderm, mesoderm and ectoderm.  

A 70-80% confluent 10 cm plate of human ES cells was trypsinized in order to obtain 

a single cell suspension, and 30,000-50,000 cells were plated into each well of a v-

bottom low attachment 96-well plate. The 96-well plate was centrifuged at 950 g 

during 10 minutes and placed in the incubator for the next 24-48 hours to allow the EB 

formation. EBs were collected and transferred to low-attachment bacterial plate. The 

media was switched to conditioned HES media without bFGF and placed in the 

incubator for one more day. Finally EBs were placed into a gelatine coated dish in the 

presence of EB media (Knockout DMEM, 20% FBS, 100 U/ml penicillin, 100 µg/ml 

streptomycin and 2 mM Glutamax) to differentiate into the three germ layers. Media 

was changed every two days. 

 Monolayer differentiation 

ES[4] cells were grown to 60-70% confluency and HES conditioned media was 

changed to EB media. Media was changed every two days. 

 Neural differentiation 

The dual SMAD inhibition protocol [221] was used to differentiate human ES cells 

into neural precursors (NP) cells. A confluent 6-well plate of human ES cells was 

disaggregated to a single cell suspension using Accutase (Lab Clinics SA). Cells were 

filtered to remove clumps, washed twice in mTeSR1 media (Stemcell Technologies), 

and counted. The cell pellet was resuspended in mTeSR1 media containing 10 µM 

Rock Inhibitor (RI) (Santa Cruz Biotechnology) and 200,000 cells were plated per well 
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of a 6-well plate. Media was changed daily until reaching 70-80% confluency. At this 

point (day 0) the media was changed to KSR media (Knockout DMEM, 15% KSR, 2-

mercaptoethanol, 100 U/ml penicillin, 100 µg/ml streptomycin and 2 mM Glutamax) 

supplemented with 10 µM SB431542 (Tocris) and 200 ng/ml Noggin (R&D Systems).. 

On day 4 media was changed to 3:1 ratio of KSR:N2 media (DMEM/F12, 100 U/ml 

penicillin, 100 µg/ml streptomycin and 2 mM Glutamax and 1X N-2 supplement 

(Invitrogene)) supplemented with 10 µM SB431542 and 200 ng/ml Noggin. On day 6, 

media was changed to 1:1 ratio of KSR:N2 media supplemented with 10 µM 

SB431542 and 200 ng/ml Noggin. On day 8, media was changed to 1:3 ratio of 

KSR:N2 media supplemented with 10 µM SB431542 and 200 ng/ml Noggin, until day 

10 of differentiation.  

 BMP2 and Activin A treatment 

ES[4] cells were grown in HES contidioned media to 60-70% confluency and 200 

ng/ml of BMP2 (Abnova) or 100 ng/ml of Activin A (Abnova) were added to the 

media. Media was replaced every day for 4 days.  

6.2.3.8. Luciferase assay 

About 60,000 293T cells/well were plated in a 12-well plate following a density. The 

day after, the media was changed 1 hour before transfection. 293T cells were 

transfected with 0.05 µg pmirGLO constructs, 0.25 ng pRL-CMV (Renilla luciferase) 

and 0.35 µg of pBS-SK+ to reach a total DNA concentration optimal for transfection. 

After 48 hours cells were lysed in Passive Lysis Buffer (Promega) for 15 minutes at RT. 

Luciferase assays were performed using the Dual-Luciferase® Reporter Assay System 

(Promega), following the manufacturer instructions. Luciferase activity of transfected 

293T cells was analyzed using a Luminometer (Berthold Lumat LB 9501) and 

normalized to Renilla activity. 
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6.2.4. Zebrafish experiments  

6.2.4.1. Zebrafish culture conditions 

Zebrafish wild-type AB strain were maintained at 28°C in a recirculating aquaculture 

system equipped with carbon filtration, ultraviolet light sterilizers and biofiltration 

(Aquatic Habitats). Fertilized eggs obtained from mating pairs of adult zebrafish were 

cultured in Embryo Medium composed of 1 ml of Stock 1 (8 g NaCl, 0.4 g KCl in 100 

ml H2O), 0.1 ml of Stock 2 (0.358 g Na2HPO4, 0.6 g KH2PO4 in 100 ml H2O), 1 ml of 

Stock 4 (0.72 g CaCl2 in 50 ml H2O), 1 ml of Stock 5 (1.23 g MgSO4 x 7H2O in 50 ml 

H2O) and 1 ml of Stock 6 (0.35 g NaHCO3 in 10 ml H2O) in 95.9 ml of H2O containing 

streptomycin and penicillin.  

6.2.4.2. Zebrafish embryos injection 

Antisense morpholino-oligonucleotides (MO) were supplied by Gene Tools LCC 

(Philomath, OR). The sequence of smyd2a splice-blocking MO (smyd2a-MO) was 5’ 

TTATAAGGAGCGCTGACCTGGTAAA 3’, which was designed to hybridize at the 

splice site of exon1-intron1 junction. The sequence of a standard control MO (Control-

MO) was 5’ CCTCTTACCTCAGTTACAATTTATA 3’, and was used as an injection 

control. 

FLAG-tagged SMYD2 cDNA was cloned into pCS2 vector for mRNA synthesis using 

the mMESSAGE mMACHINE kit (Ambion, AMI344, Life Technologies, USA) 

following the manufacturer’s instructions.  

MOs and mRNA were diluted in Danieau buffer and were injected at 1-2 cell stage of 

fertilized wild-type zebrafish eggs using a microinjector. Rescue experiments were 

performed by co-injecting 30 pg of synthesized SMYD2 mRNA with 0,35 mM smyd2a-

MO and with 0,35 mM Control-MO as a control. 
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6.2.4.3. In situ hybridization (ISH) 

Antisense RNA probes were synthesized using the DIG RNA Labeling Kit SP6/T7 

(Roche). Embryos were collected at different stages (6hpf, 24hpf and 48hpf) and fixed 

with 4% PFA O/N at 4°C. The next day embryos were dehydrated with an increasing 

methanol-containing solution. On day 1, after intensive washes with decreasing 

concentrations of methanol-containing buffer, embryos were hybridized with the probe 

in a 50% formamide buffer O/N at 70°C. On day 2, after several washes with decreasing 

concentrations of formamide buffer, embryos were incubated with an anti-digoxygenin 

antibody conjugated to alkaline phosphatase (Roche Molecular Biochemicals) O/N at 

4°C. On day 3, after several additional washes, embryos were treated with an alkaline 

solution containing nitro blue tetrazolium (NBT) and 5-Bromo-4-chloro-3-indolyl 

phosphate (BCIP) at RT in the dark. Once color is developed, the reaction is stopped at 

4°C. Finally, embryos were fixed with 4% PFA O/N at RT.   

6.2.4.3. RNA extraction 

For each RNA extraction 20-30 zebrafish embryos were collected. Total RNA 

extraction and quantification of mRNA levels was performed as described in the real 

time PCR analysis section.  
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ANNEX I. LIST OF ABBREVIATIONS 

 

5mC 5-methylcytosine 

5hmC 5-hidroximethylcytosine 

ATP Adenosine triphosphate 

bp Base pair 

bFGF Basic fibroblast growth factor 

BSA Bovine serum albumin 

BMP Bone morphogenetic protein 

ChIP Chromatin immunoprecipitation 

CTD Carboxy-terminal domain 

DMSO Dimethylsulfoxide 

DNMT DNA methyltransferasa 

DTT Dithiothreitol 

EB Embryoid bodies 

EDTA Ethylenediaminetetraacetic acid 

ES (cells) Embryonic stem cells 

GFP Green fluorescent protein 

GST Glutathione S-transferase 

HAT Histone acetyltransferase 

HDAC Histone deacetylase 

HDM Histone demethylase 

HFF Human foreskin fibroblasts 

HK Human keratinocytes 

HKDM Histone lysine demethylase 

HKMT Histone lysine methyltransferase 

HMT Histone methyltransferase 

hpf Hours post-fertilization 

ICM Inner cell mas 

iPS (cells) Induced pluripotent stem cells 

IPTG Isopropyl β-D-1-thiogalactopyranoside 

kD kiloDalton 

KiPS (cells) Keratinocytes induced pluripotent stem cells 
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LB Luria Bertani culture media 

MBD Methyl-CpG binding domain 
MBT Midblastula transition 

MEF Mouse embryonic fibroblasts 
MLL Mixed-linage leukemia 

PAGE Polyacrylamide gel electrophoresis 
PBS Phosphate buffered saline 

PRC Polycomb-repressive complex 
PRMT Protein arginine methyltransferase 

SDS Sodium dodecyl sulfate 
TAE Tris-acetate-EDTA 

TBS Tris-buffered saline 
TGF-β Transforming growth factor beta 

TE Tris-EDTA 
TEMED Tetramethylethylenediamine 

TPR Tetratricopeptide repeat 
wt Wild Type 
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Paper 5: SMYD2 is induced 
during differentiation 
and participates in 
early development 

 
 
 
 
 
Abstract 
 
Histone modifying enzymes play critical roles 
in differentiation and development. In this 
study we describe that SMYD2 (SET and 
MYND domain containing protein 2), a 
histone lysine methyltransferase, is induced 
during human ES cells differentiation and it is 
preferentially expressed in somatic cells 
versus pluripotent cells. Knockdown of 
SMYD2 in human ES cells promotes the 
induction of endodermal markers during 
differentiation, while overexpression has 
opposite effects. In vivo experiments in 
zebrafish reveal that knockdown of smyd2a (a 
homologue gene of human SMYD2) causes 
developmental delays and aberrant tail 
formation, which is coincident with low 
expression of ntl and over induction Nodal-
related genes during gastrulation. Taken 
together, these findings suggest that SMYD2 
plays a critical role at early stages during 
development and in human ES cells 
differentiation.  
 
Introduction 
 
Embryonic stem (ES) cells are characterized by 
their ability to self-renew indefinitely in vitro 
maintaining their undifferentiated state, and the 
capacity to give rise to any cell type in the body 
(Thomson et al., 1998). The molecular 
mechanisms underlying ES cells identity and 
their potential for differentiation are still poorly 
understood (Boyer et al., 2005, Niwa, 2007). 
During the last years, post-translational covalent 
modifications of histone proteins have emerged 
as a crucial epigenetic event to regulate the 
pluripotent state of ES cells and to establish cell 
fate decisions (Bibikova et al., 2008, Goldberg et 
al., 2007, Meissner, 2010). Histone 
modifications help to define chromatin structure 
and can be associated with active marks, offering 
accessible DNA for transcription, and repressive 
marks, where DNA is more packaged and  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
inaccessible (Cheung and Lau, 2005, Kouzarides, 
2007). One particular property of ES cells in 
many developmental genes present both active 
H3K4 and repressive H3K27 methylation on 
their regulatory regions, the so-called “bivalent 
domains” (Azuara et al., 2006, Bernstein et al., 
2006). This bivalency keeps these genes silenced 
in ES cells, but “poised” to become activated by 
losing the repressive mark, or kept silenced by 
removal of active marks during differentiation 
(Spivakov and Fisher, 2007).   
In order to select candidates of histone 
modifying enzymes involved in pluripotency and 
differentiation of human ES cells, we identified a 
group of histone lysine demethylases and 
methyltransferases differentially expressed 
between undifferentiated and differentiated 
human ES cells (data not shown). Among them, 
SMYD2 emerged as a potential candidate due to 
its barely expression in undifferentiated human 
ES cells and later up-regulation after 30 days of 
differentiation towards the three germ layers. 
The SMYD (SET and MYND domain) protein 
family presents methyltransferase activity 
provided by its SET domain, which is split into 
two segments by its MYND domain, responsible 
for protein-protein interactions (Brown et al., 
2006). In human, there are five members in the 
SMYD protein family (SMYD1-5) and have 
been shown to participate regulating gene 
transcription and cell proliferation. SMYD1 is a 
heart and muscle specific histone 
methyltransferase involved in cardiomyocyte and 
myogenic differentiation (Gottlieb et al., 2002, 
Li et al., 2009). The lack of Smyd1 in mice 
development results in embryonic death due to 
cardiac defects (Gottlieb et al., 2002). 
Knockdown of smyd1a/b in zebrafish causes 
skeletal and cardiac muscle defects and presents 
a disrupted expression of myofibril organization 
(Tan et al., 2006), SMYD3 has been mainly 
related with cancer cell proliferation (Hamamoto 
et al., 2004). Several findings indicate that 
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endogenous expression of SMYD3 is present at 
very high levels in hepatocellular, colon and 
breast carcinoma, and silencing through siRNAs 
have an inhibitory effect in cell growth 
(Hamamoto et al., 2004, Hamamoto et al., 2006). 
Similarly to smyd1a/b, smyd3 plays an important 
role in cardiac and skeletal muscle development 
in zebrafish (Fujii et al., 2011). In the other hand, 
SMYD4 is significantly reduced in tumor cells 
and its re-expression dramatically decreases 
cancer cell growth (Hu et al., 2009). Also, 
Drosophila SMYD4 homologue has been 
involved in muscle development (Thompson and 
Travers, 2008). Little is known so far about 
SMYD5. Unlike the rest of family members, 
SMYD5 does not present a C-terminal 
tetratricopeptide repeat (TPR) domain (Abu-
Farha et al., 2011).  
SMYD2 was first described as a histone lysine 
methyltransferase mainly expressed in heart and 
brain tissue, with specific catalytic activity for 
H3K36 dimethylation, a mark associated with 
actively transcribed genes (Brown et al., 2006). 
Moreover, SMYD2 was associated to interact 
with HDAC1 and the Sin3A repression complex 
(Brown et al., 2006). In yeast, there is evidence 
of a link between H3K36 methylation and the 
recruitment of a repressive Rpd3 (the 
prototypical yeast HDAC) complex (Carrozza et 
al., 2005, Joshi and Struhl, 2005, Keogh et al., 
2005) . However, SMYD2 was also described to 
specifically monomethylate H3K4 in the 
presence of HSP90α in vitro, with no activity for 
H3K36 (Abu-Farha et al., 2008). Despite 
observing a weak activity of H3K36 methylation 
in the absence of HSP90α, in vivo experiments 
suggested that H3K4 is the predominant site of 
methylation for SMYD2 (Abu-Farha et al., 
2008). Regarding histone methylation, recent 
studies determined that SMYD2 also methylates 
histones H2B and H4 more efficiently than H3 in 
vitro (Wu et al., 2011). Further, several non-
histone proteins have been identified as 
substrates for SMYD2 methylation such as p53 
and retinoblastoma (Rb) (Cho et al., 2012, 
Huang et al., 2006, Jiang et al., 2011, Saddic et 
al., 2010, Scoumanne and Chen, 2008). 
Monomethylation of p53 at K370 reduces its 
binding ability to promoter target genes like p21 
and mdm2, resulting in a decreased expression of 
these genes (Huang et al., 2006). Unexpectedly, 
adult hearts of Smyd2 conditional knockout mice 
showed no changes in p21 and mdm2 expression 
levels, and had no global effect in H3K36 or 
H3K4 methylation (Diehl et al., 2010). 
Additionally, Smyd2 was found dispensable for 
proper heart development in mouse (Diehl et al., 
2010). Rb protein can be methylated by SMYD2 
at K860 and facilitates its interaction with the 
methyl-binding protein L3MBTL1 (Saddic et al., 

2010). More recently, SMYD2 was also found to 
methylate Rb at K810, which increases 
phosphorylation of Rb protein, and promotes cell 
cycle progression (Cho et al., 2012). In 
accordance with the effects observed on p53 and 
Rb tumour suppressors, a wide variety of human 
cancer showed high levels of SMYD2 expression 
(Cho et al., 2012, Komatsu et al., 2009). It was 
also reported that SMYD2 is involved in 
maintaining self-renewal activity of MLL-AF9-
induced acute myeloid leukaemia (Zuber et al., 
2011). Another novel non-histone substrate for 
SMYD2, cytoplasmic HSP90, is methylated at 
K209 and K615 (Abu-Farha et al., 2011). In 
mouse, Smyd2 methylates HSP90 to form a 
complex with the sarcomeric protein titin to 
protect myocyte organization (Donlin et al., 
2012, Voelkel et al., 2012). Here we reported the 
characterization of SMYD2 during human ES 
cell differentiation. Our data suggest that 
SMYD2 plays an important role during early 
differentiation events.    
 
Results 
 
SMYD2 expression is strongly induced during 
human ES cells differentiation 
We first set up to analyze the potential 
differential expression of the SMYD family 
members in pluripotent and somatic cells by 
qPCR.  mRNA levels of all five SMYD family 
members were measured in human embryonic 
stem (ES) cells (ES[2] and ES]4]), induced 
pluripotent (iPS) cells derived from human 
keratinocytes (KiPS) and human fibroblasts (HF) 
and keratinocytes (HEK) (Fig. 1a). Among all 
family members, SMYD2 clearly showed higher 
mRNA levels in somatic cells compared to 
pluripotent cells. We next tested the expression 
profile of the SMYD family members during the 
differentiation of human ES cells in the form of 
embryoid bodies (Fig. 1b). As expected, SMYD2 
showed the most remarkable induction among 
the SMYD family members, which is coincident 
with the dowregulation of the expression of 
pluripotency-related genes (Fig. 1c). Taken 
together, our results show that SMYD2 is 
preferentially expressed in human somatic cells 
and induced during the differentiation of human 
pluripotent cells. 
 
SMYD2 promoter presents active chromatin 
marks in human ES cells 
 
Since SMYD2 is expressed at low levels in 
human ES cells but rapidly induced during 
differentiation we considered the potential 
presence of bivalent domains on its promoter in 
pluripotent cells. We performed ChIP assay to 
detect the presence of histone marks related with 
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transcriptional activation (H3K4me) and 
repression (H3K27me) in ES[4] (Fig. 2a) and 
ES[2] (Fig. 2b). As a control, we tested the 
presence of histone marks for the pluripotency 
gene OCT4, and two well described genes 
containing bivalent domains in human ES cells, 
SOX17 and FOXA2. Despite being transcribed at 
low levels, SMYD2 showed remarkable levels of 
H3K4me2/3 at its promoter. Levels of 
H3K27me3 showed variability between lines, 
being very low in ES[4] but significant in ES[2], 
while compared with the well known bivalent 
genes  SOX17 and FOXA2. The presence of 
H3K4me2/3 only at the SMYD2 promoter in 
ES[4] might suggests the existence of post-
transcriptional mechanisms responsible for 
blocking its expression in human ES cells.  
 
The knockdown of SMYD2 promotes 
induction of endodermal genes during human 
ES cells differentiation 
 
To test if SMYD2 is plays a role in the 
differentiation of human ES cells we performed 
loss-of-function experiments. We generated 
lentiviral-transduced stable ES[4] cell lines 
expressing a shRNA against SMYD2 
(shSMYD2) (Huang et al., 2006) and a random 
non target shRNA (shControl). In self-renewing 
cells, the knockdown of SMYD2 did not show 
any morphological differences compared to the 
control, neither differences regarding the 
expression of selected pluripotency and 
differentiation genes (data not shown). However, 
during in vitro differentiation the SMYD2 
knockdown line showed higher levels of 
endodermal genes (HNF4, FOXA2, SOX17) 
compared to the shControl line (Fig. 3a), but not 
significant differences in the induction of 
ectordermal (PAX6) or mesodermal 
(BRACHYURY) genes. The pluripotency-related 
genes OCT4, NANOG and SOX2 were similarly 
downregulated in the shSMYD2 and shControl 
lines. Our results suggest that SMYD2 might act 
as a negative regulator of endodermal 
differentiation. 
 
The SMYD2 overexpression impairs proper 
differentiation of human ES cells 
 
To further confirm the involvement of SMYD2 
in differentiation we generated stable ES[4] cell 
lines stably overexpressing SMYD2 (SMYD2) 
or GFP as a control (GFP). The overexpression 
of SMYD2 in self-renewing cells did not cause 
significant morphological differences neither 
differences in the expression of selected 
pluripotency and differentiation genes compared 
to the control (Fig. 3b). Contrary to the 
knockdown, cells overexpressing SMYD2 

showed a reduced induction of endodermal and 
mesodermal genes compared to the control line 
during differentiation (Fig. 3b). However, the 
ectodermal gene PAX6 was more induced in 
SMYD2 overexpressing cells than control cells. 
No differences were detected between the 
SMYD2 and GFP overexpressing cell lines 
regarding the silencing of pluripotency genes 
during differentiation. These results confirm that 
SMYD2 acts as a repressor of endodermal genes 
and has no effect in the downregulation of 
pluripotency genes during human ES 
differentiation. 
 
The knockdown of smyd2a in zebrafish results 
in tail formation defects 
 
To assess the effect of SMYD2 at early stages of 
development we performed knockdown 
experiments in zebrafish as in vivo model. The 
zebrafish presents two homologous genes of 
SMYD2: smyd2a and smyd2b. We first 
quantified the mRNA levels of both genes during 
zebrafish development from 0.2 to 48 hours post-
fertilization (hpf) (Fig. 4a). Interestingly, smyd2a 
was maternally expressed, rapidly degraded after 
fertilization and induced again during 
gastrulation (5 to 10 hpf). smyd2b expression 
levels remained low until 10 hpf and was 
dramatically induced after gastrulation. The 
induction of smyd2a during gastrulation suggests 
a potential role in germ layer specification. To 
confirm our hypothesis we designed a splice-
blocking morpholino (smyd2a-MO) at the exon 
1-intron 1 junction, to block proper splicing of 
the zygotic transcripts without affecting the 
maternal mRNA (Fig. 4b, upper panel). 
Zebrafish embryos were injected at one-cell 
stage with smyd2a-MO and a standard-control 
morpholino (Control-MO). As expected, the 
mature mRNA of smyd2a was undetectable in 
embryos injected with smyd2a-MO at 24 hpf 
compared to embryos injected with Control-MO, 
while smyd2b expression was unaffected by the 
injection of smyd2a-MO (Fig. 4b, lower panel). 
Injected embryos were examined 
morphologically up to 6 days after injection (Fig. 
4c). At 5 hpf, smyd2a-MO injected embryos 
could not be morphologically distinguished from 
the controls. At 24 hpf, we could detect some 
smyd2a morphant embryos with a tail defect 
(mild), and some others with a strong delay in 
development (severe). At 48 hpf, we could 
observe several degrees of tail defects, including 
a morphant phenotype with a complete absence 
of the tail (very severe). Later on, at 6 days after 
injection, all three smyd2a morphant phenotypes 
were distinguishable. To further confirm the 
specificity of smyd2a-MO effect, we performed 
a rescue experiment by co-injecting with in vitro-
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transcribed human SMYD2 mRNA (smyd2a-MO 
+ SMYD2 mRNA) and evaluated the percentage 
embryos with different phenotypes at 24h post-
injection (Fig. 4d). Table 1 shows that co-
injection of smyd2a-MO with human SMYD2 
mRNA rescues both mortality (from 57% to 
36%) and morphology (from 25% mild and 60% 
severe phenotype to 11% mild and 18% severe 
phenotype). Co-injection of human SMYD2 
mRNA and Control-MO had no effects on 
mortality or phenotype compared to the injection 
of Control-MO alone. Therefore, the effects of 
smyd2a knockdown in zebra fish development 
appear specific.  
 
smyd2a knockdown in zebrafish affects the 
expression of genes involved in the Nodal 
pathway 
 
To gain insights into the potential pathways 
affected by the smyd2a knockdown we 
investigated the expression pattern of the T-box 
gene no tail (ntl), a zebrafish Brachyury ortholog 
required for the formation of mesoderm and 
essential for tail development (Halpern et al., 
1993, Schulte-Merker et al., 1994)  , by whole-
mount in situ hybridization (ISH) on embryos at 
6 hpf (Fig. 5a). As expected, all control embryos 
showed ntl expression at the margin cells as 
gastrulation proceeds. In contrast most smyd2a-
MO injected embryos showed altered pattern of 
ntl expression characterized by either a reduction 
(35% of embryos) or complete absence of ntl 
expression (53% of embryos). Moreover, the 
ratio of the three different ntl expression patters 
in smyd2a morphants is similar to the 
percentages of different phenotypes at 24 hpf 
(Fig. 4d, Table 1). To further identify specific 
transcripts affected by smyd2a knockdown, we 
analyzed the expression profile of a set of genes 
involved in gastrulation from 4 hpf to 10 hpf by 
qPCR (Fig. 5b). Nodal-related genes (chd, gsc, 
bon and cas) were up-regulated in the smyd2a-
MO compared to the Control-MO. In addition to 
their strong induction, gsc and bon presented also 
a different profile of expression as they were still 
present at high levels even at 8 hpf, while the 
control-MO injected embryos had already 
reduced their expression levels. bmp2a and β-
catenin-1 are unaffected by smyd2a knockdown, 
suggesting that genes of the Bmp2 and Wnt 
pathways remain unaffected. These results 
indicate that smyd2a knockdown causes an 
induction of Nodal-target genes chd, gsc, bon 
and cas during gastrulation events in zebrafish.   
 
Discussion 
 
In this work we show that SMYD2 is involved in 
human ES cells differentiation. SMYD2 is 

expressed at high levels in somatic cells 
compared with pluripotent cells, whereas the rest 
of family members are not so differentially 
expressed. During human ES cells 
differentiation, SMYD2 is also the most induced 
family member. SMYD1 and 3, which share the 
highest degree of sequence homology with 
SMYD2 (Abu-Farha et al., 2011), are also 
induced but not so remarkably. SMYD3 present 
a progressive induction but only around 3-fold 
change compared with undifferentiated cells. 
Even at low levels, SMYD1 was induced during 
differentiation reaching its peak of expression at 
day 8. This indicates that SMYD1 might be 
involved also in early development, consistent 
with previous studies involving Smyd1 in mouse 
developing heart as a direct target of MEF2c 
(Phan et al., 2005). 
Given the low levels of expression of SMYD2 in 
pluripotent cells, we hypothesized the presence 
of bivalent domains on its promoter to keep it 
repressed. Unexpectedly, we found variable 
levels of H3K27me3 between cell lines. In ES[4] 
the SMYD2 promoter was marked with H3K4 
methylation marks only, suggesting that SMYD2 
expression could be blocked by an alternative 
mechanism. Recently, Lipchina et al. (Lipchina 
et al., 2011) identified SMYD2, together with 
other 145 genes, as a high-confidence target of 
the miR-302/357 cluster in human ES cells. miR-
302/357 is expressed in undifferentiated 
conditions and is downregulated upon neuronal 
differentiation, releasing the expression of its 
target genes (Lipchina et al., 2011). Thus, a 
possible miR-302/357 regulation of SMYD2 
might explain the low levels of expression in 
pluripotent cells. 
The knockdown of SMYD2 promoted the 
induction of endodermal genes during human ES 
cells differentiation, whereas overexpression had 
opposite effects. We further investigated the 
effect of SMYD2 depletion in vivo using the 
zebrafish as a model. Our results show that both 
smyd2a and smyd2b were induced during 
development, and surprisingly, smyd2a was 
found to be maternally expressed in zebrafish 
embryos. Knockdown of smyd2a causes a delay 
in zebrafish development and tail deformities in 
more than 80% of surviving embryos at 24 hpf, 
whereas rescue experiments reduced the 
morphant phenotype to 30%. The fact that we 
were able to rescue smyd2a morphant phenotype 
by co-injecting human SMYD2 mRNA suggests a 
very well conserved function of SMYD2 among 
species. Intriguingly, it was recently reported that 
smyd2a knockdown generates severe skeletal and 
cardiac muscle defects in zebrafish (Donlin et 
al., 2012, Voelkel et al., 2012) . Regarding the 
cardiac phenotype, we did not appreciate any 
abnormalities, even in the very severe morphant 
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phenotype at 6 dpf, consistent with mice 
conditional-knockout experiments where Smyd2 
was dispensable for heart development (Diehl et 
al., 2010).  
The smyd2a knockdown phenotype that we 
observe is characteristic of embryonic 
dorsalization and resembles the phenotype of ntl 
mutant embryos (Odenthal et al., 1996). 
Accordingly, the observed dorsalization effects 
were consistent with reduced or absent levels of 
ntl transcript at 6 hpf. On the contrary, 
knockdown of SMYD2 in human ES cell 
differentiation did not affect the expression of 
the ntl ortholog, BRACHYURY (Fig. 3a). This 
discrepancy might be caused by the differences 
between the two model systems or to the lower 
efficiency of SMYD2 knockdown in ES cells. 
We also observed increased expression levels of 
Nodal-related genes, such as Bon and cas, 
described to promote the formation of endoderm 
in zebrafish (Reiter et al., 2001, Stainier, 2002). 
Also, in Xenopus, goosecoid and Mix.1, the 
homologous genes of gsc and bon respectively, 
act together to promote endodermal 
differentiation and suppress expression of 
mesodermal Xbra, the ntl homologous gene 
(Latinkic and Smith, 1999). Eventually, high 
levels of gsc and bon at 6 and 8 hpf in smyd2a-
MO embryos might have repressive effects over 
mesoderm induction. Overall, the zebrafish 
phenotype seems consistent with the induction of 
endodermal genes in the knockdown of SMYD2 
during human ES cell differentiation. 
Since, SMYD2 has been previously involved in 
transcriptional activation through 
monomethylation of H3K4 we speculate that it 
might participate in the induction of repressors of 
the endodermal fate. Alternatively, it might act 
as a transcriptional repressor itself through its 
association with HDACI and Sin3a repression 
complexes (Brown et al., 2006). However, 
methylation of non histone targets might also 
account for these effects. For example, recent 
findings indicate that p53 knockdown causes a 
delay in differentiation of human ES cells, and 
ectopic expression of p53R175H, a mutated 
inactive form of p53, failed to induce 
differentiation (Jain et al., 2012).  
In summary, our study shows that SMYD2 is 
expressed at low levels in pluripotent cells but is 
strongly induced during differentiation. 
Knockdown of SMYD2 induced expression of 
endodermal genes, whereas overexpression leads 
to a blockade of differentiation by impairing 
induction of most of differentiation genes. 
Moreover, in vivo experiments in the zebrafish 
showed that smyd2a is involved in mesoderm 
formation and has a critical role from very early 
stages during development. In conclusion, our 

work suggests that SMYD2 plays an early 
decisive role in embryonic differentiation.  
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Materials and Methods 
 
Cell culture and differentiation 
Human embryonic stem cell lines ES[4] and 
ES[2] (Raya et al., 2008), were grown on 
matrigel-coated plates in irradiated mouse 
embryonic fibroblasts conditioned HES media 
(Knock out DMEM, 20% Knock out serum 
replacement, nonessential amino acids, 2mM L-
glutamine and 50µM β -mercaptoethanol) and 
supplemented with 10ng/ml FGF.  
For in vitro differentiation, cells were trypsinized 
into a single cell suspension and resuspended in 
MEF’s conditioned HES media. Embryoid body 
(EB) formation was induced by seeding 100,000 
cells in each well of 96-well v-bottom, low 
attachment plates and centrifuging the plates at 
950g for 5 min to aggregate the cells. After 3 
days the embryoid bodies were transferred to 
0.1% gelatin-coated dishes and cultured in 
differentiation medium (Knock out DMEM, 20% 
fetal bovine serum, nonessential amino acids, 
2mM L-glutamine and 50µM β -
mercaptoethanol) up to 15 days. 
 
RNA extraction and qPCR  
RNA was extracted using TRIZOL (Invitrogen) 
and cDNA synthesis was performed using the 
Cloned AMV First-Strand cDNA Synthesis Kit 
(Invitrogen). Quantification of mRNA levels was 
carried out by real time PCR using SYBER 
Green. qPCR levels were normalized to GAPDH 
in human cells and to 18S in zebrafish.  
 
ChIP assays 
Chromatin immunoprecipitation (ChIP) assays 
were performed according to Adamo et al. 
(Adamo et al., 2011). The antibodies used were 
anti- H3K4me2 (07030 from Millipore), 
H3K4me3 (07-473 from Millipore), and 
H3K27me3 (07-449 from Millipore). Purified 
chromatin was quantified using qPCR. The 
sequences of the oligonucleotydes are available 
on request.  
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Lentiviral production and infection 
Previously described short hairpin against 
SMYD2 (Huang et al., 2006) and a non target 
short hairpin were cloned into the lentiviral 
pLVTHM vector (Addgene plasmid 12247). 
Virus production was performed as described 
(Wiznerowicz and Trono, 2003). After infection, 
GFP positive cells were selected by FACS 
sorting.  
 
Vector construction and transfection 
Flag tagged SMYD2 cDNA was cloned into 
vector pTP6 (Pratt et al., 2000). ES[4] were 
transfected with linearized pTP6-SMYD2 and 
pTP6 empty vector and clones were selected 
with 2ug/ml puromycin and pooled. SMYD2 
expression was confirmed by qPCR and western 
blot.  
 
Zebrafish microinjection of morpholino and 
SMYD2 mRNA 
Antisense morpholino-oligonucleotides (MO) 
were supplied by Gene Tools LCC (Philomath, 
OR). The sequence of smyd2a splice-blocking 
MO (smyd2a-MO) is 5’ 
TTATAAGGAGCGCTGACCTGGTAAA 3’ 
and was designed to block smyd2a proper 
splicing by binding to the splice site located 
between exon 1 and intron 1. The sequence of 
the standard control MO (Control-MO) was 5’ 
CCTCTTACCTCAGTTACAATTTATA 3’ and 
was used as an injection control. MOs were 
diluted in Danieau buffer to a final concentration 
of 0,35mM and were injected at 1-2 cell stage of 
fertilized wild-type zebrafish (AB strain) eggs 
using microinjector. Flag tagged SMYD2 cDNA 
was cloned into pCS2 vector for mRNA 
synthesis using the mMESSAGE mMACHINE 
kit (Ambion, AMI344, Life Technologies, USA) 
following the manufacturer’s instructions. 
Rescue experiments were performed by co-
injecting 30 pg of synthesized SMYD2 mRNA 
with 0.35mM of smyd2a-MO or Control-MO. 

 
Whole mount in situ hybridization  
Antisense ntl RNA probe was synthesized using 
the DIG RNA Labeling Kit SP6/T7 (Roche). 
Embryos were collected and fixed at 6 hpf. 
Whole mount in situ hybridization was 
performed as previously described (Jopling et al., 
2010).  
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Figure Legends 
 
Figure 1. Expression of SMYD family members during human ES cells differentiation. (a) mRNA 
levels of SMYD1-5 family members in human embryonic stem cells (ES[4] and ES[2]), induced 
pluripotent stem cells from human keratinocytes (KiPS4F1 and KiPS4F8), human fibroblasts (HF) and 
human keratinocytes (HEK). (b) mRNA levels of SMYD1-5 in ES[4] and ES[2] undifferentiated (d0) and 
at days 4, 8 and 15 of differentiation (c) mRNA levels of pluripotency-related genes during .ES[4] and 
ES[2] differentiation. Three independent differentiations were performed and one representative 
experiment is shown. Levels were determined by qPCR and normalized to GAPDH. Mean and standard 
deviation of triplicates are shown. 
 
Figure 2. Analysis of histone methylation marks in the SMYD2 promoter. ChIP assays using 
antibodies against H3K4me2, H3K4me3 and H3K27me3 in ES[4] and ES[2]. The presence of the 
indicated genes regulatory regions in the immunoprecipitated chromatin was analyzed by qPCR Values 
are represented as percentage of input. Mean and standard deviation corresponding to three independent 
experiments are shown.   
 
Figure 3. Gain-and-loss of function of SMYD2 during human ES cell differentiation. (a) mRNA 
levels of the indicated genes during the in vitro differentiation of SMYD2 knockdown (shSMYD2) and 
control (shControl) ES[4] cell lines. (b) mRNA levels of the indicated genes during the in vitro 
differentiation of SMYD2 overexpressing (SMYD2) and control (GFP) ES[4] cell lines. mRNA levels 
were measured by qPCR at the indicated days of differentiation and normalized to GAPDH. One 
representative experiment out of three independent experiments is shown. Mean and standard deviation 
from triplicates are shown. 
 
Figure 4. smyd2a knockdown in zebrafish development. (a) smyd2a and smyd2b mRNA levels at 
different hours post fertilization (hpf). Levels were determined by qPCR and normalized to 18S. Two 
independent experiments were carried out and one representative experiment is shown. Mean and 
standard deviation from two independent quantifications are shown. (b) The upper panel shows a 
schematic representation of the splice-blocking morpholino smyd2a-MO at the exon1-intron 1 junction. 
Specific primers for smyd2a were designed at each side of exon 1 and intron 1 flanking a region of 410 bp 
in wild type mRNA, and 4473 bp in unspliced mRNA. Lower panel shows the absence of mature smyd2a 
mRNA at 24 hpf in smyd2a-MO compared to Control-MO and non-injected embryos. Expression of 
smyd2b was unaffected by the smyd2a-MO injection. β-actin 2 was used as control. (c) Different 
phenotypes at 5, 24, 48 hpf and 6 dpf of embryos injected with Control-MO and smyd2a-MO. (d) 
Percentage of phenotypes of morpholino injection (Control-MO and smyd2a-MO) and rescue experiment 
(smyd2a-MO + SMYD2 mRNA and Control-MO + SMYD2 mRNA) at 24 hpf. Means from three 
independent experiments are shown.  
 
Figure 5. Effects of smyd2a knockdown on gene expression during zebrafish gastrulation. (a) In situ 
hybridization of ntl in Control-MO and smyd2a-MO injected embryos at 6 hpf. Embryos are shown in 
lateral views (left), and animal pole views (right). (b) mRNA levels of indicated genes in Control-MO 
and smyd2a-MO embryos at 4, 6, 8, and 10 hpf. 50 embryos were collected at each point. Mean and 
standard deviation of triplicate quantifications are shown. 
 
 
 
 
 

n. 
Dead 
(%) 

No. 
Surviving 

wild type 
(%) 

mild 
(%) 

severe 
(%) 

       
 Control-MO 339 9 ± 3 307 94 ± 3 6 ± 3 0 ± 0 
 smyd2a-MO 545 57 ± 3 238 15 ± 7 25 ± 5 60 ± 12 
 smyd2a-MO + SMYD2 RNA 665 36 ± 9 436 71 ± 16 11 ± 4 18 ± 16 
 Control-MO + SMYD2 RNA 512 7 ± 2 475 97 ± 3 3 ± 2 0 ± 0 
 
Table 1: Survival rates and phenotypes of morpholino injections (Control-MO and smyd2a-MO) and 
rescue experiment (smyd2a-MO + SMYD2 RNA and Control-MO + SMYD2 RNA) at 24 hpf. Mean and 
standard deviation from three independent experiments are shown. 
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