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1 Introduction 
 

 

Puberty is an important milestone in every individual’s life, during which the 

maturation of reproductive system occurs. A period of puberty represents rapid 

physical, mental, and emotional changes (Aksglaede et al. 2008). Sexual matu-

ration via puberty is characteristic for vertebrates from fish to mammals (Chen & 

Ge 2013).  

 

The period of reproductive cycle is initiated via puberty, and later regulated by 

hypothalamic-pituitary-gonadal axis (HPG axis), which already forms during the 

embryogenesis (Chevrier et al. 2011; Sisk & Foster 2004). The hypothalamic 

gonadotropin-releasing hormone (GnRH) neurons are crucial controllers of the 

HPG axis. Migration of hypothalamic GnRH neurons from olfactory placode to 

hypothalamus, which occurs during embryonic development, is a crucial mile-

stone towards reproduction. Altered migration of GnRH neurons or misbalance 

within the HPG axis often lead to reduced or absent fertility later in life (Raivio et 

al. 2007; Rugarli et al. 1999; Sykiotis et al. 2010). 

 

Many empirical studies have shown that the timing of puberty is a complex trait, 

with both genome and environment influencing the variation in timing. Heritabil-

ity of the pubertal timing is estimated to be around 50-80% (Gajdos et al. 2010). 

Precocious timing of puberty is associated with higher risks of several diseases 

i.e. type II diabetes, cardiovascular disease, testicular and breast cancer in hu-

mans. Besides the significance of understanding the human development, 

these health risks make genetic studies of human pubertal timing important. 

The topic has been studied for many decades. Nevertheless, at this point the 

mechanisms behind the pubertal timing still remain poorly understood. (Golub et 

al. 2008; Hiatt et al. 2009; Lakshman et al. 2009; Loesch et al. 1995; Tanner et 

al. 1966; Widén et al. 2012.) 

 

Recently, genome-wide association studies (GWASs) have revealed over 100 

loci associated with pubertal timing (Perry et al. 2014). Variants in some of 
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these loci likely affect hormonal bioactivity, the development of the HPG axis, 

the timing of the pubertal growth spurt and energy homeostasis in humans. Im-

portantly, several of these loci, e.g. LIN28B, and VGLL3, implicate evolutionarily 

conserved genes, which are expressed already during the fetal life (Barbaux et 

al. 2012; Faucheux et al. 2010; Perry et al. 2014).  

 

This thesis examines the hypothesis that VGLL3 may have some role in the 

formation of the HPG axis during the embryogenesis. With the use of several 

methods, I aimed to study the gene’s expression patterns and impacts of the 

up- and downregulation of the VGLL3 gene expression during the embryogene-

sis. 
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2 Aims 
 
 
The first aim of this thesis is to study the temporal and spatial expression pat-

terns of zebrafish VGLL3 homolog vgll3. The localization of the gene expres-

sion, based on the whole-mount RNA in situ hybridization, may show whether 

the gene expression co-localizes with the olfactory placode, hypothalamic or pi-

tuitary regions, and whether the gene possibly interferes with the formation of 

these structures. 

 

The second aim is to study the possible roles of vgll3 in embryonic development 

by down- and upregulating its expression. 
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3 Background 
 
 
 

3.1 Neuroendocrine regulation of sexual maturation and re-

production 

 
3.1.1 HPG axis 

 

Sexual reproduction in vertebrates is regulated by hypothalamic-pituitary-

gonadal (HPG) axis including cooperation of hypothalamus, anterior pituitary, 

and gonads. The HPG axis probably emerged in ancestral agnathans, jawless 

fish representing the earliest vertebrates (Sower et al. 2009; Takezaki et al. 

2003). Although vertebrate subphylum has remarkable phenotypic, habitat and 

behavioral diversity, sexual maturation and reproduction in this phylum is con-

trolled by evolutionarily conserved system (Dubois et al. 2002; Sower et al. 

2009).  

The hypothalamus and pituitary gland form during the early embryogenesis. 

Prenatal activity of hypothalamus and anterior pituitary is critical for the emer-

gence and expansion of male genitalia, and gamete development in humans 

(Chevrier et al. 2011; Kuiri-Hänninen et al. 2014). As pointed out above, alt-

hough the HPG axis is evolutionarily conserved among vertebrates, in zebrafish 

only hypothalamus and pituitary gland form during embryonic development. The 

gonadogenesis starts after 8 days post fertilization (dpf), when juvenile fish are 

already fully developed and capable of feeding themselves (Okuthe et al. 2014). 

In vertebrates, an increase in the activity of the HPG axis triggers puberty. With 

mechanisms that are currently not well understood, the central nervous system 

(CNS) starts to signal with the hypothalamus, the bridge between the nervous 

and endocrine systems. Specific neurons in the hypothalamus start to increas-

ingly produce and release gonadotropin-releasing hormone (GnRH), a trophic 

neurohormone, which stimulates the anterior lobe of pituitary. Pituitary in re-

sponse starts to produce two gonadotropins, follicle-stimulating hormone (FSH) 

and luteinizing hormone (LH). FSH’s function is to initiate and stimulate matura-

tion of gametogenesis in both sexes. LH stimulates endocrine cells of the gon-
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ads to produce steroid sex hormones including androgens, estrogens and pro-

gesterone (Nelson & Bulun 2001; Silverthorn 2013; Vadakkadath Meethal & At-

wood 2005). The units of the HPG axis control one another with their hormonal 

products in top-down and bottom-up manners (Figure 1). 

 
Figure 1. Green arrows in the middle demonstrate top-down control pathway, where 
GnRH from hypothalamus (H) affects secretion of LH and FSH by anterior pituitary (P). 
LH and FSH in turn stimulate gametogenesis and steroidogenesis in gonads. Green ar-
row on the left demonstrates long-loop positive feedback (hormone release stimulating, 
only estrogens) and red arrow on the right demonstrates long-loop negative feedback 
(hormone release inhibiting, estrogens and androgens) between gonads, anterior pitui-
tary and hypothalamus. Red arrow between hypothalamus and anterior pituitary 
demonstrates short-loop negative feedback with LH and FSH affecting secretion of 
GnRH. 

 

 
3.1.2 Development of the GnRH neurons and their connections to 

genetic factors causing HPG axis dysfunction  
 

 
Increase in pulsatile secretion of hypothalamic GnRH is the initiating step in the 

pubertal activation of the HPG axis. Studies in comparative genomics have 

identified three paralogs of GnRH within vertebrates: GnRH1, GnRH2 and 

GnRH3 (primarily in modern teleosts) (White et al. 1998, Fernald & White 
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1999), of which zebrafish is known to have only GnRH2 and GnRH3 (Okubo & 

Nagahama 2008). The GnRH neurons first emerge in the olfactory placode and 

later migrate along vomeronasal nerves and via the cribriform plate, the bound-

ary between the peripheral olfactory system and the forebrain, to the final desti-

nation in hypothalamus (Wierman et al. 2011). The GnRH neurons begin to mi-

grate during the sixth week of gestation in human fetuses, whereas in zebrafish 

the migration starts around three dpf (Figure 2) (Abraham et al. 2009; Chevrier 

et al. 2011). Many factors influence the successful migration of GnRH neurons 

and not all mechanisms regulating the migration are fully understood (Wierman 

et al. 2011).  

 
 
 
 

 
Figure 2. Whole-mount in situ hybridization of 3-days-old zebrafish larva. Expression of 
the gnrh3 mRNA shown as dark purple signal. Arrows point regions of olfactory 
placodes. The approximate location of hypothalamus is framed in oval. Picture of the 
embryo was kindly provided by Jaakko Leinonen. 

 
 
There are some conditions linked to delays or absence of puberty, caused by 

dysfunction within the HPG axis. The best characterized is isolated hypogonad-

otropic hypogonadism (IHH). These diseases are caused by events such as de-
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fective specification or migration of GnRH neurons, or altered GnRH secretion 

(Sykiotis et al. 2010). Low levels of GnRH cause a collapse in the proper func-

tion of the HPG axis, which results in a delay or absence of puberty, and sterility 

in some cases. IHH can be categorized into two groups: normosmic IHH (pa-

tient has a normal sense of smell) and anosmic IHH or Kallmann syndrome. 

Anosmia is often the result of pathogenic mutations in crucial genes such as 

Kallmann Syndrome Interval Gene (KAL), which influences the migration of ol-

factory axons along with GnRH neurons out of the olfactory lobes. (Raivio et al. 

2007; Rugarli et al. 1999; Sykiotis et al. 2010.) 

 

Since the migration of the GnRH neurons is a key event required for further 

proper function of the HPG axis, exploring the possible relations of VGLL3 to 

this process is one of this thesis’ main aims.  

 

 

3.2 Genetic background of pubertal timing 

 
3.2.1 Genetic studies of puberty 

 

The genetic background of many monogenic traits has been successfully stud-

ied by linkage analysis. The linkage analysis is based on searching for co-

segregation of marker locus and locus of interest, and mainly used in studying 

familial monogenic diseases. For complex traits, such as pubertal timing in the 

general population, association studies to identify genetic loci affecting the trait 

have been more widely used. Association refers to a statistically significant cor-

relation between a phenotype and marker alleles in a population. (Cantor et al. 

2010; Perry et al. 2014; Pulst, S. M. 1999; Visscher et al. 2012.)  

 

Several studies with population size ranging from few thousands to twenty 

thousand have shown that heritability of age at menarche (AAM), a marker for 

pubertal onset in females, is around 50-80% (Anderson et al. 2008; Gajdos et 

al. 2010; Towne et al. 2005). A more recent study (Morris et al. 2011) with a 

population size over 20 000, estimated that the heritability of AAM is around 

57%. Linkage analyses have identified several monogenic disorders affecting 
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pubertal timing (Meitinger et al, 1990). However, as for many other complex 

traits, large-scale genome-wide association studies (GWAS) have successfully 

identified several loci affecting pubertal timing with small effect sizes (Visscher 

et al. 2012).  Identification of pubertal loci through the experimental design of 

GWASs has been a subject of scientific interest for the last decade. 

 

The region containing the LIN28B gene was the first significant AAM associa-

tion (He et al. 2009).  In another study (Elks et al. 2010), large data from 32 ge-

nome-wide association studies in 87,802 European women were handled with 

meta-analysis, revealing 30 new loci associated with pubertal timing. Currently, 

there are already over 100 genomic loci identified, although they together ex-

plain only ~2,71% of the genetic variability in AAM (Perry et al. 2014).  

 
 

3.2.2 VGLL3, the focus of this thesis 
 
Vestigial-like 3 (VGLL3) is one of the genes that have been associated with pu-

bertal timing in the GWA studies. Two intergenic SNPs in this particular gene 

have been associated with pubertal timing related phenotypes. SNP rs7642134 

has been associated with changes in AAM, weight, and BMI in European-

American teen girls (Tu et al. 2014), and SNP rs7628864 with pubertal growth 

spurt and pubertal timing (Cousminer et al. 2013). 

 

Remarkably, in two recent independent studies of maturational timing in Atlantic 

salmon (Salmo salar), two missense mutations in vgll3 have been associated 

with early and late maturation in this species (Ayllon et al. 2015; Barson et al. 

2015). Genetic variation in the vgll3 locus explained 39,4% of variation in age at 

maturity in 57 salmon populations (Barson et al. 2015). Estimated effect of vgll3 

in Atlantic salmon is so high that it is suggested to be a major locus controlling 

the maturation age (Barson et al. 2015). Essentially, the human and salmon 

findings together suggest VGLL3  having evolutionarily conserved functions in 

the regulation of pubertal timing in vertebrates.  

 

At molecular level, VGLL3, from the vestigial-like gene family, encodes a tran-

scriptional cofactor. The vestigial gene (vg), an ancestor of the VGLL gene fami-
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ly, was first studied in Drosophila, where it has a key role in the development of 

specific flight muscles (Bernard 2003). The human Vg family includes vestigial-

like 1, 2, 3 and 4 (VGLL1-4) genes. Members of this gene family have similar 

function among vertebrates. All VGLLs contain at least one domain named ton-

du (TDU) motif, which interacts with transcriptional enhancer factor-1 (TEF) and 

guides it in cell differentiation processes (Chen et al. 2004a). Orthologous Vgll2 

and Vgll4, for example, regulate differentiation of specific muscle cell lines in 

mice, while expression of zebrafish VGLL2 homolog has been linked to the for-

mation of somites (Chen et al. 2004a and 2004b; Mann et al. 2007). 

 
The human VGLL3 has been localized to chromosome 3p12.3. Homolog of 

VGLL3 has been studied as a potential tumor suppressor in ovarian epithelial 

tissues. The product of the gene has been also shown to act as an inhibitor of 

adipocyte differentiation in mouse 3T3-F442A and 3T3-L1 cell lines (Halperin et 

al. 2013). In these cells, Vgll3 is downregulated during the terminal differentia-

tion of adipocytes, and its overexpression or knockdown leads to changes in ad-

ipose tissue formation. Vgll3 expression negatively correlates with the amount 

of body fat in mice. In mouse embryos, the expression of Vgll3 has been ob-

served in hindbrain area, myotomes and somites. In adult mice, the expression 

was present in skeletal muscle, heart, kidney, liver and brain. The gene expres-

sion was also detected in fetal mouse testis, suggesting that Vgll3 has a role in 

testis development (Gambaro et al. 2013; Halperin et al. 2013; McDowell et al. 

2012; Mielcarek et al. 2009). Similarly, in the frog Xenopus laevis, the expres-

sion of vgll3 has been observed also in embryonic hindbrain area, and in brain, 

stomach and somites during embryogenesis. In adult frogs, expression of vgll3 

has been localized to stomach and heart tissues (Faucheux et al. 2010). 

 

The molecular mechanisms linking VGLL3 and the accumulation of adipose tis-

sue remain poorly understood. It is also not clearly characterized, how and 

whether the expression of Xenopus and mouse VGLL3 homologs influence the 

development of an embryo. Nor is it known what specific roles the gene has in 

adult mice and frog. 
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Because of the strong evidence that VGLL3 has conserved functions among 

vertebrates, it is expected that similar expression patterns will be detected in 

developing zebrafish embryos as in mice or frog. 

 
 
 

3.3 Fat accumulation and environmental influence on pubertal 

timing 

 
In addition to genetic factors, environmental factors such as nutrition and overall 

health affect pubertal timing and growth (Tanner et al. 1966). Body growth, me-

tabolism, and puberty initiation show strong correlation in many vertebrates, in-

cluding mammals (Chen & Ge 2013). In rats (Rattus norvegicus), the onset of 

puberty correlates more with body size than with age (Kennedy & Mitra, 1963). 

In fish, puberty is also linked to the rate of accumulation of fat mass (Thorpe, 

2004). In Atlantic salmon (Salmo salar L.), body size also correlates with repro-

ductive success in females. Later maturing females that have increased size 

and body mass have higher fertility (Taranger et al. 2010). Similarly to salmon 

and humans, pubertal onset in zebrafish correlates with accumulation of fat and 

body size (Barson et al. 2015; Chen & Ge 2013).  

 

 

3.4 Zebrafish as a model organism for this study 

 

The zebrafish (Danio rerio) is a fresh water teleost and its original habitat is in 

Asian tropical streams. Zebrafish are small (4-5 cm in length), have clear sexual 

dimorphism, are easy to breed, feed and take care of. Zebrafish grow and de-

velop fast: embryogenesis is completed in 50 hours post fertilization (hpf) and 

the fish reach reproductive age in 90-120 days (Figure 3). Developmental stag-

es are clearly visible because of oviparity and late melanogenesis. Comparing 

with another popular vertebrate model, the mouse, zebrafish are cheaper to 

keep and feed, they need less space, they are faster to develop and produce 

much more offspring. There is around 70% of zebrafish genes that have 

orthologs in the human genome (Howe et al. 2013). These features explain why 

zebrafish have become a popular model organism, especially in studies of em-
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bryonic development and modeling the function of human genes (Dooley & Zon 

2000; Howe et al. 2013). 

 

 

Figure 3. Life cycle of zebrafish. Organogenesis is complete after 24 hours post fertili-
zation. Free-swimming stage starts between 2 and 3 days post fertilization (dpf). Com-
plete maturation occurs around 90 dpf. Upper right image shows 1-cell stage embryo. 
Middle right photo shows around 1 dpf embryo with clear transparency. Lower right 
photo shows adult female. Figure was downloaded from:  
 http://www.mun.ca/biology/desmid/brian/BIOL3530/DEVO_03/ch03f09.jpg 

 

 

As typical for most vertebrates, the hypothalamus and pituitary gland in 

zebrafish start to develop during the early embryogenesis, and later the activa-

tion of the HPG axis initiates the puberty. Conserved mechanisms of hypotha-

lamic GnRH play a critical role in the gonadal development, sexual maturation, 

and reproduction (Xu et al. 2011). 

  

Studies have revealed at least four vestigial-like genes in zebrafish, and the 

vgll3 has one-to-one homologous relation to the mammalian version (Figure 4). 

Comparison of the human VGLL3 protein and zebrafish vgll3 protein shows 

40% sequence identity (Figure 5). With the recent study in Atlantic salmon re-

vealing strong association between genetic variation in vgll3 and age at matura-

http://www.mun.ca/biology/desmid/brian/BIOL3530/DEVO_03/ch03f09.jpg
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tion (Barson et al. 2015), it is quite possible that vgll3 could be a significant lo-

cus affecting age at maturity also in zebrafish. 

 

 

 

 
Figure 4. Figure showing position of VGLL3 in human chromosome 3 and zebrafish 
chromosome 9. Both transcripts have 4 exons each. Unprocessed human VGLL3 tran-
script shown in this figure is three times longer than zebrafish vgll3 transcript. Figure is 
based on information from Ensembl (22.1.16) 
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Figure 5. Sequence comparison of Homo sapiens and Danio rerio VGLL3 proteins 
showing ~40% identity in amino acid sequences (Ensembl). 

 
 

3.5 In situ hybridization 

 

In situ hybridization (ISH) is a technique that permits the detection of the ex-

pression of target genes at the DNA or mRNA level. The detection is achieved 

by a labeled DNA or RNA probe complementarity to the gene of interest. The 

ISH is performed by introducing the labeled radioactive or non-radioactive probe 

to the cell or tissue slides or, if small enough, to the whole organisms like 

zebrafish embryos (Hayes & Dutrillaux 2000; Thisse & Thisse 2008). The 

probes can be visualized either with autoradiography when using radioactive 

probes or via/with immunohistochemistry when non-radioactive probes are used 

(Jin & Lloyd 1997). 
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3.6 Knockdown and overexpression methods to study gene 

function in early zebrafish embryos 

 

3.6.1 Morpholino as a knockdown tool 
 
 
Morpholino oligonucleotides (MOs) are antisense nonionic nucleic acid analogs 

that have been used for 15 years in developmental biology for in vivo targeted 

inhibition of gene expression in embryos. Usage of MOs facilitates gene discov-

ery through large-scale screening, characterization of gene function, and verify-

ing mutant phenotypes. MOs have been used in several model organisms in-

cluding Xenopus and chick (Gallus gallus). Easy delivery and high efficacy have 

made this knockdown technique widely used also in the zebrafish community 

(Bedell et al. 2011; Bill et al. 2009; Blum et al. 2015; Corey & Abrams 2001). 

 

MOs are synthetic, relatively small (25 bp) and very stable imitations of DNA or 

RNA oligonucleotides, with two exceptions. MOs have a six-membered morpho-

line ring replacing (deoxy)ribose ring in the DNA/RNA molecules, and a non-

ionic phosphorodiamidate backbone (Figure 6). MOs do not interact with RNase 

H, catalyzer of cleavage of RNA, because of morpholinos forming RNA-

morpholino hybrids with their targets instead of natural RNA/DNA hybrids 

(Summerton 1999; Morcos 2007). The non-ionic properties of MOs prevent effi-

ciently nonspecific interactions with other cell components e.g. proteins and al-

low MOs to easily penetrate through cell membrane (Bedell et al. 2011; Eisen & 

Smith 2008). 
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Figure 6. DNA molecule and MO molecule structures. The backbone of the DNA is ion-
ic, while backbone of the MO is neutral because of an amino group replacing O - . 

 

 

Generally two types of morpholinos are used in research. Some morpholinos 

are designed to target the translational initiation site of an mRNA, overlapping 

an ATG codon coding for methionine and thus making mRNA invalid for transla-

tion. The second type includes morpholinos acting as splicing blockers through 

interrupting pre-mRNA splicing processes by targeting the splice donor site 

(Summerton 1999; Morcos 2007). 

 

Despite their several advantages, morpholinos have been criticized for so-called 

off-target effects, which refer to their possible binding to unspecific transcripts or 

activation of cellular apoptosis pathways (Bedell et al. 2011; Bill et al. 2009; 

Blum et al. 2015; Corey & Abrams 2001). In zebrafish embryos, these off-target 

effects may cause p53-mediated programmed cell death and severe malfor-

mations. When target gene’s function is unknown, it can be difficult to distin-

guish between gene-specific phenotype and off-target phenotype (Schulte-

Merker & Stainier 2014). The use of standard control MOs, targeting an inde-

pendent sequence, is usually recommended for cases when studying a gene 
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with unknown functions (Bedell et al. 2011; Eisen & Smith 2008). In early em-

bryos (< 1 hpf), the tumor-suppressor gene p53 is usually highly expressed, 

thus presence of MO easily triggers the p53-mediated apoptosis processes 

(Cheng et al. 1997; Robu et al. 2007).  This problem could be solved by inhibit-

ing apoptosis with co-injections of p53-antisense MO. However, this method 

generates p53-absent genotype with unknown consequences, thus making 

knockdown resulting phenotypes less reliable (Schulte-Merker & Stainier 2014). 

 

 
 

3.6.2 Synthetic mRNA as an overexpression tool 
 
Synthetic mRNAs can be used as an overexpression tool for gene function 

studies. They have similar half-life and stability to a natural mRNA because of 

incorporated guanine cap on the 5′ end. The mRNA synthetization from the 

gene of interest is easy with commercial kits. Similarly to morpholinos, synthetic 

mRNA can be delivered into zebrafish embryos via microinjections (Warren et 

al. 2010; Yuan & Sun 2009).  

 

 

3.6.3 Rescue method for MO phenotype validation 
 

Co-injections of synthetic mRNA and MO for the gene of interest can be used to 

confirm the specificity of the MO. This strategy is called mRNA rescue, and is 

commonly used among zebrafish community (Bill et al. 2009). The idea of the 

rescue experiment is to prove that injected MO is interacting with the target 

mRNA, thus producing gene-specific phenotype. Synthetic mRNA restores the 

protein production, while the MO blocks the naturally occurring target mRNA. 

Rescue injections should contain both MO and mRNA in the correct concentra-

tions and, when successful should produce wild type (WT)-like phenotypes. For 

successful validation it is important to avoid interactions between injected 

mRNA and MO, so injected mRNA should not contain a perfect match for MO 

binding site (Eisen & Smith 2008). 
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4 Materials and methods 
 

4.1 Animals 

 

The experiments were performed at the Zebrafish Unit in the University of Hel-

sinki. All zebrafish procedures were carried out in accordance with the guide-

lines of the National Animal Experiment Board. All zebrafish used in the experi-

ments were from Turku line, obtained from the Zebrafish Unit, and were maxi-

mum 5 days old. Adult zebrafish used for breeding were maintained at the 

zebrafish core-facility in the University of Helsinki, which has a site-specific li-

cense to house and breed fish.  

 
 

4.2 Cloning vgll3 for synthesis of RNA probes and mRNA 

 

The extracted total RNA from 12 hpf embryos and 50 dpf zebrafish brain was 

used to clone vgll3. The RNA was converted into cDNA with SuperScript® VI-

LO™ (Invitrogen, UK) cDNA Synthesis Kit (Table 1).  

 

Table 1. Protocol for First-Strand cDNA synthesis 
       

Component Amount 

5X VILO™ Reaction Mix 4 µl 

10X SuperScript® Enzyme Mix 2 µl 

RNA 8* or 11,5µl** 

DEPC-treated water up to 20 µl 

* 12 hpf embryo RNA c=125 ng/µl, ** brain RNA c=90 ng/µl 

 

1. Gently mix columns’ contents and incubate at 250C for 10 minutes. 

2. Incubate tubes at 420C for 2 hours. 

3. Terminate the reaction at 850C at 5 minutes. 

 

To amplify vgll3 from prepared cDNA with PCR, primers were designed for the 

coding region of the zebrafish’s vgll3 gene based on sequence 
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(ENSDART00000099440) from Ensembl Genome Assembly GRCz10 database 

(https://www.ensembl.org/index.html) and obtained from Sigma-Aldrich® (Table 

2). 

 
Table 2. Primers for the vgll3 cloning 

 
Primer Sequence (5’-3’) Tmo 

VGLL3_Fw CGCCTATAAGCCTCTG 54,1 

VGLL3_R GTGATGTATGTGGACCT 50,1 

 
 
The primers were diluted before use for the working concentration of 5 µM. The 

components and the protocol used in vgll3 PCR is shown below (Tables 3a and 

3b). The PCR machine used in all amplifications was a G-Storm GS4 Multi 

Block Thermal Cycler (G-Storm Thermal Cyclers, Somerton, UK).  

 

Table 3a. List of components for the PCR  

 

 

Table 3b. Protocol with 30 cycles for the PCR 
 

Cycle step Temperature Time 

Initial denaturation 95 0C 3 minutes 

Denaturation 95 0C 30 seconds 

Annealing 45 0C 20 seconds 

Elongation 72 0C 3 minutes and 20 seconds 

Final elongation 72 0C 10 minutes 

Store 40C ∞ 

 

Component Amount 

DreamTaq Green PCR Master Mix (Thermo Scientific) 10 µl 

5 µM VGLL3_Fw primer 1 µl 

5 µM VGLL3_R primer 1 µl 

cDNA 2 µl 

Nuclease-free water 6 µl 

Total volume 20 µl 

https://www.ensembl.org/index.html
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To separate the target DNA from other components of the PCR, I ran the PCR 

product on 1,5% agarose gel in Bio-Rad electrophoresis machine. To visualize 

DNA bands on the gel, the DNA fragments were stained with SYBR® safe DNA 

gel stain (ThermoFisher Scientific, MA, USA). After verifying the size of the tar-

get DNA the PCR product was extracted from the gel using a NucleoSpin® Gel 

and PCR Clean-up kit (Macherey-Nagel, PA, USA) following the manufacturer’s 

protocol. The concentration of cleaned PCR product was determined with 

NanoDrop® ND-1000 Spectrophotometer (NanoDrop Technologies, Inc, DE, 

USA). 

 

The extracted PCR fragment was inserted to pGEM®-T Easy vector, obtained 

from Promega (attachment 1). The pGEM®-T Easy contains the antibiotic re-

sistance gene ampr, and in case of successful transformation the bacteria colo-

nies will grow on plates containing ampicillin and X-Gal culture medium.  

 

Promega’s quick protocol was used for ligation of the insert and vector, and 

transformation of recombinant vectors into bacteria. The post-ligational plasmid 

vectors were transformed to Escherichia coli DH5α strain, obtained from Pro-

fessor Pertti Panula’s lab (PP’s lab, Neuroscience Center and Institute of Bio-

medicine, University of Helsinki). Bacteria were grown in falcon flasks contain-

ing liquid LB-medium in an incubator shaker for 20 h at 370C. Recombinant 

plasmids were extracted from the bacterial colonies using QIAprep® Spin Mini-

prep Kit (Qiagen) according to protocol for high-copy plasmid DNA. The integra-

tion of the vgll3 insert was confirmed by performing PCR (Tables 4a and 4b) 

and sequencing the product at the Sequencing Unit of FIMM. 

 

Table 4a. Components for the PCR used to confirm the presence of the insert and to 
produce template for sense and anti-sense mRNA-probe synthesis 
 

Component Amount 

DreamTaq Green PCR Master Mix (Thermo Scientific) 10 µl 

SP6 primer (PP’s lab) 1 µl 

T7 primer (PP’s lab) 1 µl 

Purified plasmid 1 µl 
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Nuclease-free water 7 µl 

Total 20 µl 

 

 

Table 4b. Protocol with 20 cycles for the PCR  

Cycle step Temp. Time 

Initial denaturation 95 0C 30 seconds 

Denaturation 95 0C 10 seconds 

Annealing 45 0C 20 seconds 

Elongation 72 0C 30 seconds 

Final elongation 72 0C 7 minutes 

Store 40C ∞ 

  

 

4.3 Preparation of the RNA probes and labeling 

 
In this thesis, the nonisotopic DIG-labeled RNA probe was chosen for the ISH 

experiment. The antisense and sense probes for in situ hybridization were syn-

thesized using the vgll3 PCR product amplified from the pGEM®-T Easy plas-

mids as a template, with DIG RNA Labeling Kits (SP6 for sense and T7 for anti-

sense, Roche) according to the manufacturer’s instructions. To localize vgll3 

expression in early developmental stages, ISH was performed to whole-mount 

zebrafish embryos according to a protocol introduced by Thisse & Thisse 

(2010). Altogether, zebrafish embryos from five different development stages (3, 

6, 12, 24 and 48 hpf) were collected and stained. The 24 hpf and 48 hpf embry-

os were treated with 4% PTU for inhibition of the melanin synthesis. Every 

group contained 10 embryos for the antisense probe labeling, and 10 for the 

sense probe labeling as controls. The embryos were dechorionated and dehy-

drated according to Thisse & Thisse (2010).  
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4.4 Preparation of synthetic mRNA for injections 

 

To prepare the synthetic mRNA for injections, the vgll3 insert was further cloned 

into pMC plasmid vector (attachment 2). The pMC vector contains SP6 and T7 

promoter sequences and poly(A)-tail sequence, enabling the synthesis of func-

tional mRNA. To transfer the insert from pGEM®-T easy vector into pMC both 

vectors were cut using restriction enzyme EcoRI (NEB® CutSmart™). I used a 

Time-Saver™ (NEB) protocol with modified amount of components in the diges-

tion of pMC and pGEM®-T easy vectors (Tables 5a and 5b). 

 

Table 5a. Time-Saver™ components for digestion of the pMC easy vector 

 

 

Table 5b. Time-Saver™ components for digestion of pGEM®-T easy vector 

Component Amount 

Restriction enzyme 1 µl 

plasmid DNA (c: 581,2 ng/µl) 2 µl 

10X NEBbuffer 5 µl 

Nuclease-free water 42 µl 

Total 50 µl 

 

After digestion pMC was purified with the MiniElute Reaction CleanUp kit (Qi-

agen), according to the manufacturer’s protocol. To lower the risk of pMC vec-

tor’s self-ligation, a dephosphorylation treatment with alkaline phosphatase was 

performed before the ligation with FastAp Thermosensitive Alkaline Phospha-

tase (ThermoFisher Scientific), according to the manufacturer’s protocol. 

Component Amount 

Restriction enzyme 1,5 µl 

plasmid DNA (c: 102 µg/ml) 15µl 

10X NEBbuffer 7,5 µl 

Nuclease-free water 51 µl 

Total 75 µl 
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For pGEM®-T easy containing the vgll3 insert, the digested product was similar-

ly purified with the MiniElute Reaction CleanUp kit and ran on an agarose gel to 

ensure that the vgll3 insert was separated from the pGEM®-T easy properly. 

Thereafter, a ligation reaction including the cut and purified vgll3 insert and pMC 

vector was performed according to the manufacturer’s protocol with compo-

nents shown below (Table 6). 

 

Table 6. Components for the ligation  

 

 

pMC including the vgll3 insert was subsequently transformed into DH5α bacte-

ria and extracted from the bacterial colonies as in the chapter 4.1. Colony PCR 

(Tables 7a and 7b) was performed to detect the orientation of the insert in the 

purified plamids and verify insert’s successful integration. The plasmids were 

sequenced by Sanger sequencing in the Sequencing Unit of FIMM. Subse-

quently, the plasmids were linearized with FastDigest ApaI restriction enzyme 

(ThermoFisher Scientific) according to manufacturer’s protocol. 

 

Table 7a. Components for the colony PCR 

Component Amount 

Dream Taq Master Mix 10 µl 

T7 OR SP6 primer (5 µM) 1 µl 

VGLL3_R primer (5 µM) 1 µl 

Nuclease-free water 8 µl 

pipette tip of the colony   

Total 20 µl 

 

Component Amount 

Insert 1 µl 

pMC plasmid 1 µl 

Promega ligase 1 µl 

2x ligase buffer 5 µl 

Nuclease-free water 2 µl 

Total 10 µl 
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Table 7b. Protocol with 30 cycles for the colony PCR 
 

Cycle step Temperature Time 

Initial denaturation 95 0C 5 minutes 

Denaturation 95 0C 30 seconds 

Annealing 50 0C 30 seconds 

Elongation 72 0C 1 minute 

Final elongation 72 0C 10 minutes 

Store 40C ∞ 

 

 

After linearization, the product was purified with QIAgen MiniElute Reaction 

CleanUp kit and 2 µl of reaction was ran on agarose gel for verifying a success-

ful linearization. Finally, capped mRNA was synthesised using the resulting lin-

earized plasmid containing vgll3 insert as a template, with mMESSAGE mMA-

CHINE® T7 kit (ThermoFisher Scientific), according to the manufacturer’s pro-

tocol. After synthetisation, RNA was stored in -800C until use. 

 

4.5 mRNA microinjections 

 

To overexpress vgll3 mRNA transiently in zebrafish embryos, microinjections 

with synthetized mRNA were performed. The injections were made with an in-

jector (WPI PV830 Pneumatic Pico Pump) and a micromanipulator (Narishige, 

Tokyo, Japan). Injection technique was similar with one described in Kardash’s 

(2012) overview of methods used in zebrafish research. A dose of 4 nl (Table 8) 

was injected into the yolk of a 1-4-cell stage zebrafish embryos (Figure 7).  

 

The embryos were injected with two different mRNA doses: 0,31 µl in mRNA-

group 1 (N=30) and 0,65 µl in mRNA-group 2 (N=25) (Table 8). A WT group with 

uninjected fertilized eggs (N=30) served as a control. The development of em-

bryos was monitored daily, and mortality and hatching rate recorded and ab-

normal phenotypes documented in all groups at 3 dpf.  
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Table 8. Microinjection mixture 
 

 mRNA Group 1 mRNA Group 2 

Injection volume 4 nl 4 nl 

capped mRNA* 0,31 µl 0,65 µl 

Phenol Red 0,5% 1 µl 1 µl 

Water 3,7 µl 3,35 µl 

Total 5 µl 5 µl 

Working concentrations 0,125 ng mRNA/4 nl 0,255 ng RNA /4 nl 

 
*mRNA c=498,6 ng/µl 

 
 

 
 
Figure 7. Illustrations of 1, 2, and 4-cell stage zebrafish embryos (Kimmel et al. 1995) 

 
 
 
 

4.6 Morpholino oligonucleotide microinjections 

 
Morpholino oligonucleotides (MO) were purchased from Gene Tools, LCC. 

Splice-blocking MO for vgll3 was blasted against the zebrafish reference ge-

nome (build GRCz10) to ensure perfect match only to the target site. The ob-

tained MO targeted exon 1-intron 1 splice donor site in pre-mRNA of vgll3. The 

negative control MO targeted a human beta-globin intron mutation that causes 

beta-thalassemia (Gene Tools). p53 MO to control possible unspecific side ef-

fects was co-injected with vgll3 blocking morpholinos. All MOs used in this the-

sis are listed below (Table 9).  
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Table 9. Morpholino oligo sequences complementarity to splice junction target of vgll3 
pre-mRNA, p53 mRNA and β-globin mRNA. 
 

Name Sequence (5’-3’) 

MO (zf_vgll3_ss1_block) CCAACTTTACTCCCCTACCTGCTGC 

p53 MO GCGCCATTGCTTTGCAAGAATTG 

control MO CCTCTTACCTCAGTTACAATTTATA 

 

Microinjections were carried out with an injector (WPI PV830 Pneumatic Pico 

Pump) and a micromanipulator (Narishige, Tokyo, Japan). A dose of 4 nl was 

injected into the yolk of a 1-4-cell stage zebrafish embryo. Knockdown experi-

ment included four MO-injected groups (MO doses ranging from 1,5 to 6 ng), a 

control MO group and WT group as a negative control (Table 10). Groups 1,3, 4 

and MO control contained 30 eggs in each and group 2 contained 25 eggs. 

 

The development of embryos was monitored daily, and mortality and hatching 

rate recorded and abnormal phenotypes documented in all groups at 3 and 5 

dpf.  

 

Table 10. Microinjection mixture 

 
 Group 1  Group 2  Group 3  Group 4 MO control  

Injection volume 4 nl 4 nl 4 nl 4 nl 4 nl 

Control oligo - - - - 1,2 µl 

MO (1,0 mM) 0,3 µl 0,4 µl 0,6 µl 1,2 µl - 

p53 (1,0 mM) 0,6 µl 0,4 µl 0,6 µl 1,2 µl - 

Phenol Red 0,5% 1 µl 1 µl 1 µl 1 µl 1 µl 

Water 3,7 µl 3,2 µl 2,8 µl 1,6 µl 2,8 µl 

Total 5 µl 5 µl 5 µl 5 µl 5 µl 

        Working 

 concentrations 

1,5 ng 

MO /4 nl 

2,0 ng 

MO /4 nl 

3,0 ng 

MO/ 4 nl 

6,0 ng 

MO/ 4 nl 

6,0 ng 

St ctrl/ 4 nl 

4.7 Rescue experiment 
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The rescue experiment was performed with two different MO/mRNA concentra-

tions in each group (Table 11). There were 30 eggs in rescue-group 1 and 25 

eggs in rescue-group 2 used. The splice-blocking MO and synthetic vgll3 mRNA 

were injected into less than two hours post fertilized eggs. Control group includ-

ed uninjected fertilized eggs. 

 

Table 11. Rescue injections  
 

 Group 1 Group 2 

Injection volume 4 nl 4 nl 

mRNA 0,31 µl 0,64 µl 

MO (1,0 mM) 0,6 µl 0,4 µl 

Phenol Red 0,5% 1 µl 1 µl 

Water 3,1 µl 2,96 µl 

Total 5 µl 5 µl 

 

Working concentrations 

 

3,0 ng MO + 0,125 ng 

mRNA 

 

2,0 ng MO + 0,255 ng 

mRNA 

 
 

 
 

4.8 Microscopy and Imaging 

 
The morphology of the embryos and larvae from knockdown, overexpression 

and rescue experiments were examined under a Leica M125 inverted light mi-

croscope. Vgll3-labeled embryos were examined under Leica DM IRB inverted 

light microscope. Pictures of live embryos and larvae were taken with 2,5 meg-

apixel microscope camera Leica MC120 HD, installed into the microscope and 

connected to a PC. Images of the embryos and the larvae were stored and ed-

ited with Leica Application Suite software and Photo Editor (By Chengdu 

Everimaging Science and Technology Co. Ltd). 
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5 Results 
 
 

5.1 Temporal and spatial expression of vgll3 in zebrafish em-

bryos 

 
The results from the ISH experiments showed that vgll3 expression was detect-

able in all examined zebrafish embryos from 3 hpf to 24 hpf. At 3 hpf and 6 hpf 

vgll3 was expressed ubiquitously in all cells (Figure 8). At 12 hpf strongest vgll3 

expression was detected in the hindbrain-midbrain area whereas at 24 hpf the 

expression became clearly localized in the developing hindbrain-midbrain area 

and the trunk (Figure 9). No expression patterns were visible in 48 hpf embryos 

stained with the vgll3 antisense probe (Figure 10). The embryos of the same 

ages in all five groups labeled with the sense probe showed no expression pat-

terns, supporting the specificity of the observed hybridization signal. 
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Figure 8. The figure shows 3 hpf embryos (A, B) and 6 hpf embryos (C, D). The animal 
pole is to the top. Ubiquitous expression of vgll3 (dark purple stain) is observed at both 
developmental stages (A, C). The expression in 3 hpf (B) and 6 hpf (D) sense controls 
was not detected. Sketches shown in lower right corners (A, C) are adapted from Kim-
mel et al. (1995) publication. 
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Figure 9. The figure shows 12 hpf embryos (A, B) and 24 hpf embryos (C, D). The an-
terior side of the embryos is to the top. In 12 hpf embryo, the expression (red arrow) is 
observed in the hindbrain rhombomere region (A). In 24 hpf embryo, vgll3 expression is 
observed in the somites (C.1) and in the midbrain-hindbrain boundary (C.2, two red ar-
rows). Expression in 12 hpf (B) and 24 hpf (D) sense controls was not detected.  
Sketches shown in the lower right corners of images A and C are adapted from Kimmel 
et al. (1995). 
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Figure 10. The figure shows whole-mounted 48 hpf embryos (A, B). The anterior end is 
to the top. The embryos show no detectable vgll3 expression during this stage. 
 

 

5.2 Effects of knockdown of vgll3 in zebrafish embryos 

 
To assess the effects of knocking down vgll3, we injected 1- or 2-cell zebrafish 

embryos with combination of splice-blocking MO and p53 MO in four different 

concentrations. The degree of malformations and mortality in the injected 

groups clearly depended on the morpholino dose (Figure 11). Mortality of larvae 

observed at 5 dpf positively correlated with MO concentrations, ranging from 

13% to 50%. Mortality of control MO larvae was 2.85 higher in comparison with 

the mortality of WT larvae (Figure 12). Showing a similar trend with mortality, 

the phenotypes of the MO injected fish varied according to MO dose (Figure 

12). Hatching rate negatively correlated with concentrations of MO (Figure 13).  

On the contrary, despite the slightly increased mortality, larvae from the control 

MO injections had similar phenotypes compared to the WT.  
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Figure 11. Overview of dose-dependent malformations in 3 dpf larvae. WT larva is 
shown on the top. Malformations become more severe when concentration of the MO 
increases from 1,5 ng to 6,0 ng. Common malformations detected were swollen head, 
smaller eyes, yolk sack edema, heart edema, and shortened and malformed body axis. 
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Figure 12. Mortality percentage (green) and percentage of fish with obvious malfor-
mations (blue) in all groups at 5 dpf. N=30 (g1, g3-4, control, WT), N=25 (g2) 
 

 

 

Figure 13. Hatched morphants and WT at 3 dpf, frequencies shown in percentage. 
Hatching rate remained the same after 3 dpf. N=30 (MO-G1, MO-G3-4, control, WT), 
N=25 (MO-G2) 

 
 
The majority of larvae from MO-G1 group did not look phenotypically affected 

by the injections (Figure 14). About half of the larvae from MO-G2 had small 

pericardial edemas, but lacked any additional defects. The larvae from MO-G3 

showed one or more of the following phenotypes: shortened and curved body 

axis, or both, swollen head, yolk sack edema, pericardial edema, abnormal lo-

calization of a heart, eye edema, eye malformations e.g. absence of anterior 
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chamber (Figure 15). The morphants from this group also appeared smaller, 

less pigmented and remained mainly passive to the response to external stimu-

li. 

 

 

 

Figure 14. 3 dpf larva from MO-G1 on the left and 3 dpf WT larva on the right, with no 
clear phenotypical differences between the groups. N=30 

 

 

 

 

Figure 15. 5 dpf larva from MO-G3 on the left has a swollen head, yolk sack edema 
(red arrow), and pericardial edema (blue arrow). The features were typical for mal-
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formed larvae from MO-G3 (MO c=3,0 ng/4nl). WT larva of same age is shown on the 
right. N=30 
 

 
To validate the specificity of the phenotypic effects of the MOs, we performed 

rescue experiment using combined injections of vgll3 mRNA and MO. The 1- or 

2-cell embryos were injected with a combination of MO and mRNA. Embryos of 

R-G1 were injected with 3,0 ng MO and 0,125 ng mRNA, while embryos of R-

G2 were injected with 2,0 ng MO and 0,255 ng mRNA. Unfortunately, we failed 

to validate the specificity of the MO induced phenotypes with this experiment. 

Both groups receiving a combined dose of MO and mRNA showed a high de-

gree of mortality and abnormal phenotypes. On the contrary, the WT control fish 

were fully viable with no visible malformations. The mortality was slightly higher 

in R-G1 than in R-G2, but the frequencies of malformed phenotypes were simi-

lar in both R-groups (Figure 16), although R-G2 showed more severe pheno-

types. The malformations observed in both groups included undeveloped 

heads, curved or kinked body axis, pericardial edemas and yolk sack edemas 

(Figures 17 and 18). The hatching rate in R-G2 was 5%, while in R-G1 it was 

63% (Figure 19). 

 

 

Figure 16. Mortality (green) and malformed phenotype (blue) frequencies in R-G1-2 
and WT at 4 dpf. N=30 (R-G1, WT), N=25 (R-G2) 
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Figure 17. An image of a malformed larva at 3 dpf from R-G1 compared to WT of 
same age. Malformed larva has a small head, a pericardial edema (blue arrow), yolk 
sack edema (red arrow) and kinked body axis. 
 

 
 

 
 
Figure 18. Unhatched, significantly malformed 4 dpf larva from R-G2 shown on the left. 
The larvae present significant yolk sack and pericardial edemas, undeveloped head 
and body axis. The WT larva of same age is shown on the right. 
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Figure 19. Frequency of hatching observed in the R-G1, R-G2 and WT groups from 
the rescue experiment. 

 

5.3 Effects of overexpressing vgll3 in zebrafish embryos 

 

To assess the effects of vgll3 overexpression in zebrafish embryos, we per-

formed synthetic mRNA injections into zebrafish eggs. Similarly to the MO in-

jected embryos, vgll3 mRNA injected fish showed a range of abnormalities with 

the mRNA injections clearly affecting the development of the embryos. Unex-

pectedly, both phenotypic abnormalities and mortality in 3 dpf larvae correlated 

negatively with the mRNA concentrations (Figure 20). mRNA-G1 injected with 

0,125 ng mRNA contained a high amount of significantly malformed larvae in-

cluding fish with strongly shortened and curved body axis, pericardial edema, 

yolk sack edema, and swollen head (Figure 21). Larvae from mRNA-G2 inject-

ed with 0,255 ng mRNA had similar, but milder malformations in slightly over 

the half of the cases (Figure 22). Hatching frequency remained similar in all 

groups (Figure 23). 
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Figure 20.  Mortality (green) and malformation (blue) frequencies in mRNA-G1, mRNA-
G2 and WT on 3 dpf. N =30 (mRNA-G1 and WT), N =25 (mRNA-G2)  

 

 

Figure 21. An example of a 3 dpf larva with malformations from the mRNA-group 1 on 
the left. The larva has swollen and undeveloped head (blue arrow) and clearly mal-
formed body axis (orange arrow). WT larva of the same age is shown on the right.  
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Figure 22. Two 4 dpf larvae with typical phenotypes from the mRNA-group 2 on the 
left. The larva in the upper left corner shows a dramatic phenotype with pericardial 
edema (blue arrow), yolk sack edema (green arrow), curved body axis and swollen 
head. The larva in the lower left corner shows phenotype with milder malformations. 
WT larva of the same age is shown on the right. 

 
 
 
 
 

 
Figure 23. Hatching rate of mRNA-G1 and mRNA-G2 embryos recorded at 4 dpf. 
N=30 (group 1, WT), N=25 (group 2) 
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6 Discussion 
 
 
VGLL3 is a transcriptional cofactor that has been associated with pubertal tim-

ing in humans and age at maturity in Atlantic salmon (Barson et al. 2015; 

Cousminer et al. 2013). However, molecular mechanisms of the gene behind 

sexual maturation in humans and fish remain unknown. This thesis was de-

signed to explore two questions: 1) is the VGLL3 homolog expressed during the 

development of zebrafish embryos and is the expression such that it can be 

linked to the formation of the HPG axis during the embryogenesis; and 2) what 

is the impact of up- and downregulation of vgll3 expression during zebrafish 

embryonic development. 

 

6.1 Expression of vgll3 in WT embryos 

 

The in situ hybridization experiment for zebrafish embryos repeated the previ-

ously reported embryonic expression patterns of vgll3 in other model organisms 

(Gambaro et al. 2013; Faucheux et al. 2010; Halperin et al. 2013; McDowell et 

al. 2012; Mielcarek et al. 2009). The result strengthens the suggestion that the 

gene contributes to early vertebrate development in an evolutionarily conserved 

manner. However, the results from this study do not directly link vgll3 to the de-

velopment of the HPG-axis at least during the embryogenesis, and thus the 

gene’s link to puberty remains elusive. However, for example in this study it was 

not possible to study the relation of the vgll3 expression to the formation and 

development of gonads, due to gonadogenesis starting only around 8 dpf in 

zebrafish (Okuthe et al. 2014).  

 

Although the study missed the link to puberty, the results from the in situ exper-

iments provided several interesting results. The expression of vgll3 was detect-

ed in four age groups out of five. The strongest signal was present in embryos 

at 3 hpf (512-cell) and 6 hpf (germ ring). At 3 hpf the embryo is entering a mid-
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blastula period, during which the embryonic cells form a blastomeric sphere. 

The 6 hpf embryo is in the middle of the gastrula period, when the cells organ-

ize into three germ layers known as mesoderm, ectoderm and endoderm (Kim-

mel et al. 1995). Potentially, as a transcription cofactor, the role of vgll3 during 

early embryogenesis could be similar to a role of any other transcription cofac-

tor within regulatory networks, which regulate the cleavage and determinate the 

cell fate during segregation of the three germ layers (Khan et al. 2012; Peter & 

Davidson, 2010; Spitz & Furlong, 2012).  

 

At 12 hpf (3-somite stage), a strong signal was observed in the future hindbrain 

region. At this stage, embryo undergoes segmentation process along the ante-

rior-posterior axis, which includes generation of seven segments of hindbrain 

called rhombomeres (Kimmel et al. 1995). As described previously (Kimmel et 

al. 1995; Schilling et al. 2001), the rhombomeres are not morphologically divid-

ed (rhombomere boundaries are not developed) prior 18 hpf, thus at 3-somite 

stage it is not possible to link the observed expression pattern with a particular 

rhombomere.  

 

At 24 hpf (prim-5 stage), I detected expression of vgll3 in the midbrain-hindbrain 

boundary region, and in the trunk (somites) (section 5.1. Figure 9C). At this 

stage, the primordium of the cerebellum (anterior part of rhombomere1) and 

midbrain-hindrain boundary develop. Also, all 30 somites of the trunk are 

formed (Stickney et al.). This suggests that vgll3 may play a role in the devel-

opment of these regions of the embryo. Interestingly, the mouse and Xenopus 

vgll3 homologs are also expressed in the hindbrain and somites at similar stag-

es of embryonic development. This supports conserved mechanisms of vgll3 

among vertebrates (Faucheux et al. 2010; Mielcarek et al. 2009). 

 

At 48 hpf (right before long-pec), the ISH experiment failed to show any expres-

sion of vgll3. The result suggests that either the gene is only weakly expressed 

during this stage, or there was a problem with the penetration of the probe into 

the embryos. If the gene truly is weakly expressed, a logical conclusion would 

be that vgll3 lacks any functions in this development stage. For example, the 

absence of the gene expression could be partly explained by the fact that the 
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hindbrain and the somites have completed their formation prior 48 hpf (Kimmel 

et al. 1995; Stickney et al. 2000).  

 

 

 

Figure 24. 12 hpf zebrafish embryo. Developing rhombomeres (without boundaries) 

are numbered from r2 to r7. The rhombomere division is presumptive. The figure is 

adapted from Schilling et al. (2001) paper. 
 

 

Although in this thesis we did not try to characterize the molecular function of 

the vgll3, potentially, the function of vgll3 could be similar or related to the func-

tion vgll2, showing a high degree of sequence homology. In mice, Vgll2 is an 

important cofactor, which guides TEF-1 transcription factor during differentiation 

of specific muscle classes (Chen et al. 2004b; Mielcarek et al. 2009). Based on 

the observed expression patterns, it is possible, that in zebrafish vgll3 exerts a 

similar guiding role for other transcription factors that participate in the formation 

of the hindbrain and the somites, or both. 

 

 

6.2 Knockdown and overexpression of vgll3 

 
In the knockdown experiment, I observed the expected concentration-

dependent phenotypes in almost all MO-groups. However, I did not detect any 



 

42 
 

phenotypical effects of injections in the group with the lowest dose of MO (MO-

G1, 1.5 ng). Observed absence of visible malformations in this group could be 

due to several reasons: First, the specific malformations occurred only in inter-

nal structures of embryos, thus they were not detectable with the optics used in 

this work. Second, the dose was not high enough to cause malformations or, fi-

nally, the gene could simply not have any important functions in the developing 

embryos. The reason can be also a combination of all. In the case of too small 

dose of MO, it is possible that vgll3 codes for a protein with a long half-life 

or/and an efficient function with only small amount of gene product required. 

Therefore, the dose of 1.5 ng was not enough for proper gene knockdown. It is 

also possible that due to the small dose of MO the embryos were capable of 

producing more vgll3 product for compensating the lost product amount.  

 

Morphants of MO-groups 2,3 and 4 showed concentration-dependence in all 

observed phenotypes. Yet, the phenotypes may result from either specific or 

non-specific effects. If the effects are specific, these results could support an 

important role of vgll3 during embryonic development in zebrafish, keeping in 

mind that the expression of the gene was ubiquitous during the earlier studied 

stages and the gene’s knockdown seems to affect the whole embryo. However, 

with the use of morpholinos it is always good to be careful with interpretations of 

the results, because MOs may sometimes cause off-target and toxic effects 

even in relatively small doses. As it has been pointed out in a case of reduced 

Cytochrome C oxidase activity, MO injections can affect many cellular mecha-

nisms (Baden et al. 2007). Even 1.0 ng of MO contains 2 x 10-4-fold molar ex-

cess of antisense molecules compared to the abundance of an average mRNA 

molecule, which could potentially disturb the normal functions of a cell (Schulte-

Merker & Stainier 2014). With the co-injections of p53 MO, I aimed to reduce 

the potential toxic effects of MO, but there is still a possibility that the injection 

could have activated another lethal pathway in the embryo. The morphants of 

all groups, except MO-group1, had typical malformations associated with toxici-

ty such as necrosis in the head region, pericardial edema, and yolk sack edema 

(Bedell et al. 2011). Therefore, in addition to negative control MO and RNA res-

cue controls used in this work, other reliable validation methods such as groups 

injected with translation-blocking MO, MO targeting other splice site of the gene 
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or knockout mutants should be used (Eisen & Smith 2008; Nasevicius & Ekker 

2000). For confirmation of the efficiency of MO, especially in the group without 

visible malformations, it is recommended to perform Western blotting or similar 

immunohistochemical technique. Other techniques such as qRT-PCR in order 

to detect the levels of mRNA molecules are also suitable (Eisen & Smith 2008). 

 

In the overexpression experiment both injected groups showed malformations. 

The results of this experiment could support the results I documented in the 

knockdown experiment: both down- and upregulation of the expression of vgll3 

lead to developmental abnormalities. Potentially, even slight over-dosage of the 

vgll3 product could have serious effects on early embryos. As with the knock-

down experiment, it is also possible that occurred malformations are due to the 

toxicity of the injections. High concentrations of synthetic mRNA with combina-

tion of an early timing of injections could possibly result in dramatic phenotypes. 

In this experiment, I expected to see similar dose-dependent phenotypes as in 

the knockdown experiment, but surprisingly I observed more severe phenotypi-

cal changes in mRNA-group 1 receiving the lower dose and vice versa. One 

possible reason could be a technical error in mRNA dosage into the injection 

mixture, so the mixture with supposed higher mRNA concentration actually con-

tained a lower concentration. Other possible reasons might be the quality of the 

spawning pairs and the offspring.  

 

Frequencies of the hatched embryos in both injected groups were high despite 

of the high concentrations of mRNA in both groups, suggesting that fish injected 

with mRNA, although heavily mutated, were clearly more viable compared to 

the MO-injected fish. The result seemingly suggests that MO injections affect 

viability more than mRNA injections. 

 

The mRNA rescue experiment to validate MO specificity was performed with 

coinjections of MO and mRNA. In cases of ubiquitous gene expression, the res-

cue method is usually straightforward (Eisen & Smith 2008). Unfortunately, the 

experiment did not produce expected results, and thus I could not validate MO 

phenotype from the knockdown experiment. The embryos from both injected 

groups showed some degree of malformations instead of expected rescued 
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WT-like phenotype. Both groups showed mixed mRNA overexpression and MO 

phenotypes with severe malformations. I documented higher degree of malfor-

mations in R-G2, what explains the low hatching rate in this group. I suggest 

that the combination of splice-blocking MO and mRNA was too toxic for early 

embryos. The most likely reason for toxicity is that I failed to achieve balanced 

dosage of both MO and mRNA resulting in either too high MO or mRNA dose, 

or both. Potentially, the results from all the experiments presented in this thesis 

might also be interpreted such that altering vgll3 expression in any manner dur-

ing the embryogenesis is harmful for the developing organism.  
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7 Conclusions 
 
 

This thesis focused on characterizing the function of VGLL3 that has been as-

sociated with variation in maturational timing in humans and Atlantic salmon, 

suggesting evolutionary conserved function of the gene. Since the main struc-

tures essential for puberty and sexual maturation, including the HPG-axis, start 

to develop during the embryogenesis, we hypothesized that VGLL3 might con-

tribute to the formation of these structures. To test this hypothesis, we exam-

ined the expression patterns and consequences of altering the expression lev-

els of the VGLL3 homolog in zebrafish embryos.  

 

The findings from the experiments support the hypothesis of conserved func-

tions of VGLL3 among vertebrates, although we failed to link the gene with the 

development of the HPG axis. The ubiquitous nature of vgll3 expression sug-

gests that the gene contributes to the growth of zebrafish during the early stag-

es of embryonic development. As the development proceeds, the expression 

localizes in the hindbrain and the midbrain-hindbrain boundary, suggesting vgll3 

may affect the formation of these structures. Manipulating vgll3 expression re-

sulted in malformed phenotypes, higher mortality and reduced hatching rate. 

Although the results from the experiments involving vgll3 expression manipula-

tion leave room for speculation, they do not completely exclude a potentially im-

portant role for vgll3 during embryonic development.  
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8 Future directions 
 
 

At the moment, we have continued the characterization of the vgll3 by develop-

ing a knockout model for the vgll3 gene with CRISPR/Cas9 system (Irion et al. 

2014). We aim to study the impacts of a permanent gene knockout for fish vitali-

ty and development.  

 

In this thesis, I was not able to study a possible role of vgll3 for adipose tissue 

formation and accumulation, a potential function of vgll3 known to affect matura-

tional timing. Therefore, one interesting topic for the future could be evaluation 

of expression patterns and the effects of vgll3 down- and upregulation in post 8 

days old zebrafish.  After this age, the development of fat cells occurs, and the 

study could yield links between vgll3 and adipocyte formation (Flynn et al. 

2009).  

 

Another direction could be the evaluation of the role of vgll3 for somitogenesis. 

According to the results presented in this thesis, the expression of vgll3 is 

strong during the formation of the somites, and might play a role in this process.  
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