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Chapter 1: Introduction 
1.1 General introduction 
 

 The zebrafish (Danio rerio) is one of the most widely used vertebrate 
models in developmental biology. There is no better illustration for the 
importance of this model than the awarding of the 1995 Nobel prize for 
medicine or physiology to Dr. Nusslein-Volhard for her work on discovering 
essential genes in early vertebrate development in zebrafish mutant screens 
(Granato and Nusslein-Volhard 1996; Nusslein-Volhard 1994). The reasons for 
using the zebrafish are evident since this small tropical fish has a high fecundity 
and the embryo rapidly develops in optically clear eggs which allows for easy 
monitoring of development (Westerfield 2000). The sequencing of its genome 
has now been completed and deposited in publically available databases, 
facilitating zebrafish genetics. Additionally, an ever increasing number of 
molecular and genetic techniques are being developed to discover and study 
conserved functional roles of genes and pathways in the zebrafish. Finally, 
there are growing numbers of mutant and transgenic zebrafish lines that are 
readily available within the research community facilitating research into 
molecular mechanism in developmental biology.  

The establishment of the zebrafish as a developmental research model 
has resulted in the discovery of many genes and pathways essential for 
conserved processes in vertebrate embryonic development. It is therefore no 
surprise that the zebrafish is gaining ground in the field of developmental 
toxicology and has proven useful in the analysis of established and novel 
molecular mechanisms of action of teratogenic compounds (Scholz et al. 2008; 
Yang et al. 2009). Finally, the zebrafish may be a convenient model in the 
answering some of the fundamental questions regarding gene-environment 
interactions which may explain poorly understood, complex etiologies of 
structural birth defects (Finnell et al. 2002). 

This thesis focuses on the teratogenic effects caused by a class of widely 
used dithiocarbamate (DTC) chemicals and specifically on the role of a small 
family of cuproenzymes termed lysyl oxidase-like (LOXL) proteins in mediating 
these teratogenic effects. In initial studies it was found that LOXL proteins were 
involved in other developmental processes which prompted further 
investigation. In the second part of this thesis evidence is provided for novel 
functional roles of LOXL proteins in zebrafish craniofacial development. By 
using the zebrafish in combination with state of the art molecular biological 
tools such as targeted gene knock down and microarray analysis, this study is at 
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the crossroads of developmental biology and toxicology and provides novel 
insight into both the teratogenic effects of DTCs, as well as the genetic 
requirements for vertebrate craniofacial development. 

 
1.2 Gene-environment interactions in the development of birth defects 

 
In the United States alone, one in 33 individuals is affected by a 

structural birth defect while the incidence in Europe is around one in 50 
individuals (CDC 2009; Eurocat 2010). Among the most common structural 
birth defects in western society are neural tube defects, congenital heart 
defects and abnormal craniofacial development (Finnell et al. 2002; Zhu et al. 
2009). Approximately 25% of the defects have a known genetic cause; 10 % is 
thought to be the result of exposure to teratogenic agents and up to 70 % of 
structural birth defects have causes that are not understood (Eurocat 2010; 
Finnell et al. 2002; Zhu et al. 2009). The high incidence of structural birth 
defects is due to the high sensitivity of the developing vertebrate for subtle 
distortions of tightly regulated, complex processes during embryonic 
development (Finnell et al. 2002; Zhu et al. 2009). It is generally understood 
that both genetic and environmental factors contribute to the complex etiology 
of congenital defects with unknown causes (Finnell et al. 2002). This is 
supported by epidemiological studies that consistently show that individual 
genetic variations pose only a small increase in the risk of developing birth 
defects (Zhu et al. 2005). The environmental factors that contribute to 
congenital abnormalities include both compromised maternal nutritional status 
and exposure to teratogenic agents. The relative contribution of these 
determinants may account for the heterogeneity of structural birth defect 
outcome and epidemiological research supports this theory (Zhu et al. 2009). 
However, the interactions between genetic background and environmental 
determinants have been difficult to study in experimental settings, not in the 
least due to the lack of a suitable vertebrate model. The zebrafish may provide 
a convenient system to advance our understanding of the contribution of gene-
environment interactions in the development of structural birth defects and 
provides an excellent system to dissect conserved genes, pathways and 
ultimately molecular mechanisms that are at the basis of chemically induced 
teratogenesis (Nagel 2002; Yang et al. 2009).  

Among the most common structural birth defects are craniofacial 
anomalies such as orofacial clefts. These malformations affect around one in 
1000 individuals, thus presenting a substantial socio-economic problem (CDC 
2009; Eurocat 2010; Trainor and Krumlauf 2000). Many of the genes that 
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regulate patterning and morphogenesis of the vertebrate craniofacial skeleton 
are known but the exact molecular mechanisms underlying most craniofacial 
abnormalities are unclear (Finnell et al. 2002; Jugessur et al. 2009). Teratogens 
contribute to craniofacial abnormalities (Young et al. 2000) and the list of 
proven and suspected agents is long. Some of the most well studied include 
retinoic acid (Young et al. 2000), alcohol (Sulik et al. 1988), valproic acid 
(Ardinger et al. 1988) and 2,3,7,8-tetrachlorodibenzo-p-dioxin (Yeager et al. 
2006). However, given the ever increasing number of chemicals in the 
environment, there is a clear need for identification and characterization of 
effects of chemicals on development, especially when considered in the 
context of gene-environment interactions, where developing embryos with a 
sensitive genetic background and compromised maternal nutritional status, 
may develop abnormalities as a result of a subtle teratogenic insult.  

 
1.3 Dithiocarbamates 
 

Dithiocarbamate use 

Dithiocarbamates (DTCs) have a variety of applications in diverse fields 
ranging from medicine and rubber manufacturing to agriculture. DTCs were 
introduced in the 1930’s and Worldwide use of DTCs today is estimated to be 
between 25,000 and 35,000 metric tonnes per year (World Health Organization 
1998).  
 

 
Figure 1. Chemical structure of selected dithiocarbamates used in this study. 

 
Several DTCs are extensively used in toxicological research as 

representative compounds of this chemical class and three are subsequently 
used in this study (Fig. 1). The first is monomethyl dithiocarbamate disulfide 
(metam), a general agricultural biocide which is applied prior to planting to 
eliminate nematodes, soil pathogens and weeds. In soil, metam is rapidly 
degraded to its active ingredient methyl isothiocyanate (MITC). The second 
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compound is dimethyl dithiocarbamate disulfide (thiram) which is used as a 
fungicide to prevent crop damage and to protect harvested crops from 
deterioration in storage or transport. Finally, the experimental compound 
dimethyl dithiocarbamate disulfide (disulfiram) is closely related to thiram and 
used in clinical settings for the treatment of nickel poisoning and alcohol 
addiction (World Health Organization 1998). 

There is concern for exposure to DTCs through occupational settings and 
due to residues in feed and food (Caldas et al. 2004; Cole et al. 1998). In fact, a 
recent survey within a European Union-coordinated monitoring program of 
pesticide residues in fruits, vegetables and cereals showed that residues of 
DTCs were found most often (16% of all samples) and exceeded maximum 
residue levels most often (European Commission, 2002). For aquatic life, runoff 
water from agricultural lands is a potential threat due to their use as biocides. 
In summary, humans and wildlife are exposed to DTCs and as such, it is 
important to investigate novel teratogenic endpoints and molecular 
mechanisms that underlie these effects in order to better understand potential 
risks of DTC exposure. 
 
Dithiocarbamate toxicity 

DTCs are thought to be relatively safe to mammals due to their rapid 
biotransformation (Johnson et al. 1996). Acute toxic effects resulting from DTC 
exposure occur at extremely high concentrations (g/kg range) whereas sub-
lethal effects still require doses in the mg/kg/day range (Vettorazzi et al. 1995). 
For instance, oral exposure of Sprague Dawley rats to 25 mg/kg/day thiram for 
80 weeks resulted in demylination and degeneration of the sciatic nerve 
whereas for sodium metam, concentrations above 324 mg/kg/day in a two year 
study lead to neurotoxicity (Lee and Peters 1976). However, it is well 
established that DTCs are teratogenic to developing vertebrates, and the exact 
molecular mechanisms underlying these effects are poorly understood. In 
rodents, DTC exposure leads to a range of bone and cartilage abnormalities 
such as cleft palate, wavy rib formation, distortion of long limb bones, fused 
rib, hydrocephaly and micrognathia (Robens 1969; Roll 1971). Exposure of 
developing poultry to DTCs mimics a common bone disorder found in the 
poultry industry termed tibial dischondroplasia and craniofacial abnormalities 
(Korhonen et al. 1983; Rath et al. 2007; Simsa et al. 2007). For reasons that are 
not entirely understood, fish are particularly sensitive to DTCs. Exposure of 
developing rainbow trout (Van Leeuwen et al. 1986) and zebrafish (Haendel et 
al. 2004; Tilton et al. 2006) to nanomolar concentrations of DTCs leads to a 
characteristic undulated “wavy” notochord phenotype and a shorter body axis. 
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The exact molecular mechanism underlying DTC induced abnormalities are 
unknown but several mechanisms have been implicated. 
 
Molecular mechanisms involved in DTC teratogenesis 

Several molecular mechanisms have been suggested to contribute to DTC 
induced teratogenesis. These include increased oxidative stress (Heikkila et al. 
1976; Nobel et al. 1995; Nobel et al. 1997), modification of apoptotic pathways 
(Furuta et al. 2002; Nobel et al. 1997), alteration of cellular thiol status (Tilton 
et al. 2008), altered metal homeostasis (Fitsanakis et al. 2002; Guven et al. 
1998), inhibition of metal containing enzymes (Anderson et al. 2007; Gansner 
et al. 2007) and inhibition of retinoic acid signalling (Stratford et al. 1996). 
However, most studies have focussed on the effective metal chelating 
properties of DTCs (Fitsanakis et al. 2002; Furuta et al. 2002; Heikkila et al. 
1976). In particular, DTCs are known to bind copper, an essential metal for the 
functioning of copper containing (cupro-) enzymes (Kambe et al. 2008; Shim 
and Harris 2003). It is thought that altered copper homeostasis contributes to 
the DTC induced phenotype in zebrafish since the characteristic DTC induced 
notochord phenotype can be partly rescued by co-incubation with CuCl2 (Tilton 
et al. 2006). Additionally, other copper chelators, partially mimic the DTC 
induced phenotype (Anderson et al. 2007; Gansner et al. 2007). However, there 
are several lines of evidence that suggest that reduced copper availability alone 
does not explain the phenotype. First, copper chelators such as 2,2,pyridyl and 
neocuproine (NCu) only partially mimic the phenotype induced by DTCs 
(Teraoka et al. 2006; Tilton et al. 2006). Second, the distortion of the notochord 
by NCu cannot be rescued by tricaine, a paralyzing agent that can rescue the 
DTC induced wavy notochord phenotype (Teraoka et al. 2006). Furthermore, 
MITC the active ingredient of sodium metam, causes identical malformations 
but has no copper binding capacities (Tilton et al. 2006). Lastly, the 
experimental compound pyrolidine-DTC causes an identical phenotype as 
obtained with dimethyl DTCs but cannot be rescued by the addition of copper 
(Tilton et al. 2006). Taken together, these data suggest that other modes of 
action, in addition to disruption of copper homeostasis, may contribute to DTC 
induced teratogenesis. 
 A second mechanism that may be important in DTC induced 
teratogenesis is the inhibition of retinaldehyde dehydrogenase (ALDH1A2 or 
RALDH2). ALDH1A2 is essential for the biosynthesis of all-trans-retinoic acid 
(RA) from retinol and impairment of ALDH1A2 leads to developmental 
abnormalities related to reduced RA signalling (Perlmann 2002; Theodosiou et 
al. 2010). Importantly, this mechanism has been described for disulfiram but 
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not for other DTCs (Stratford et al. 1996). However, the DTC specific notochord 
phenotype is not seen in Aldh1a2 zebrafish mutants (neckless) (Begemann et 
al. 2001) or in embryos exposed to other Aldh1a2 inhibitors (Costaridis et al. 
1996). Furthermore, reduced RA specific abnormalities such as yolk sac 
oedema are only observed with disulfiram and not with other DTCs (Tilton et al. 
2006). These findings suggest that inhibition of Aldh1a2 is not the main 
mechanism by which DTCs are teratogenic but should be taken into account 
when investigating DTC induced teratogenic effects. 

Finally, it was proposed that one of the mechanisms by which DTCs may 
be teratogenic is by inhibition of metal containing enzymes. Recent research 
suggests the involvement of a small class of cuproenzymes termed lysyl 
oxidase-like (LOXL) proteins, in mediating DTC induced teratogenesis (Gansner 
et al. 2007). Chemical inhibition of lysyl oxidase activity with during zebrafish 
development with the pharmacological inhibitor β- aminoproprionitrile (βAPN) 
leads to an undulated “wavy” notochord phenotype that is identical to the DTC 
induced phenotype (Anderson et al. 2007; Gansner et al. 2007). Therefore, the 
LOXL protein family is a good candidate for further investigation with respect to 
mediating DTC induced teratogenesis. 

 

1.4 The Lysyl oxidase-like protein family 
 

LOXL proteins are a family of evolutionary conserved cuproenzymes that 
catalyze specific post-translational modifications of proteins (Lucero and Kagan 
2006; Maki 2009). In mammals the LOXL protein family consists of five 
members: the prototypic lysyl oxidase (LOX) and the consecutively named 
LOXL1, LOXL2, LOXL3 and LOXL4 (Maki 2009). All family members contain a 
highly conserved C-terminal catalytic domain which includes a copper binding 
motif and a more variable N-terminal region which contains a signal peptide, 
suggesting that they are secreted proteins (Maki 2009). The LOX catalytic 
domain deaminates ε-amino groups of peptidyl lysine residues into reactive 
aldehyde residues and these modifications result in spontaneous inter- or 
intramolecular cross-linking of proteins by interacting with lysine or other 
aldehyde residues (Lucero and Kagan 2006). In LOXL2-4 proteins the N-terminal 
half contains four Scavenger Receptor Cysteïn Rich domains (SRCR) of which 
the exact function is unknown. However, these domains highly resemble 
domains found in membrane associated proteins involved in cell adhesion and 
signal transduction (Yamada et al. 1998). Based on the structural differences 
between LOX, LOXL1 and LOXL2-4, the latter are thought to have separate 
functions (Maki 2009). LOXL proteins are expressed in a wide variety of adult 
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and embryonic tissues including lung, liver, skin, spleen, aorta and cartilage 
(Maki 2009; Maki and Kivirikko 2001) but their function in adult tissues is 
poorly understood. Moreover, although LOX has been under study since 1968 
(Pinnel and Martin 1968), very little is known about the functional roles of 
individual LOXL proteins during embryonic development. It has to be noted 
that lysyl oxidase activity is highly conserved throughout vertebrate embryonic 
development as it is detected in the sea urchin (Butler et al. 1987), drosophila 
(Molnar et al. 2003; Molnar et al. 2005), frogs (Geach and Dale 2005)  zebrafish 
(Anderson et al. 2007; Gansner et al. 2007) and mammals  (Csiszar 2001). 
Finally, interest in LOXL protein biology has increased dramatically in recent 
years because they are highly associated with various forms of cancer and have 
unexpected roles in modification of signal transduction pathways and cancer 
metastasis (Atsawasuwan et al. 2008; Payne et al. 2007; Peinado et al. 2005; 
Schietke et al. 2010). 
 
Mechanism of action of lysyl oxidase catalytic domain 

The LOX catalyzed reaction is an oxidation reduction reaction and has 
been extensively studied in the prototypic rat Lox (Lucero and Kagan 2006). The 
LOX catalytic domain needs two essential co-factors; a tightly bound copper 
molecule and a covalently integrated organic molecule identified as lysine 
tyrosylquinone (LTQ). LTQ allows for the passage of electrons to molecular 
oxygen acting as an electron sink as it is readily reduced by electrons from the 
ε-carbon group from the substrate peptidyl lysine residue. LTQ is 
autocatalytically derived from a tyrosine and lysine residue within the LOX 
protein through the enzyme bound copper atom. The copper molecule 
catalyses the oxidation of a tyrosine residue (Tyr345 in rat) to peptidyl 
dihidroxyphenylalanine quinone which is followed by covalent addition to the 
quinine ring of the ε-carbon group of the attacking Lysine residue (Lys314 in 
rat). Oxidation of the resulting peptidyl lysine tyrosylquinol to the functional 
LTQ can then be accomplished by passage of electrons to molecular oxygen, 
the final acceptor of electrons for this enzyme (Lucero and Kagan 2006). From 
this, it is evident that copper is crucial for proper functioning of the LOX 
catalytic domain. 
 
Chemical inhibition of lysyl oxidase activity 

Chemicals that inhibit lysyl oxidase activity are increasingly under 
investigation due to possible applications in preventing cancer metastasis (Erler 
et al. 2009; Peinado et al. 2005; Peinado et al. 2008; Schietke et al. 2010). To 
date there are no compounds known that specifically target individual LOXL 
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proteins, hampering the investigation of the role of individual family members. 
However, it is well described that lysyl oxidase activity can be inhibited by β-
aminoproprionitrile (βAPN) (Tang et al. 1983). βAPN irreversibly binds the 
active site within the LOX catalytic domain, thus preventing normal functioning. 
Exposure of adult vertebrates to βAPN leads to a pathological condition termed 
lathyrism in which bone is one of the most severely affected tissues and leads 
to kyphoscoliosis, bone deformities, weakening of tendons and ligament 
attachments, dislocation of joints, impaired bone fracture healing, and ectopic 
bone exostoses (Yeager et al. 1985). βAPN is known to inhibit other amine 
oxidases at higher concentrations but is sufficiently specific to distinguish 
between these different classes of proteins (Tang et al. 1989). However, for 
reasons not entirely understood, not all lysyl oxidase activity is inhibited by 
βAPN (Maki 2009; Payne et al. 2007). In addition, LOXL2 does not seem to be 
inhibited by βAPN at all (Vadasz et al. 2005). The use of βAPN in biochemical 
studies as an inhibitor may therefore overlook some of the biological functions 
of individual LOXL proteins. Therefore the use of knock down technologies will 
further increase basic understanding of individual LOXL protein biology (Payne 
et al. 2007). 
 
Functional and molecular roles of lysyl oxidases in disease and development 

Reduced lysyl oxidase activity is associated with a number of pathological 
conditions including atherogenesis, fibrosis and cancer (Maki 2009; Rodriguez 
et al. 2008). Furthermore, reduced lysyl oxidase activity is associated with 
congenital disorders including cutis laxa and Ehlers-Danloss syndrome (Maki 
2009). Although in the past decade important functional roles for LOXL proteins 
in cancer biology have been discovered, the functional roles and molecular 
targets of the individual LOXL proteins during embryonic development are 
poorly understood. The two most studied LOXL proteins, LOX and LOXL1, 
crosslink elastin- and collagen monomers into insoluble fibers in the extra 
cellular matrix (ECM) of connective tissues (Lucero and Kagan 2006). During 
embryonic development murine Lox is predominantly expressed in the 
cardiovascular system (Tsuda et al. 2003) and Lox deficient mice die perinatally 
due to cardiovascular and respiratory complications (Maki et al. 2002). Analysis 
of the Lox-/- pups revealed abnormal deposits of elastin and collagen in various 
tissues (Maki et al. 2002; Maki et al. 2005). Loxl1 deficient mice exhibited 
abnormal elastin deposits which resulted in pelvic organ prolapse, enlarged 
airspaces in the lungs, loose skin, intestinal diverticula and vascular 
abnormalities (Liu et al. 2007; Liu et al. 2004; Liu et al. 2006). These models 
have been only partly informative due to early lethality of the Lox-/- model and 
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possible redundancy between individual LOXL proteins. Moreover, there are no 
murine knock out models for LOXL2-4 so their function during embryonic 
development remains elusive. 

Classically, it was thought that elastin and collagen monomers were the 
unique molecular targets of LOXL proteins and that their exclusive function was 
to organize the ECM in connective tissues (Lucero and Kagan 2006). However, 
LOXL proteins are observed in the cytoplasm and nucleus in various cell lines 
and tissues and in the past decades, LOXL proteins have been implicated in the 
regulation of signal transduction and gene transcription by modifying different 
molecular targets both in the intra- and extracellular compartment (Payne et 
al. 2007). For example, in cultured chondrogenic cells, inhibition of lysyl oxidase 
activity with βAPN leads to increased expression of structural components of 
the ECM, including collagens (Beekman et al. 1997; Gerstenfeld et al. 1993; 
Hong et al. 2004). In ras transformed cells, LOX regulates cell adhesion through 
increased β-catenin and cyclin D1 expression (Giampuzzi et al. 2005). In 
addition, LOXL proteins alter chromatin condensation (Mello et al. 1995) and 
modify signal transduction pathways, for instance by inactivation of the 
transcription factor NF-κB (Jeay et al. 2003). Recent studies revealed that LOX 
modifies the activity of transforming growth factor beta -1 (TGFβ1), an 
important signalling molecule with multiple roles in both development and 
cancer cell biology (Kim et al. 2008). It was found that LOX can bind TGFβ1 in 
the extracellular compartment directly and modifies its activity through LOX 
catalytic activity (Atsawasuwan et al. 2008). In a recent study in mice, it was 
discovered that stiffening of the ECM through collagen crosslinking enhances 
integrin signalling and as such forces tumour progression (Levental et al. 2009). 
In addition, all LOXL proteins accept LOXL4 can bind transcriptional repressor 
SNAIL (Peinado et al. 2005), a key switch in epithelial to mesenchymal 
transitions (EMT) by repressing the cellular adhesion molecule E-Catherin 
(CDH1) (Thiery et al. 2009). LOXL2 and LOXL3 over expression in epithelial 
(MDCK) cells induces EMT and biochemical studies revealed that at least LOXL2 
catalyzed intra-molecular crosslinking of SNAIL which protected this 
transcriptional repressor from degradation (Peinado et al. 2005). The 
repression of CDH1 through LOX and LOXL2 was confirmed in two separate 
studies but apparently, EMT in one of these cell culture systems was not 
dependent on SNAIL, suggesting the involvement of additional mechanisms 
(Schietke et al. 2010). In a separate study, LOXL2 was shown to induce both the 
SNAIL/E-cadherin pathway and the Src kinase/Focal adhesion kinase (Src/FAK) 
pathway in vitro but invasion and metastasis of gastric tumours in mice was 
exclusively promoted through the Src/FAK pathway (Peng et al. 2009). 
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In summary, the LOXL protein family catalyzes post-translational 
modifications of multiple target proteins in both the intra- and extracellular 
compartment and have important functional roles in cancer- and 
developmental biology. It is likely that LOXL proteins have more, as yet 
undiscovered functions in and the molecular mechanisms through which they 
function may range from organizing the ECM to the control of signal 
transduction and gene expression (Maki 2009).  

 
1.5 Lysyl oxidases in zebrafish development 
 

In the past four years, the zebrafish has become an important model in 
studying the functional role of individual Loxl proteins in vertebrate 
development (Gansner et al. 2007; Reynaud et al. 2008). Eight Loxl proteins 
have been identified in zebrafish so far which includes orthologs for each 
mammalian LOXL protein, except LOXL4 (Fig.1). The zebrafish has two 
additional Loxl proteins: Loxl5a and Loxl5b (Gansner et al. 2007), which are 
closely related to Lox and Loxl1. Alignment of  nucleotide sequence analysis 
with human and rodent sequences revealed that loxl3a and loxl3b lack the 
signalling peptide and SCRC domains found in the mammalian LOXL3 orthologs 
(Gansner et al. 2007). The presence of paralogs for some of the zebrafish Loxl 
proteins likely represents a genome duplication and subsequent partitioning of 
gene function (Lynch and Force, 2000; Woods et al., 2000). The expression and 
function of the loxl genes has been partly studied in zebrafish and revealed 
important roles in different aspects of zebrafish development. For instance, 
zebrafish Lox has been identified as a 408 amino acid, 50 kD protein (Reynaud 
et al. 2008).  lox is expressed from 3 hpf until 5 dpf as determined by RT-PCR. 
Spatiotemporal expression analysis with in situ hybridization revealed that up 
to 90 % epiboly, lox is expressed ubiquitously while at 24 hpf, expression is still 
found throughout the embryo, but is not detected in the notochord. At 48 hpf, 
expression is found in the developing central nervous system, eyes, pectoral fin 
and muscle. Targeted knock down of lox with antisense morpholinos revealed 
that Lox morphants have a mildly undulated wavy notochord, shortened 
anterior to posterior axis, bent tail, pericardial oedema and smaller heads. 
More detailed analysis revealed neural defects, disorganization of muscle 
somites and craniofacial defects. Although the authors included a sense control 
probe to demonstrate specificity of the used riboprobe, expression domains 
seem unspecific and inconsistent with some of the effects found in morphant 
embryos, especially with respect to notochord development. Moreover, gene 
expression was confirmed with an extreme number of PCR cycles, suggesting 
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the expression of lox is low or insignificant (Reynaud et al. 2008). In summary, 
the role of Lox during zebrafish development is not entirely clear and requires 
further investigation.  

In a separate study, expression of four loxl genes, loxl1, loxl2b, loxl3b and 
loxl5b, was detected by in situ hybridization in the developing notochord up to 
24 hpf (Gansner et al. 2007). Morpholino mediated knock down of single loxl 
genes or combinations of the loxl genes revealed that knock down of loxl1 or 
combined loxl1 and loxl5b knockdown resulted in a highly similar undulated 
notochord phenotype as induced by exposure to βAPN. On the molecular level, 
expression of the most important collagen in notochord development, fibrillar 
collagen type II a 1 (col2a1) is perturbed and loxl1 genetically interacts with 
col2a1, suggesting that the wavy notochord phenotype is caused by abnormal 
crosslinking of col2a1 by loxl1 (Gansner et al. 2007). Finally, it was 
demonstrated that partial loxl1 knock down sensitizes developing zebrafish 
embryos to the copper chelator NCu, underscoring the necessity of copper for 
the functioning of the Loxl1 protein. Together these data provide compelling 
evidence that loxl1 and loxl5b are critical for notochord development in 
zebrafish. The role of other Loxl proteins in zebrafish development is 
unexplored but given the recent increase in interest for this protein class, 
deserve further investigation. Since chemical inhibition of lysyl oxidase 
activity

 
Figure 1. Schematic representation of zebrafish lysyl oxidase -like proteins. Eight zebrafish 
lysyl oxidase-like proteins have been identified so far. Cysteïn rich scavenger receptor 
domains are indicated in blue, copper binding sites are depicted in yellow (Adapted from 
Gansner et al. 2007). 
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with βAPN results in craniofacial abnormalities and it is unclear whether this 
can be attributed to Lox, there is a clear need for further research into the role 
of individual Loxl proteins in craniofacial development. 

 
1.6 Zebrafish craniofacial development 
 
Evolutionary conserved mechanisms in vertebrate craniofacial development 

The vertebrate craniofacial skeleton can be subdivided in the dorsal 
neurocranium and ventral viscerocranium. The development of the vertebrate 
craniofacial skeleton is a highly complex process that requires migration of 
mesenchymal neural crest derived cells (NCCs) into the putative pharyngeal 
arches where they undergo epitheliomesenchymal interactions mediated by 
tightly controlled secreted factors (Helms and Schneider 2003; Szabo-Rogers et 
al. 2009). These interactions restrict the NCC to the chondrogenic lineage, 
induce rapid proliferation and condensation which finally leads to 
differentiation into chondrocytes which are essential for cartilage and 
endochondral bone formation (Goldring et al. 2006). Despite the obvious 
differences in facial appearances among vertebrates, many of the factors 
involved in patterning the craniofacial cartilages are remarkably conserved 
(Helms and Schneider 2003). Although in recent decades our understanding of 
the genetic factors that are important in craniofacial development has greatly 
increased, many aspects of this complex process are poorly understood. The 
simplicity and rapid development of the craniofacial cartilage elements in the 
zebrafish has lead to the discovery of numerous conserved genes and pathways 
involved in vertebrate craniofacial development (Kimmel et al. 2001; Schilling 
and Le 2009; Szabo-Rogers et al. 2009). The main processes and factors that 
are important for zebrafish craniofacial development are discussed below. The 
focus will be on major events and signalling molecules that are hallmarks of 
specific processes in craniofacial development and the poorly understood role 
of the extracellular matrix during condensation and differentiation. However, 
this is not a comprehensive review of all aspects, nor all factors involved 
zebrafish craniofacial development. 
 
Migration of cranial neural crest cells into the pharyngeal arches 

The formation of the majority of the cartilages in the zebrafish head is 
dependent on the migration specific populations of NCCs into the putative 
pharyngeal arches. The progenitor cells that make up the neurocranium 
migrate from the midbrain level between the eyes whereas the three streams 
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of progenitors that make up the mandibular, hyoid and ceratobranchial (gill) 
arches migrate from a more posterior position in anterior ventral direction 
(Knight and Schilling 2006; Szabo-Rogers et al. 2009). The earliest markers for 
cranial NCCs include the pan-NCC markers crestin (Luo et al. 2001) and sox10 
(Dutton et al. 2001) and the cranial NCC specific marker dlx2a (Akimenko et al. 
1994). Once the cranial NCCs have completed their migration, the pharyngeal 
arches are organized cylindrically with a core of mesoderm, surrounded by a 
cylinder of NCC derived progenitor cells and outer layers of endodermal or 
ectodermal epithelium (Fig. 1.3). 

 
Figure 2. Pharyngeal arch primordia and cranial neural crest condensation patterns that 
form craniofacial cartilages in zebrafish. Lateral views at 28 hours (A,B) and 72 hours (C,D) 
post fertilization. A) Schematic illustrating dorsal (D1,D2) and ventral (V1,V2) groups of 
skeletal precursors. Green circles, ventral branchial arches. Purple oval (arrow), precursors of 
the neurocranium. Asterisks indicate the mandibular joint. B) Schematic illustrating the 
cylindrical organization of arch primordia. Mesoderm (brown) is surrounded by CNC (red, 
white and blue) which form dorsal and ventral condensations. Joint precursors in the 
mandibular arch depicted in white. These groups of arch mesenchyme are surrounded by 
endodermal (yellow) and ectodermal (green) epithelia. C) Camera Lucida drawing of larval 
cartilages of the mandibular (red), hyoid (blue) and branchial (green) arches, as well as the 
neurocranium (purple). D) Camera Lucida drawing of flat-mounted, dissected cartilages of 
the mandibular and hyoid. Abbreviations: ch, ceratohyal; hs, hyosymplectic; ih, interhyal; 
mc, Meckel’s cartilage; pq, palatoquadrate; tr, trabeculae (Adapted from Knight and Schilling 
2006). 
 



Chapter 1 

23 
 

Condensation and differentiation of chondrogenic progenitor cells 

After the cranial NCC have finished their migration the putative dorsal 
and ventral cartilage elements form separate condensations with distinct 
boundaries (Fig. 2) (Hall and Miyake 2000; Knight and Schilling 2006). Before 
differentiation is induced, several genes are expressed that mark condensation, 
including goosecoid (gsc) which is expressed in the first and second branchial 
arch (Schulte-Merker et al. 1994) and the transcription factor barx1 (Sperber 
and Dawid 2008). During condensation the mesenchymal cells are highly 
proliferative which is a prerequisite for proper formation of the cartilage 
elements and in the zebrafish the window in which condensation occurs starts 
around 28 hpf and lasts until 48 hpf (Knight and Schilling 2006). Next, the 
surrounding tissues pattern the mesenchymal cells by excreting diffusible 
factors. The main signalling pathway for ventral arch specification is initiated by 
Endothelin (edn1). Edn1 is secreted by the endoderm and signals to ventral 
mesenchymal cells that in start to express downstream targets including hand2 
and dlx5/6 (Knight and Schilling 2006). The outcome of these signalling events 
is the spatial specification of condensed cells and the overt differentiation into 
chondrocytes. Chondrocyte differentiation is marked by differentiation markers 
Sry box containing protein- 9a (sox9a) and its direct downstream target fibrillar 
collagen type IIa1 (col2a1) (Yan et al. 2002; Yan et al. 2005). The described 
signalling events and molecules are evolutionary conserved and genetic 
interference with any of the factors or pathways involved, leads to abnormal 
craniofacial development. 
 
Chondrogenesis and the extracellular matrix 

Chondrogenesis is dependent on cell-ECM interactions (Goldring et al. 
2006; Hirsch et al. 1997; Lang et al. 2006; Sperber and Dawid 2008; Woods et 
al. 2007). This is illustrated by the fact that chondrogenic progenitor cells 
express adhesion molecules such as integrins and N-cadherin and ECM 
molecules including fibronectin and collagens (Goldring et al. 2006). In the 
zebrafish, four collagens molecules have been reported to be expressed within 
the developing arches: col2a1 (Yan et al. 2002), col8 (Gansner and Gitlin 2008), 
col11a1 (Baas et al. 2009) and col27a1a (Christiansen et al. 2009). However, 
most likely more collagens are expressed in the pharyngeal arches. 
Importantly, col2a1 and col11a1 are known to be essential for proper 
formation of the cartilage elements (Baas et al. 2009; Yan et al. 2005).  
Furthermore, interference with the deposition of ECM components results in 
abnormal craniofacial development (Lang et al. 2006). Despite the knowledge 
that the ECM is important for chondrocyte differentiation and proliferation, not 
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much is known about the need for properly organizing the ECM during 
condensation. It is likely that collagen crosslinking is important for the 
differentiation and proliferation of chondrogenic progenitor cells since these 
processes are dependent on integrin signalling (Goldring et al. 2006; Hirsch et 
al. 1997) and integrin signalling is modified by collagen crosslinking (Levental et 
al. 2009). In fact, recent work has demonstrated that in chondrocytes cultures, 
lysyl oxidase inhibition with βAPN resulted in the up regulation of collagen 
expression, suggesting a modification of chondrocyte function (Beekman et al. 
1997). Together, these data emphasize the importance of cell-ECM interactions 
in chondrocyte biology but direct evidence linking lysyl oxidase function to 
altered chondrogenesis is poorly understood. 
 

1.7 Outline and Objectives 
 

DTCs are teratogenic to developing vertebrates through molecular 
mechanisms that are poorly understood. Since humans and wildlife are being 
exposed to DTCs, there is a need for research into the molecular events that 
underlie DTC induced teratogenesis in order to assess possible risks involved. 
This study utilizes the zebrafish as a model for vertebrate embryonic 
development in order to characterize DTC induced abnormalities and, in 
particular, effects of DTCs on zebrafish bone- and cartilage formation during 
craniofacial development. Importantly, this study aims to contribute to the 
elucidation of mechanisms of DTC induced  craniofacial teratogenesis and the 
hypothesis will be investigated that DTCs are teratogenic through the inhibition 
of a class of copper containing enzymes termed LOXL proteins. Further, as 
chemical inhibition of lysyl LOXL proteins is clearly involved in teratogenic 
effects and the role of these proteins in development is unclear, possible novel 
roles for this protein family during zebrafish development were explored. The 
four main objectives of this study are:  
 

1. Identification of novel DTC induced teratogenic endpoints in the 
zebrafish that are related to bone- and cartilage formation. This is 
achieved by exposure of developing zebrafish embryos to representative 
compounds of the DTC chemical class (thiram, disulfiram and metam) 
and subsequent, detailed investigation of cartilage and bone (Chapter 2) 
and notochord (Chapter 3) development.  

 
2. To gain insight into the molecular mechanisms that underlie DTC induced 

teratogenesis. In order to address this question, microarray analysis has 
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been performed to study the genomic response of a zebrafish (PAC2) cell 
line to DTCs in order to identify target genes that may provide insight in 
the involved molecular mechanisms (Chapter 2). In addition phenotypical 
similarities were investigated between genetic and chemical inhibition of 
lysyl oxidase activity and DTC exposed embryos. To determine whether 
DTCs contribute to the observed teratogenic effects in vivo by inhibiting 
Loxl protein function, partial knock down of loxl proteins combined with 
DTC exposure was investigated for sensitization of developing zebrafish 
embryos to DTCs is investigated. Finally, LOX inhibition by DTCs was 
investigated ex vivo (Chapter 3).  

 
3. To explore novel roles for the Loxl protein family during zebrafish 

development and in particular in craniofacial development. In order to 
achieve this, two novel loxl genes were identified to complete the Loxl 
family in zebrafish and craniofacial abnormalities after inhibition of lysyl 
oxidase activity with βAPN was investigated. To identify candidate loxl 
genes the spatiotemporal expression during craniofacial development 
was investigated with whole mount in situ hybridization (Chapter 4). 

 
4. Investigation of the functional roles of Loxl proteins during zebrafish 

craniofacial development. To achieve this, morpholino mediated knock 
down of individual Loxl genes was performed focusing on loxl1 and 
loxl3b (Chapter 4 and 5).  

 



Introduction 

26 
 

 
References 

 
Akimenko, M. A., Ekker, M., Wegner, J., Lin, W., and Westerfield, M. (1994). Combinatorial 
expression of three zebrafish genes related to distal-less: part of a homeobox gene code for 
the head. J. Neurosci. 14(6), 3475-3486. 
 
Anderson, C., Bartlett, S. J., Gansner, J. M., Wilson, D., He, L., Gitlin, J. D., Kelsh, R. N., and 
Dowden, J. (2007). Chemical genetics suggests a critical role for lysyl oxidase in zebrafish 
notochord morphogenesis. Mol. Biosyst. 3(1), 51-59. 
 
Ardinger, H. H., Atkin, J. F., Blackston, R. D., Elsas, L. J., Clarren, S. K., Livingstone, S., 
Flannery, D. B., Pellock, J. M., Harrod, M. J., Lammer, E. J., and . (1988). Verification of the 
fetal valproate syndrome phenotype. Am. J. Med. Genet. 29(1), 171-185. 
 
Atsawasuwan, P., Mochida, Y., Katafuchi, M., Kaku, M., Fong, K. S., Csiszar, K., and Yamauchi, 
M. (2008). Lysyl oxidase binds transforming growth factor-beta and regulates its signalling 
via amine oxidase activity. J. Biol. Chem. 283(49), 34229-34240. 
 
Baas, D., Malbouyres, M., Haftek-Terreau, Z., Le, G. D., and Ruggiero, F. (2009). Craniofacial 
cartilage morphogenesis requires zebrafish col11a1 activity. Matrix Biol. 28(8), 490-502. 
 
Beekman, B., Verzijl, N., Bank, R. A., von der, M. K., and TeKoppele, J. M. (1997). Synthesis of 
collagen by bovine chondrocytes cultured in alginate; posttranslational modifications and 
cell-matrix interaction. Exp. Cell Res. 237(1), 135-141. 
 
Begemann, G., Schilling, T. F., Rauch, G. J., Geisler, R., and Ingham, P. W. (2001). The 
zebrafish neckless mutation reveals a requirement for raldh2 in mesodermal signals that 
pattern the hindbrain. Development 128(16), 3081-3094. 
 
Butler, E., Hardin, J., and Benson, S. (1987). The role of lysyl oxidase and collagen crosslinking 
during sea urchin development. Exp. Cell Res. 173(1), 174-182. 
 
Caldas, E. D., Miranda, M. C., Conceicao, M. H., and de Souza, L. C. (2004). Dithiocarbamates 
residues in Brazilian food and the potential risk for consumers. Food Chem. Toxicol. 42(11), 
1877-1883. 
 
CDC. Centre for Disease Control and Prevention. http://www.cdc.gov/ncbddd/bd/. accessed 
2009.  
 
Christiansen, H. E., Lang, M. R., Pace, J. M., and Parichy, D. M. (2009). Critical early roles for 
col27a1a and col27a1b in zebrafish notochord morphogenesis, vertebral mineralization and 
post-embryonic axial growth. PLoS. One. 4(12), e8481. 
 



Chapter 1 

27 
 

Cole, D. C., Carpio, F., Julian, J., and Leon, N. (1998). Assessment of peripheral nerve function 
in an Ecuadorian rural population exposed to pesticides. J. Toxicol. Environ. Health A 55(2), 
77-91. 
 
Costaridis, P., Horton, C., Zeitlinger, J., Holder, N., and Maden, M. (1996). Endogenous 
retinoids in the zebrafish embryo and adult. Dev. Dyn. 205(1), 41-51. 
Csiszar, K. (2001). Lysyl oxidases: a novel multifunctional amine oxidase family. Prog. Nucleic 
Acid Res. Mol. Biol. 70, 1-32. 
 
Dutton, K. A., Pauliny, A., Lopes, S. S., Elworthy, S., Carney, T. J., Rauch, J., Geisler, R., Haffter, 
P., and Kelsh, R. N. (2001). Zebrafish colourless encodes sox10 and specifies non-
ectomesenchymal neural crest fates. Development 128(21), 4113-4125. 
 
Erler, J. T., Bennewith, K. L., Cox, T. R., Lang, G., Bird, D., Koong, A., Le, Q. T., and Giaccia, A. J. 
(2009). Hypoxia-induced lysyl oxidase is a critical mediator of bone marrow cell recruitment 
to form the premetastatic niche. Cancer Cell 15(1), 35-44. 
 
Eurocat. European Surveilance of Congenital Abnormalities. http://www.eurocat-
network.eu/ . 2010.  
 
Finnell, R. H., Waes, J. G., Eudy, J. D., and Rosenquist, T. H. (2002). Molecular basis of 
environmentally induced birth defects. Annu. Rev. Pharmacol. Toxicol. 42, 181-208. 
 
Fitsanakis, V. A., Amarnath, V., Moore, J. T., Montine, K. S., Zhang, J., and Montine, T. J. 
(2002). Catalysis of catechol oxidation by metal-dithiocarbamate complexes in pesticides. 
Free Radic. Biol. Med. 33(12), 1714-1723. 
 
Furuta, S., Ortiz, F., Zhu, S., X, Wu, H. H., Mason, A., and Momand, J. (2002). Copper uptake is 
required for pyrrolidine dithiocarbamate-mediated oxidation and protein level increase of 
p53 in cells. Biochem. J. 365(Pt 3), 639-648. 
 
Gansner, J. M., and Gitlin, J. D. (2008). Essential role for the alpha 1 chain of type VIII 
collagen in zebrafish notochord formation. Dev. Dyn. 237(12), 3715-3726. 
 
Gansner, J. M., Mendelsohn, B. A., Hultman, K. A., Johnson, S. L., and Gitlin, J. D. (2007). 
Essential role of lysyl oxidases in notochord development. Dev. Biol. 307(2), 202-213. 
 
Geach, T. J., and Dale, L. (2005). Members of the lysyl oxidase family are expressed during 
the development of the frog Xenopus laevis. Differentiation 73(8), 414-424. 
 
Gerstenfeld, L. C., Riva, A., Hodgens, K., Eyre, D. R., and Landis, W. J. (1993). Post-
translational control of collagen fibrillogenesis in mineralizing cultures of chick osteoblasts. J. 
Bone Miner. Res. 8(9), 1031-1043. 
 



Introduction 

28 
 

Giampuzzi, M., Oleggini, R., Albanese, C., Pestell, R., and Di, D. A. (2005). beta-catenin 
signalling and regulation of cyclin D1 promoter in NRK-49F cells transformed by down-
regulation of the tumour suppressor lysyl oxidase. Biochim. Biophys. Acta 1745(3), 370-381. 
 
Goldring, M. B., Tsuchimochi, K., and Ijiri, K. (2006). The control of chondrogenesis. J. Cell 
Biochem. 97(1), 33-44. 
 
Granato, M., and Nusslein-Volhard, C. (1996). Fishing for genes controlling development. 
Curr. Opin. Genet. Dev. 6(4), 461-468. 
 
Guven, K., Deveci, E., Akba, O., Onen, A., and de, P. D. (1998). The accumulation and 
histological effects of organometallic fungicides Propineb and Maneb in the kidneys of fetus 
and female rats during pregnancy. Toxicol. Lett. 99(2), 91-98. 
 
Haendel, M. A., Tilton, F., Bailey, G. S., and Tanguay, R. L. (2004). Developmental toxicity of 
the dithiocarbamate pesticide sodium metam in zebrafish. Toxicol. Sci. 81(2), 390-400. 
Hall, B. K., and Miyake, T. (2000). All for one and one for all: condensations and the initiation 
of skeletal development. Bioessays 22(2), 138-147. 
 
Heikkila, R. E., Cabbat, F. S., and Cohen, G. (1976). In vivo inhibition of superoxide dismutase 
in mice by diethyldithiocarbamate. J. Biol. Chem. 251(7), 2182-2185. 
 
Helms, J. A., and Schneider, R. A. (2003). Cranial skeletal biology. Nature 423(6937), 326-331. 
Hirsch, M. S., Lunsford, L. E., Trinkaus-Randall, V., and Svoboda, K. K. (1997). Chondrocyte 
survival and differentiation in situ are integrin mediated. Dev. Dyn. 210(3), 249-263. 
 
Hong, H. H., Pischon, N., Santana, R. B., Palamakumbura, A. H., Chase, H. B., Gantz, D., Guo, 
Y., Uzel, M. I., Ma, D., and Trackman, P. C. (2004). A role for lysyl oxidase regulation in the 
control of normal collagen deposition in differentiating osteoblast cultures. J. Cell Physiol 
200(1), 53-62. 
 
Jeay, S., Pianetti, S., Kagan, H. M., and Sonenshein, G. E. (2003). Lysyl oxidase inhibits ras-
mediated transformation by preventing activation of NF-kappa B. Mol. Cell Biol. 23(7), 2251-
2263. 
 
Johnson, D. J., Graham, D. G., Amarnath, V., Amarnath, K., and Valentine, W. M. (1996). The 
measurement of 2-thiothiazolidine-4-carboxylic acid as an index of the in vivo release of CS2 
by dithiocarbamates. Chem. Res. Toxicol. 9(5), 910-916. 
 
Jugessur, A., Farlie, P. G., and Kilpatrick, N. (2009). The genetics of isolated orofacial clefts: 
from genotypes to subphenotypes. Oral Dis. 15(7), 437-453. 
 
Kambe, T., Weaver, B. P., and Andrews, G. K. (2008). The genetics of essential metal 
homeostasis during development. Genesis. 46(4), spcone. 
 



Chapter 1 

29 
 

Kim, D. J., Lee, D. C., Yang, S. J., Lee, J. J., Bae, E. M., Kim, D. M., Min, S. H., Kim, S. J., Kang, D. 
C., Sang, B. C., Myung, P. K., Park, K. C., and Yeom, Y. I. (2008). Lysyl oxidase like 4, a novel 
target gene of TGF-beta1 signalling, can negatively regulate TGF-beta1-induced cell motility 
in PLC/PRF/5 hepatoma cells. Biochem. Biophys. Res. Commun. 373(4), 521-527. 
 
Kimmel, C. B., Miller, C. T., and Moens, C. B. (2001). Specification and morphogenesis of the 
zebrafish larval head skeleton. Dev. Biol. 233(2), 239-257. 
 
Knight, R. D., and Schilling, T. F. (2006). Cranial neural crest and development of the head 
skeleton. Adv. Exp. Med. Biol. 589, 120-133. 
 
Korhonen, A., Hemminki, K., and Vainio, H. (1983). Embryotoxicity of industrial chemicals on 
the chicken embryo: dithiocarbamates. Teratog. Carcinog. Mutagen. 3(2), 163-175. 
 
Lang, M. R., Lapierre, L. A., Frotscher, M., Goldenring, J. R., and Knapik, E. W. (2006). 
Secretory COPII coat component Sec23a is essential for craniofacial chondrocyte maturation. 
Nat. Genet. 38(10), 1198-1203. 
 
Lee, C. C., and Peters, P. J. (1976). Neurotoxicity and behavioral effects of thiram in rats. 
Environ. Health Perspect. 17, 35-43. 
 
Levental, K. R., Yu, H., Kass, L., Lakins, J. N., Egeblad, M., Erler, J. T., Fong, S. F., Csiszar, K., 
Giaccia, A., Weninger, W., Yamauchi, M., Gasser, D. L., and Weaver, V. M. (2009). Matrix 
crosslinking forces tumour progression by enhancing integrin signalling. Cell 139(5), 891-906. 
 
Liu, G., Daneshgari, F., Li, M., Lin, D., Lee, U., Li, T., and Damaser, M. S. (2007). Bladder and 
urethral function in pelvic organ prolapsed lysyl oxidase like-1 knockout mice. BJU. Int. 
100(2), 414-418. 
 
Liu, X., Zhao, Y., Gao, J., Pawlyk, B., Starcher, B., Spencer, J. A., Yanagisawa, H., Zuo, J., and Li, 
T. (2004). Elastic fiber homeostasis requires lysyl oxidase-like 1 protein. Nat. Genet. 36(2), 
178-182. 
 
Liu, X., Zhao, Y., Pawlyk, B., Damaser, M., and Li, T. (2006). Failure of elastic fiber 
homeostasis leads to pelvic floor disorders. Am. J. Pathol. 168(2), 519-528. 
 
Lucero, H. A., and Kagan, H. M. (2006). Lysyl oxidase: an oxidative enzyme and effector of 
cell function. Cell Mol. Life Sci. 63(19-20), 2304-2316. 
 
Luo, R., An, M., Arduini, B. L., and Henion, P. D. (2001). Specific pan-neural crest expression 
of zebrafish Crestin throughout embryonic development. Dev. Dyn. 220(2), 169-174. 
 
Maki, J. M. (2009). Lysyl oxidases in mammalian development and certain pathological 
conditions. Histol. Histopathol. 24(5), 651-660. 
 



Introduction 

30 
 

Maki, J. M., and Kivirikko, K. I. (2001). Cloning and characterization of a fourth human lysyl 
oxidase isoenzyme. Biochem. J. 355(Pt 2), 381-387. 
 
Maki, J. M., Rasanen, J., Tikkanen, H., Sormunen, R., Makikallio, K., Kivirikko, K. I., and 
Soininen, R. (2002). Inactivation of the lysyl oxidase gene Lox leads to aortic aneurysms, 
cardiovascular dysfunction, and perinatal death in mice. Circulation 106(19), 2503-2509. 
 
Maki, J. M., Sormunen, R., Lippo, S., Kaarteenaho-Wiik, R., Soininen, R., and Myllyharju, J. 
(2005). Lysyl oxidase is essential for normal development and function of the respiratory 
system and for the integrity of elastic and collagen fibers in various tissues. Am. J. Pathol. 
167(4), 927-936. 
 
Mello, M. L., Contente, S., Vidal, B. C., Planding, W., and Schenck, U. (1995). Modulation of 
ras transformation affecting chromatin supraorganization as assessed by image analysis. Exp. 
Cell Res. 220(2), 374-382. 
 
Molnar, J., Fong, K. S., He, Q. P., Hayashi, K., Kim, Y., Fong, S. F., Fogelgren, B., Szauter, K. M., 
Mink, M., and Csiszar, K. (2003). Structural and functional diversity of lysyl oxidase and the 
LOX-like proteins. Biochim. Biophys. Acta 1647(1-2), 220-224. 
 
Molnar, J., Ujfaludi, Z., Fong, S. F., Bollinger, J. A., Waro, G., Fogelgren, B., Dooley, D. M., 
Mink, M., and Csiszar, K. (2005). Drosophila lysyl oxidases Dmloxl-1 and Dmloxl-2 are 
differentially expressed and the active DmLOXL-1 influences gene expression and 
development. J. Biol. Chem. 280(24), 22977-22985. 
 
Nagel, R. (2002). DarT: The embryo test with the Zebrafish Danio rerio--a general model in 
ecotoxicology and toxicology. ALTEX. 19 Suppl 1, 38-48. 
 
Nobel, C. I., Kimland, M., Lind, B., Orrenius, S., and Slater, A. F. (1995). Dithiocarbamates 
induce apoptosis in thymocytes by raising the intracellular level of redox-active copper. J. 
Biol. Chem. 270(44), 26202-26208. 
 
Nobel, C. S., Burgess, D. H., Zhivotovsky, B., Burkitt, M. J., Orrenius, S., and Slater, A. F. 
(1997a). Mechanism of dithiocarbamate inhibition of apoptosis: thiol oxidation by 
dithiocarbamate disulfides directly inhibits processing of the caspase-3 proenzyme. Chem. 
Res. Toxicol. 10(6), 636-643. 
 
Nobel, C. S., Kimland, M., Nicholson, D. W., Orrenius, S., and Slater, A. F. (1997b). Disulfiram 
is a potent inhibitor of proteases of the caspase family. Chem. Res. Toxicol. 10(12), 1319-
1324. 
 
Nusslein-Volhard, C. (1994). Of flies and fishes. Science 266(5185), 572-574. 
 
Payne, S. L., Hendrix, M. J., and Kirschmann, D. A. (2007). Paradoxical roles for lysyl oxidases 
in cancer--a prospect. J. Cell Biochem. 101(6), 1338-1354. 
 



Chapter 1 

31 
 

Peinado, H., Del Carmen Iglesias-de la Cruz, Olmeda, D., Csiszar, K., Fong, K. S., Vega, S., 
Nieto, M. A., Cano, A., and Portillo, F. (2005). A molecular role for lysyl oxidase-like 2 enzyme 
in snail regulation and tumour progression. EMBO J. 24(19), 3446-3458. 
 
Peinado, H., Moreno-Bueno, G., Hardisson, D., Perez-Gomez, E., Santos, V., Mendiola, M., de 
Diego, J. I., Nistal, M., Quintanilla, M., Portillo, F., and Cano, A. (2008). Lysyl oxidase-like 2 as 
a new poor prognosis marker of squamous cell carcinomas. Cancer Res. 68(12), 4541-4550. 
 
Peng, L., Ran, Y. L., Hu, H., Yu, L., Liu, Q., Zhou, Z., Sun, Y. M., Sun, L. C., Pan, J., Sun, L. X., 
Zhao, P., and Yang, Z. H. (2009). Secreted LOXL2 is a novel therapeutic target that promotes 
gastric cancer metastasis via the Src/FAK pathway. Carcinogenesis 30(10), 1660-1669. 
Perlmann, T. (2002). Retinoid metabolism: a balancing act. Nat. Genet. 31(1), 7-8. 
 
Rath, N. C., Huff, W. E., Huff, G. R., and Kannan, L. (2007). Induction of tibial 
dyschondroplasia by carbamate and thiocarbamate pesticides. Avian Dis. 51(2), 590-593. 
 
Reynaud, C., Baas, D., Gleyzal, C., Le, G. D., and Sommer, P. (2008). Morpholino knockdown 
of lysyl oxidase impairs zebrafish development, and reflects some aspects of copper 
metabolism disorders. Matrix Biol. 27(6), 547-560. 
 
Robens, J. F. (1969). Teratologic studies of carbaryl, diazinon, norea, disulfiram, and thiram 
in small laboratory animals. Toxicol. Appl. Pharmacol. 15, 152-163. 
 
Rodriguez, C., Martinez-Gonzalez, J., Raposo, B., Alcudia, J. F., Guadall, A., and Badimon, L. 
(2008). Regulation of lysyl oxidase in vascular cells: lysyl oxidase as a new player in 
cardiovascular diseases. Cardiovasc. Res. 79(1), 7-13. 
 
Roll, R. (1971). Teratologic studies with Thiram (TMTD) on two strains of mice. Arch. Toxikol. 
27(3), 173-186. 
 
Schietke, R., Warnecke, C., Wacker, I., Schodel, J., Mole, D. R., Campean, V., Amann, K., 
Goppelt-Struebe, M., Behrens, J., Eckardt, K. U., and Wiesener, M. S. (2010). The Lysyl 
Oxidases LOX and LOXL2 Are Necessary and Sufficient to Repress E-cadherin in Hypoxia: 
insights into cellular transformation by hypoxia mediated by Hif1. J. Biol. Chem. 285(9), 
6658-6669. 
 
Schilling, T. F., and Le, P. P. (2009). Fishing for the signals that pattern the face. J. Biol. 8(11), 
101. 
 
Scholz, S., Fischer, S., Gundel, U., Kuster, E., Luckenbach, T., and Voelker, D. (2008). The 
zebrafish embryo model in environmental risk assessment--applications beyond acute 
toxicity testing. Environ. Sci. Pollut. Res. Int. 15(5), 394-404. 
 
Schulte-Merker, S., Hammerschmidt, M., Beuchle, D., Cho, K. W., De Robertis, E. M., and 
Nusslein-Volhard, C. (1994). Expression of zebrafish goosecoid and no tail gene products in 
wild-type and mutant no tail embryos. Development 120(4), 843-852. 



Introduction 

32 
 

 
Shim, H., and Harris, Z. L. (2003). Genetic defects in copper metabolism. J. Nutr. 133(5 Suppl 
1), 1527S-1531S. 
 
Simsa, S., Hasdai, A., Dan, H., and Ornan, E. M. (2007). Induction of tibial dyschondroplasia in 
turkeys by tetramethylthiuram disulfide (thiram). Poult. Sci. 86(8), 1766-1771. 
 
Sperber, S. M., and Dawid, I. B. (2008). barx1 is necessary for ectomesenchyme proliferation 
and osteochondroprogenitor condensation in the zebrafish pharyngeal arches. Dev. Biol. 
321(1), 101-110. 
 
Stratford, T., Horton, C., and Maden, M. (1996). Retinoic acid is required for the initiation of 
outgrowth in the chick limb bud. Curr. Biol. 6(9), 1124-1133. 
 
Sulik, K. K., Cook, C. S., and Webster, W. S. (1988). Teratogens and craniofacial 
malformations: relationships to cell death. Development 103 Suppl, 213-231. 
 
Szabo-Rogers, H. L., Smithers, L. E., Yakob, W., and Liu, K. J. (2009). New directions in 
craniofacial morphogenesis. Dev. Biol. 
 
Tang, S. S., Chichester, C. O., and Kagan, H. M. (1989). Comparative sensitivities of purified 
preparations of lysyl oxidase and other amine oxidases to active site-directed enzyme 
inhibitors. Connect. Tissue Res. 19(1), 93-103. 
 
Tang, S. S., Trackman, P. C., and Kagan, H. M. (1983). Reaction of aortic lysyl oxidase with 
beta-aminopropionitrile. J. Biol. Chem. 258(7), 4331-4338. 
 
Teraoka, H., Urakawa, S., Nanba, S., Nagai, Y., Dong, W., Imagawa, T., Tanguay, R. L., 
Svoboda, K., Handley-Goldstone, H. M., Stegeman, J. J., and Hiraga, T. (2006). Muscular 
contractions in the zebrafish embryo are necessary to reveal thiuram-induced notochord 
distortions. Toxicol. Appl. Pharmacol. 212(1), 24-34. 
 
Theodosiou, M., Laudet, V., and Schubert, M. (2010). From carrot to clinic: an overview of 
the retinoic acid signalling pathway. Cell Mol. Life Sci. 
 
Thiery, J. P., Acloque, H., Huang, R. Y., and Nieto, M. A. (2009). Epithelial-mesenchymal 
transitions in development and disease. Cell 139(5), 871-890. 
 
Tilton, F., La Du, J. K., and Tanguay, R. L. (2008). Sulfhydryl systems are a critical factor in the 
zebrafish developmental toxicity of the dithiocarbamate sodium metam (NaM). Aquat. 
Toxicol. 90(2), 121-127. 
 
Tilton, F., La Du, J. K., Vue, M., Alzarban, N., and Tanguay, R. L. (2006). Dithiocarbamates 
have a common toxic effect on zebrafish body axis formation. Toxicol. Appl. Pharmacol. 
216(1), 55-68. 
 



Chapter 1 

33 
 

Trainor, P. A., and Krumlauf, R. (2000). Patterning the cranial neural crest: hindbrain 
segmentation and Hox gene plasticity. Nat. Rev. Neurosci. 1(2), 116-124. 
 
Tsuda, T., Pan, T. C., Evangelisti, L., and Chu, M. L. (2003). Prominent expression of lysyl 
oxidase during mouse embryonic cardiovascular development. Anat. Rec. A Discov. Mol. Cell 
Evol. Biol. 270(2), 93-96. 
 
Vadasz, Z., Kessler, O., Akiri, G., Gengrinovitch, S., Kagan, H. M., Baruch, Y., Izhak, O. B., and 
Neufeld, G. (2005). Abnormal deposition of collagen around hepatocytes in Wilson's disease 
is associated with hepatocyte specific expression of lysyl oxidase and lysyl oxidase like 
protein-2. J. Hepatol. 43(3), 499-507. 
 
Van Leeuwen, C. J., Van, H. P., Bogers, M., and Griffioen, P. S. (1986). Uptake, distribution 
and retention of zineb and ziram in rainbow trout (Salmo gairdneri). Toxicology 42(1), 33-46. 
 
Vettorazzi, G., Almeida, W. F., Burin, G. J., Jaeger, R. B., Puga, F. R., Rahde, A. F., Reyes, F. G., 
and Schvartsman, S. (1995). International safety assessment of pesticides: dithiocarbamate 
pesticides, ETU, and PTU--a review and update. Teratog. Carcinog. Mutagen. 15(6), 313-337. 
Westerfield, M. The zebrafish book.  2000. Eugene, Oregon, University of Oregon.  
 
Woods, A., Wang, G., and Beier, F. (2007). Regulation of chondrocyte differentiation by the 
actin cytoskeleton and adhesive interactions. J. Cell Physiol 213(1), 1-8. 
 
World Health Organization. Dithiocarbamates pesticides, ethylenethiourea, and 
propylenethiourea: a general introduction. World Health Organization. 1998.  
 
Yamada, Y., Doi, T., Hamakubo, T., and Kodama, T. (1998). Scavenger receptor family 
proteins: roles for atherosclerosis, host defence and disorders of the central nervous system. 
Cell Mol. Life Sci. 54(7), 628-640. 
 
Yan, Y. L., Miller, C. T., Nissen, R. M., Singer, A., Liu, D., Kirn, A., Draper, B., Willoughby, J., 
Morcos, P. A., Amsterdam, A., Chung, B. C., Westerfield, M., Haffter, P., Hopkins, N., Kimmel, 
C., and Postlethwait, J. H. (2002). A zebrafish sox9 gene required for cartilage 
morphogenesis. Development 129(21), 5065-5079. 
 
Yan, Y. L., Willoughby, J., Liu, D., Crump, J. G., Wilson, C., Miller, C. T., Singer, A., Kimmel, C., 
Westerfield, M., and Postlethwait, J. H. (2005). A pair of Sox: distinct and overlapping 
functions of zebrafish sox9 co-orthologs in craniofacial and pectoral fin development. 
Development 132(5), 1069-1083. 
 
Yang, L., Ho, N. Y., Alshut, R., Legradi, J., Weiss, C., Reischl, M., Mikut, R., Liebel, U., Muller, 
F., and Strahle, U. (2009). Zebrafish embryos as models for embryotoxic and teratological 
effects of chemicals. Reprod. Toxicol. 28(2), 245-253. 
 



DTCs induce craniofacial abnormalities 

34 
 

Yeager, R. L., Oleske, D. A., Millsap, D. S., and Henshel, D. S. (2006). Severe craniofacial 
malformations resulting from developmental exposure to dioxin. Reprod. Toxicol. 22(4), 811-
812. 
 
Yeager, V. L., Buranarugsa, M. W., and Arunatut, O. (1985). Lathyrism: mini-review and a 
comment on the lack of effect of protease inhibitors on osteolathyrism. J. Exp. Pathol. 2(1), 
1-11. 
Young, D. L., Schneider, R. A., Hu, D., and Helms, J. A. (2000). Genetic and teratogenic 
approaches to craniofacial development. Crit Rev. Oral Biol. Med. 11(3), 304-317. 
 
Zhu, H., Curry, S., Wen, S., Wicker, N. J., Shaw, G. M., Lammer, E. J., Yang, W., Jafarov, T., and 
Finnell, R. H. (2005). Are the betaine-homocysteine methyltransferase (BHMT and BHMT2) 
genes risk factors for spina bifida and orofacial clefts? Am. J. Med. Genet. A 135(3), 274-277. 
 
Zhu, H., Kartiko, S., and Finnell, R. H. (2009). Importance of gene-environment interactions in 
the etiology of selected birth defects. Clin. Genet. 75(5), 409-423. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Viscerocranium of a five day old zebrafish stained for cartilage with Alcian blue and bone 

with Alizarin red. 



CHAPTER 2
Dithiocarbamates induce 
craniofacial abnormalities 
and downregulate sox9a 
during zebrafish development

proefschrift.indd   5 16-08-2010   13:39:50



DTCs induce craniofacial abnormalities 

36 
 

 

Chapter 2: Dithiocarbamates Induce Craniofacial 
Abnormalities and Downregulate sox9a during Zebrafish 

Development 
 
Antonius L. van Boxtela, Bart Pieterseb, Peter Cenijna, Jorke H. Kamstraa, Jacob 
de Boera, Abraham Brouwerb, Wessel van Wieringenc and Juliette Leglera. 
 
a Institute for Environmental Studies (IVM), VU University Amsterdam, The Netherlands 
b Bio Detection Systems (BDS), Amsterdam, The Netherlands 
c VUmc University Medical Center, Amsterdam, The Netherlands. 
 
 
Abstract 
Dithiocarbamates (DTCs) have a wide variety of applications in diverse fields 
ranging from agriculture to medicine. DTCs are teratogenic to vertebrates but 
the mechanisms by which they exert these effects are poorly understood. Here 
we show that low nanomolar exposure to three DTCs, tetraethylthiuram 
(thiram), tetramethylthiuram (disulfiram) and sodium metam (metam), leads to 
craniofacial abnormalities in developing zebrafish embryos that are reminiscent 
of DTC induced abnormalities found in higher vertebrates. In order to better 
understand the molecular events underlying DTC teratogenesis, we exposed 
embryonic zebrafish (PAC2) cells to thiram and disulfiram and measured 
changes in gene expression with microarrays. We found differential expression 
of 166 genes that were specific for exposure to DTCs and identified a network 
of genes related to connective tissue development and function. Additionally, 
we found eight downregulated genes related to transforming growth factor β-1 
(TGF-β1) signalling, including an essential transcription factor for zebrafish 
craniofacial development; SRY-box containing gene 9a (sox9a). Finally, we show 
that sox9a expression is perturbed in the ceratobranchial arches of DTC 
exposed zebrafish suggesting that this is an important event in the 
development of DTC induced craniofacial abnormalities. Together, we provide 
evidence for a novel teratogenic endpoint and a molecular basis for a better 
understanding of DTC induced teratogenesis in vertebrates.  
 
 
 
Toxicol Sci. 2010;117(1):209-17. 
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Introduction 
 

Dithiocarbamates (DTCs) are a class of compounds that have a variety of 
applications in different fields ranging from agriculture to medicine (World 
Health Organization 1998). Metam and thiram for instance, are used as 
pesticides to treat fruits and vegetables while the closely related disulfiram is 
used as a treatment for alcohol addiction and nickel poisoning in clinical 
settings. For higher vertebrates there is concern for exposure to DTCs through 
contaminated food and feed while aquatic life may be exposed through run-off 
water from agricultural lands. Although developmental toxicity induced by 
DTCs in mammals requires relatively high doses, it is well documented that 
they are teratogenic to vertebrates (Roll 1971; Simsa et al. 2007; Tilton et al. 
2006). The exact molecular mechanisms underlying DTC induced abnormalities 
are poorly understood. 
  In recent years, progress has been made in the characterization of DTC 
induced teratogenesis in vertebrates using the zebrafish as a model system. 
Exposure of developing zebrafish to DTCs leads to a common phenotype 
characterized by an undulated “wavy” notochord and a shortened anterior-
posterior axis (Haendel et al. 2004; Tilton et al. 2006). However, there is a lack 
of data concerning effects on developmental processes in later stages such as 
cartilage and endochondral bone formation. These are potentially interesting 
since prenatal exposure to DTCs causes bone and cartilage abnormalities in 
higher vertebrates. For instance, exposure to thiram and disulfiram causes cleft 
palate, wavy rib formation, distortion of long limb bones, fused rib, 
hydrocephaly and micrognathia in rodents (Robens 1969; Roll 1971). Exposure 
of poultry to DTCs leads to craniofacial abnormalities and tibial 
dischondroplasia, a common bone disorder found in the poultry industry 
(Korhonen et al. 1983; Rath et al. 2007; Simsa et al. 2007). Since the genetic 
requirements for cartilage and bone development during zebrafish craniofacial 
development are studied extensively, the zebrafish is a convenient model for 
the elucidation of teratogenic mechanisms underlying bone and cartilage 
abnormalities. 
 There are several molecular mechanisms that may contribute to DTC 
teratogenesis. First, DTC are effective copper chelators. In zebrafish, copper 
chelators such as 2,2,pyridyl and neocuproine (NCu) partially mimic the 
phenotype induced by DTCs (Anderson et al. 2007; Gansner et al. 2007). 
However, altered copper homeostasis does not fully explain the DTC induced 
phenotype since copper chelation with 2,2,pyridyl and NCu, results in hindbrain 
oedema and absence of pigmentation, which is not found with lower 
concentrations of DTCs (Anderson et al. 2007; Tilton et al. 2006). Additionally, 
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exposure to methyl isothiocyanate, which does not bind copper, results in 
identical notochord malformations as seen after exposure to other DTCs (Tilton 
et al. 2006), suggesting the involvement of other mechanisms. A second 
mechanism that may contribute to DTC induced teratogenesis, is inhibition of 
retinal dehydrogenase 2 (Aldh1a2), which catalyzes the biosynthesis of all-
trans-retinoic acid (RA) (Stratford et al. 1996; Vallari and Pietruszko 1982). 
However, this has only been described for disulfiram and exposure of 
developing zebrafish embryos to specific Aldh1a2 inhibitors or Aldh1a2 
deficiency does not lead to the characteristic DTC induced notochord 
phenotype (Begemann et al. 2001; Kopinke et al. 2006). Finally, recent research 
points towards the involvement of  a small class of cuproenzymes termed lysyl 
oxidase-like proteins (Gansner et al. 2007; van Boxtel et al. 2010). Chemical 
inhibition of lysyl oxidase activity and targeted knock down of zebrafish lysyl 
oxidase-like genes results in an identical notochord phenotype as the one 
induced by DTCs (Anderson et al. 2007; Gansner et al. 2007; van Boxtel et al. 
2010). We recently reported that DTCs inhibit zebrafish lysyl oxidase activity in 
vitro (van Boxtel et al. 2010). On the gene expression level, DTCs alter the 
expression of important developmental genes in zebrafish embryos including 
fibril forming collagen type II alpha 1 (col2a1) (Tilton et al. 2006), one of the 
major components of the notochord sheath (Stemple 2005) and the most 
important collagen within cartilage (Yan et al. 1995). In addition, microarray 
analysis of zebrafish embryos exposed to sodium metam, showed differential 
expression of developmental genes involved in fast muscle -, neuro - and 
cartilage development (Tilton and Tanguay 2008). However, no expression 
profiles have been reported for other members of the DTC compound class. 
  The objective of this study was to examine the effects of DTCs on 
cartilage and endochondral bone development during zebrafish craniofacial 
development, and to investigate the genomic response to DTCs in order to gain 
insight into mechanisms of toxicity. This study describes a novel teratogenic 
endpoint for DTCs and reveals molecular events that may be involved in DTC 
induced teratogenesis. 
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Materials and methods 
 
Compounds and embryo exposures 

Tetraethylthiuram (thiram, >99 % purity), tetramethylthiuram 
(disulfiram, >98% purity), sodium metam (metam, >98 % purity) and all-trans-
retinoic acid (RA; purity >98%) were obtained from Sigma-Aldrich, USA and 
dissolved in dimethylsulfoxide (DMSO, 99.9% purity). Zebrafish were 
maintained under standard conditions and eggs were collected as previously 
described (Westerfield 2000). Embryos were exposed to 100 nM thiram or 
disulfiram and 2.5 μM metam from 3 or 24 hours post fertilization (hpf) until 5 
or 6.5 days post fertilization (dpf) in 10 ml of Dutch Standard Water (DSW: 100 
mgL-1 NaHCO3, 20 mgL-1, KHCO3, 180 mgL-1  MgSO4 and 200 mgL-1  CaCl2) in 6-
well plates (Greiner, Netherlands). DMSO (0.01%) and negative controls were 
incorporated in all experiments and half the exposure medium was refreshed 
daily. The developing zebrafish embryos were checked daily for developmental 
abnormalities (Nagel 2002), all experiments were conducted in triplicate and at 
least 30 embryos were investigated per treatment. 

 
Alcian Blue and alizarin red staining  

For analysis of craniofacial development, 5 or 6.5 days post fertilization 
(dpf) larvae were fixed for 30 min at room temperature in 4% 
paraformaldehyde in PBS. For cartilage staining alone, larvae were stained 
overnight in a solution 0.1% Alcian Blue in ethanol containing 5% HCl followed 
by extensive washing in ethanol containing 5% HCl. The embryos were cleared 
by transfer into 50% glycerol 2mM KOH and mounted in Eukitt mounting 
medium on glass slides (Fluka, Netherlands). The number of larvae that showed 
craniofacial abnormalities was scored in three independent experiments. For 
both cartilage and bone formation, 6.5 dpf larvae were stained overnight in a 
solution containing 0.02% Alcian Blue (Sigma Aldrich, USA), 0.005 % alizarin red 
S (Sigma Aldrich, USA) and 60 mM MgCl2 in 70 % ethanol (Walker and Kimmel 
2007) followed by washing in 70 % ethanol and clearing in 50% glycerol 2mM 
KOH. Defects in cartilage and bone elements were analyzed by positioning the 
isolated tissues on microscope slides and photographs were taken under a 
phase contrast microscope equipped with a digital camera (CX31, Olympus,  
Netherlands). At least 10 embryos per treatment were analyzed. 
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Microarray analysis  

Zebrafish embryonic fibroblast (PAC2) cells were cultured as described 
before (van Boxtel et al. 2008; Whitmore et al. 2000). To measure changes in 
gene expression, the cells were plated in 25 cm2 tissue culture flasks (Greiner, 
Netherlands) and grown to 80% confluency. Next, the cells were incubated 
with 10 nM for thiram or disulfiram or 1 μM retinoic acid (RA) in complete 
culture medium (L15 (Gibco, USA) supplemented with 10% fetal bovine serum) 
for 24 hrs. DMSO served as the solvent control and all exposures were 
performed in triplicate. RNA was isolated using the NucleoSpin RNA II kit 
(Macherey-Nagel, Germany) according to the manufacturers’ instructions and 
total RNA was quantified with a Nanodrop analyzer (ND-1.000, USA). Quality 
and integrity of all RNA samples was verified using the RNA 6000 Nano assay on 
the Agilent 2100 Bioanalyzer (Agilent Technologies).  The RNA samples were 
processed according to Agilent protocols and used for hybridization to a 
custom designed 8 x 15 K zebrafish embryonic contaminant (ZEC) Array which 
was designed using the eArray software (Agilent, USA). The ZEC Array contains 
15.000 probes including Agilent control probes and zebrafish specific probes 
which were selected from the commercial Agilent Zebrafish (V1) microarray 
(Agilent, USA). A complete list of probes and corresponding genes represented 
on the ZEC array, including annotation details can be found in supplemental 
Table S1. All labelling reactions were performed according to Agilent protocols 
and hybridizations were performed in dual colour but treated as independent, 
single channel (Cy5) experiments, as part of a larger experiment. All (pre-) 
processing and statistical procedures were performed in Matlab (The 
MathWorks, USA) and genes with lower mean fluorescence values than 20 
were excluded from further analysis. Significance analysis was performed on 
median based, quantile normalized data and selection of differentially 
expressed genes was performed by means of ANOVA with additional Benjamin 
Hochberg multiplicity correction to control the False Discovery Rate (FDR; 
adjusted P < 0.05). A Tukey HSD post test (P < 0.01) was performed on the 
significant genes to generate a selection of differentially expressed genes.  
Network and functional analysis based on known human and murine gene 
interactions was performed with Ingenuity pathway analysis software (IPA, 
USA). 

 
Real time quantitative RT-PCR analysis 

Total RNA was extracted as described above. In brief, 800 ng RNA was 
reverse transcribed with the IScript-Kit (Biorad, USA) according to the 
manufacturers’ instructions. cDNA samples were diluted tenfold in double 
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distilled water and real-time quantitative PCR analysis was performed with the 
My iQ Real-Time PCR Detection System (Bio-Rad, USA). At least two biological 
replicates were assayed in triplicate in 20 μl reaction mixture containing iQ 
SYBR Green Supermix (Bio-Rad, USA), 5 μl cDNA per reaction and the 
housekeeping gene elongation factor 1 alpha (ef1a) was amplified as an 
internal control. The following primers were used: sox9a fw: 5’- 
CGTCCGCTCAGCATCAAC – 3’; sox9a rv: 5’- CGTTCTGGTGACCGTTCG – 3’; ef1a 
fw: 5’- TTGAGAAGAAAATCGGTGGTGCTG – 3’; ef1a rv: 5’- 
GGAACGGTGTGATTGAGGGAAATTC – 3’; abcc4 fw: 5’- 
GCTTGGCTTTGCTCCATCATCTC -3’; abcc4 rv: 5’- CGATCTGCCCTGTGGTTGTTTG -
3’; tcf12 fw: 5’- TGGAACTTGCCTTGTGCCTAAAC -3’; tcf12 rv: 5’- 
GAAACGCCACCAGATTCTCATAGC -3’. The cycling program was: 3 min 95°C 
denaturation, two-step amplification and quantification (95°C for 15 sec and 
60°C for 45 sec with a single fluorescence measurement). After 35 cycles, a 
melting curve was generated (60-90°C, 0.5°C per 10 sec) to confirm product 
specificity. Analysis was performed using MyiQ Software (Biorad, USA). 

 
In situ hybridization 

DIG-labelled antisense RNA probes were synthesized using a DIG-
labelling kit (Roche, The Netherlands). The sox9a probe construct (Yan et al. 
2002) was linearized with EcorI (NEB, The Netherlands) and transcribed with T7 
RNA polymerase (Roche, The Netherlands) while the col2a1 probe construct 
(Yan et al. 1995) was linearized with NotI (NEB, The Netherlands) and 
transcribed with SP6 RNA polymerase (Roche, The Netherlands). Whole mount 
in situ hybridization was performed as previously described (Thisse et al. 1993). 
Embryos were photographed under a stereo microscope equipped with a 
digital camera (Leica, The Netherlands). Around 20 embryos were investigated 
for each treatment. 
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Figure 1. Dithiocarbamate exposure leads to severe craniofacial defects in developing 
zebrafish. Representative images of ventral views of alcian blue stained 5 dpf zebrafish 
heads exposed to DMSO (A), 2.5 μM metam (B), 100 nM thiram (C) or 100 nM disulfiram (D). 
Craniofacial abnormalities induced by dithiocarbamates are dose dependent (E). The 
percentage of embryos with craniofacial abnormalities at 5 dpf was scored (n>30) after 
exposure to thiram (open circle), disulfiram (closed circle) or metam (open triangle) and 
dead embryos were excluded from analysis. m: Meckel’s cartilage; h:hyoid; cb: 
ceratobranchial arches 1-5; ep: ethmoid plate; cb 1-5: ceratobranchial arches 1-5. 
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Results 
 
Dithiocarbamates induce abnormal craniofacial development in zebrafish 

Previous studies on DTC embryo toxicity in zebrafish revealed 
approximate LC50 values for thiram, disulfiram and metam of 0.2 – 1.7 μM; 1.4 
– 13.5 μM and 2 - 5 μM respectively (Tilton et al. 2006, data not shown). To 
investigate the effects of DTCs on zebrafish craniofacial development, embryos 
were exposed to 100 nM thiram or disulfiram or 2.5 μM metam from three 
hours post fertilization (hpf) until 6.5 days post fertilization (dpf). At 24 hpf, 
treated embryos showed an undulated “wavy” notochord and truncated 
anterior-to-posterior axis, confirming previous findings (Tilton et al. 2006). At 5 
dpf, larvae were sacrificed and stained with alcian blue to visualize cartilage 
elements. This revealed that exposure to all tested DTCs resulted in abnormal 
craniofacial development (Fig. 1A vs. B-D). These abnormalities were 
characterized by a wider lower jaw and misshapen cartilage elements including 
Meckel’s cartilage, the ceratohyoid and ceratobranchial arches. The effects 
observed on craniofacial development were dose dependent with EC50 values 
around 50 nM for thiram and disulfiram and 1 μM for metam (Fig.1E). At 6.5 
dpf, metam treated larvae had ventrally protruding lower jaws and a stunted 
neurocranium which resulted in an open mouth (Fig 2A vs. D). Identical effects 
were found following treatment with thiram and disulfiram (data not 
shown).To investigate the effects of DTCs on both cartilage and bone elements 
in more detail, the embryos were stained with a solution of alcian blue and 
alizarin red followed by dissection of the neuro- and viscerocranium (Walker 
and Kimmel 2007). This analysis confirmed our initial findings and showed that 
the hyoid arch and Meckel’s cartilage were present but misshapen, while the 
ceratobranchial arches were reduced or missing (Fig. 2B vs. E). Histological 
examination of the chondrocytes in the mandibular and hyoid arches did not 
reveal any difference in cellular morphology or reduction of extracellular matrix 
deposits (Fig. S1). The dorsal cartilage elements seemed less affected although 
the trabeculae were shorter and misshapen (Fig. 2 C vs. F). In control larvae, 
ossification of the opercle, ceratobranchial arch five and notochord was visible 
while this was not found in DTC treated larvae (Fig. 2 B,C vs. E,F). Lastly, 
ossification of the first three vertebrae could be detected in control but not in 
treated 6.5 dpf larvae (Fig. 3). In order to determine whether the observed 
defects were a consequence of abnormal notochord development, we also 
exposed embryos to increasing concentrations of DTCs from 24 hpf to 5 dpf. 
Since the notochord is fully developed at 24 hpf (Stemple 2005), this should 
separate the notochord and craniofacial phenotypes. In conjunction with  
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Figure 2. Dithiocarbamates cause malformations and deletions of cartilage and bone in the 
zebrafish neuro- and viscerocranium. Lateral views of zebrafish heads at 6.5 dpf, exposed to 
DMSO (A) or 2.5 μM metam (D). The most anterior part of the lower jaw is indicated by the 
open triangle. Cartilage and bone elements in the viscerocranium (B,E) and neurocranium 
(C,F) visualized by combined alcian blue and alizarin red staining in 6.5 dpf larvae exposed to 
DMSO (B,C) or 2.5 μM metam (E,F). Black arrows indicate ceratobranchial arches 1-5. m: 
Meckel’s cartilage; cb5: ceratobranchial 5; op: opercle; ep: ethmoid plate; tb: trabeculae; n: 
notochord. 
 
 

 
 
Figure 3. Dithiocarbamate exposed zebrafish embryos lack ossification of the vertebrae at 
6.5 dpf. Representative pictures of a DMSO (A) and a 2.5 μM metam (B) treated embryo. n: 
notochord; s:swimbladder; y:yolk; * vertebrae. 
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previous findings, some of the embryos had malformations in small parts of the 
trunk in which notochord cells bulged out into surrounding tissue (Haendel et 
al. 2004), the wavy notochord phenotype was largely abolished while the 
effects on craniofacial development persisted (data not shown). Together, 
these data demonstrated that DTCs cause abnormal craniofacial development 
in zebrafish. 
 
Specific differential gene expression induced by dithiocarbamates  

To gain insight into the molecular events underlying DTC induced 
teratogenicity, we next investigated the genomic response to thiram and 
disulfiram using a custom designed zebrafish embryonic contaminant (ZEC) 
microarray. Instead of using mRNA from whole zebrafish embryos in which 
alterations in tissue specific gene expression may be diluted, we used an 
embryonic zebrafish (PAC2) cell line which was previously demonstrated to be 
a useful model for the identification of mechanisms of developmental toxicity 
(van Boxtel et al. 2008). To avoid the detection of changes in gene expression 
related to cytotoxicity, we first determined the highest non-cytotoxic 
concentration for thiram and disulfiram which was 10 nM for both compounds 
(data not shown). We included all-trans-retinoic acid (RA) as a control to show 
that embryonic PAC2 cells are responsive to teratogenic agents. Exposure to RA 
lead to the differential expression of 471 genes (5% FDR) which included 
characteristic and highly induced retinoid signalling targets such as dhrs3b, 
cyp26a, cyp26b, rarg and hoxb5b (Table S2). Exposure to thiram and disulfiram 
resulted in the differential expression of 1023 and 234 genes respectively (5% 
FDR). When compared to the RA induced gene expression profile, changes in 
gene expression induced by DTCs were generally subtle with upregulated fold 
changes not exceeding threefold (Table S2). We found that the three 
treatments had 31 differentially expressed genes in common which did not 
include classical RA target genes (Table S2). However, this overlap contained an 
interesting gene in the context of bone development; fibroblast growth factor-
3 receptor (fgf3r) (Table S2; Fig. 4B). We reasoned that the shared features 
between thiram and disulfiram contained genes important for common 
teratogenic effects and found that both treatments had 166 genes in common 
of which 46 genes were upregulated and 117 genes downregulated (Fig. 4A; 
Table S2). We used this selection to identify functional networks based on 
known human and murine gene interactions (Fig. 4B, C). We identified a 
network of 15 genes related to cellular proliferation and the development and 
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function of connective tissues. This network contained twelve downregulated 
genes and only two upregulated genes (Fig. 4B). Several of the downregulated  
 

 
Figure 4. Thiram and disulfiram exposure of zebrafish embryonic PAC2 cells leads to specific 
differential expression of genes related genes to cartilage, bone and connective tissue 
function. Gene expression was measured in zebrafish embryonic PAC2 cells which were 
exposed to 10 nM thiram, 10 nM disulfiram or 1 μM retinoic acid (RA). (A) Overlap in 
differential gene expression after RA, thiram and disulfiram exposure (ANOVA, P<0.01; 5% 
False Discovery Rate). (B) Network of genes related to connective tissue development and 
function based on the intercept, indicated by the grey area in A. Downregulated genes are 
depicted in grey, upregulated genes in black and arrows indicate gene-gene interactions. (C) 
Eight TGF- 1 signalling related genes were downregulated by thiram and disulfiram 
(depicted in grey). Solid arrows indicate known regulation of gene expression while dashed 
lines indicate known protein interactions. (D) Differential gene expression of SRY-box 
containing gene 9 a (sox9a), ATP-binding cassette, sub-family C (CFTR/MRP), member 4 
(abcc4) and transcription factor 12 (tcf12) in PAC2 cells after 10 nM thiram or disulfiram 
exposure, measured by quantitative RT-PCR. * indicates significance of P<0.05 (students t-
test). 
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genes within this selection have known or suspected functions in bone and 
cartilage development including fibroblast growth factor 3 receptor (fgf3r), 
cleft lip and palate associated transmembrane protein 1(clptm1) and SRY-box 
containing gene 9a (sox9a) (Fig. 3B, Table S2). Additionally, we found that eight 
downregulated targets were related to transforming growth factor β-1 (TGF-
β1) signalling (Fig. 4C), an important growth factor in endochondral bone 
development (Janssens et al. 2005). Finally, we confirmed differential gene 
expression for three downregulated genes; sox9a, ATP-binding cassette, sub-
family C (CFTR/MRP), member 4 (abcc4) and transcription factor 12 (tcf12), 
with quantitative RT-PCR analysis and found that all three genes were indeed 
downregulated upon exposure to thiram or disulfiram (Fig.4D, P<0.05 students 
t-test). Together, these findings revealed that thiram and disulfiram exposure 
in PAC2 cells lead to the significant and specific differential expression of genes 
important in cartilage, bone and connective tissue development and function. 
 

Sox9a expression is perturbed in DTC exposed embryos  

Since DTC exposure leads to the reduction of ceratobranchial arch 
cartilages and sox9a is a known, essential transcription factor for the 
development of these chondrogenic elements, we next investigated 
spatiotemporal expression of sox9a with a gene specific riboprobe in DTC 
exposed embryos (Yan et al. 2002). sox9a is expressed in post migratory 
pharyngeal arch mesenchyme and is maintained in all developing cartilages, 
including the ceratobranchial arches until at least 72 hpf (Yan et al. 2002). In 
accordance with this we found that in control 48 hpf embryos, sox9a is highly 
expressed in the fin bud, hindbrain and mandibular-, hyoid- and 
ceratobranchial arches (Fig. 5A). Embryos treated with 100 nM thiram or 
disulfiram, showed comparable expression of sox9a in the hindbrain, fin bud 
and the mandibular arches but had reduced expression in the ceratobranchial 
arches in a majority of the investigated embryos (Fig. 5 B,C; Table 1).  

Since sox9a expression was downregulated both in vitro and in vivo, we 
hypothesized that its direct downstream target col2a1 would also be affected. 
We found that col2a1 was not represented on the microarray (Table S1) so we 
next performed in situ hybridization with a gene specific riboprobe directed 
against col2a1 (Chiang et al. 2001). We found that col2a1 was highly expressed 
in the developing craniofacial cartilages of 72 hpf control embryos, including 
the ceratobranchial arches (Fig. 5D). Analysis of col2a1 expression in thiram 
treated embryos revealed strong expression in the most anterior part of 
notochord, the hyoid arch and Meckel’s cartilage (Fig. 5 D vs. E,F) while in 
disulfiram treated embryos, expression in the hyoid arch and Meckel’s cartilage 
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was slightly lower. Importantly, in both thiram and disulfiram treated embryos, 
we did not detect expression of col2a1 in the ceratobranchial arches (Fig. 5 D 
vs. E,F) which was in accordance with reduced sox9a levels in these expression 
domains. Together, these data revealed that both thiram and disulfiram 
exposure causes perturbed expression of sox9a and its direct target col2a1 in 
the ceratobranchial arches of DTC treated zebrafish embryos. 

 
  
Figure 5. Expression of chondrogenic markers sox9a and col2a1 is perturbed in the 
ceratobranchial arches of dithiocarbamate exposed zebrafish embryos. Zebrafish embryos 
were exposed to DMSO, 100 nM thiram or 100 nM disulfiram until 48 hpf (A-C) or 72 hpf (D-
F) and stained by in situ hybridization with sox9a and col2a1 specific riboprobes. m: Meckel’s 
cartilage, o: otolith; b: ceratobranchial arches; fb: fin bud; open triangle indicates notochord. 
 
Table 1. DTC treated embryos do not express sox9a or col2a1 in the ceratobranchial arches. 
Depicted are the number of embryos expressing (+) or not expressing (-)  sox9a (at 48 hpf) or 
col2a1 (at 72 hpf) in the ceratobranchial arches and the total number of investigated 
embryos. 

 
 sox9a (48 hpf) col2a1 (72 hpf) 
 + - total + - total 
DMSO 17  2 19 25 2 27 
100 nM thiram 1  19 20 0 17 17 
100nM disulfiram 3  20 23 2 22 24 



Chapter 1 

49 
 

Discussion 
 

To our knowledge, this is the first report demonstrating that exposure to 
DTCs leads to craniofacial abnormalities in developing zebrafish. These 
malformations are characterized by a reduction of cartilages that make up the 
ceratobranchial arches and by severe malformations of Meckel’s cartilage and 
the hyoid arch. Importantly, we show that a number of TGF- signalling 
related genes are downregulated in embryonic zebrafish cells exposed to DTCs, 
including an essential transcription factor for zebrafish craniofacial 
development: sox9a. Furthermore, expression of sox9a is perturbed in the 
ceratobranchial arches in DTC exposed zebrafish embryos, suggesting that this 
is an important event in the development of DTC induced craniofacial defects. 
Together, these findings provide evidence for a novel teratogenic endpoint for 
DTCs in zebrafish and may serve as a starting point for investigating molecular 
mechanisms underlying DTC induced cartilage and bone defects in vertebrates. 
Since DTCs still commonly exceed maximum residue limits in food (European 
commission 2002), these findings may be of importance for risk assessment of 
this group of widely used chemicals. 

The DTC induced phenotype in zebrafish is characterized by an undulated 
“wavy” notochord and as we show here, abnormal craniofacial development. 
The fact that DTCs affect both the notochord and cartilage is interesting since 
these tissues are thought to be closely related. Most likely, the notochord 
represents a primitive form of cartilage which is evident from the expression of 
common markers including sox9a and col2a1 (Stemple 2005). It is well 
established that col2a1 expression is prolonged and more intense in the 
notochord of DTC exposed zebrafish embryos (Haendel et al. 2004; Tilton et al. 
2006). At 72 hpf we found identical effects on expression of col2a1 in the most 
posterior and anterior part of the notochord of exposed embryos (Fig.5). 
Expression of sox9a and col2a1 in the mandibular arches seemed largely 
unaffected but little or no expression in the ceratobranchial arches was 
detected. These findings were in conjunction with the reduction and loss of 
craniofacial elements observed at later time points (Fig.1 and 2). Loss of 
function of SOX9 in humans leads to a rare skeletal disorder termed 
campomelic dysplasia which is characterized by malformations of most skeletal 
bones in the body (Wagner et al. 1994). In zebrafish, sox9a is essential for 
terminal differentiation of chondrogenic progenitor cells in mesenchymal 
condensations within the ceratobranchial arches and loss of function leads to 
severe craniofacial abnormalities (Yan et al. 2002). Although our findings 
suggest that reduced expression of this transcription factor is important in the 
development of DTC induced craniofacial abnormalities, it is unclear whether 
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there is a causal relationship. Reduced sox9a expression in the ceratobranchial 
arches may be secondary and one explanation could be the death of 
chondrogenic progenitor cells. This is unlikely since two separate investigations 
have convincingly demonstrated that there is no significant increase in cell 
death upon DTC exposure at similar concentrations (Teraoka et al. 2006; Tilton 
et al. 2008). Furthermore, expression of sox9a in the mandibular and hyoid 
arches is normal making it more likely that an event upstream of sox9a, and 
specifically in the ceratobranchial arches, underlies this phenotype. Since 
craniofacial development is a complex, multistep process, this could include 
delayed development of the pharyngeal arches, migration of neural crest cells 
or effects on differentiation, maturation or proliferation of chondrogenic 
progenitor cells. However, the fact that sox9a expression is altered in both 
PAC2 cells and in the ceratobranchial arches may point to a mechanism in 
which sox9a is one of the key molecules, directly or indirectly regulated by 
DTCs. 

One of the molecular mechanisms by which at least disulfiram may cause 
craniofacial abnormalities is the inhibition of retinaldehyde dehydrogenase 2 
(Aldh1a2) which catalyzes the biosynthesis of the active retinoid RA from its 
precursor retinol (Stratford et al. 1996; Vallari and Pietruszko 1982). It should 
be noted that inhibition of Aldh1a2 has not been described for thiram or 
metam. However, RA is necessary for endodermal pouch formation, critical for 
craniofacial development and inhibition of Aldh1a2 in zebrafish subsequently 
leads to missing ceratobranchial arches (Kopinke et al. 2006). Microarray 
analysis of DTC exposed PAC2 cells did not clearly indicate Aldh1a2 inhibition 
but did yield genes that are common to both RA signalling and DTC exposure 
(Fig. 4, Table S2). This may be attributed to low levels of retinoids, present in 
the PAC2 culture medium. In fact, one of the genes found to be differentially 
expressed by both DTCs and RA was the fibroblast growth factor-3 receptor 
(fgf3r; Fig.4B). Mutations in FGF3R lead to craniosynostosis and multiple types 
of skeletal dysplasia (OMIM: 134934), making this a target warranting further 
investigation. However, the craniofacial phenotype in Aldh1a2 deficient 
zebrafish (neckless) and the phenotype caused by other Aldh1a2 inhibitors 
(Begemann et al. 2001; Kopinke et al. 2006) differs from the phenotype 
induced by DTCs (Fig.1). The DTC characteristic malformations in the 
trabeculae, Meckel’s cartilage and the hyoid arch observed in our study (Fig. 1 
and 2) are not found in Aldh1a2 deficient or inhibited zebrafish, suggesting that 
other mechanisms are involved.   

Overall, the expression profiles generated in the PAC2 cell line in this 
study require further investigation in order to establish the relevance of 
individual genes for the development of the phenotype. One interesting finding 
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that warrants further investigation is the finding that DTCs alter expression of 
genes related to TGF-β1 signalling. TGF-β1 is a ubiquitous growth factor that is 
highly important in vertebrate development, regulates cell proliferation, 
differentiation, motility and apoptosis (Janssens et al. 2005). TGF-β1 itself was 
highly expressed in PAC2 cells but not affected by DTC exposure (Table S2). 
However, we did identify multiple TGF-β1 related genes in our microarray 
analysis (Fig.4). In addition, a relationship between DTC exposure and altered 
activity of TGF-β1 function is supported by a previous study of expression 
profiles obtained from sodium metam exposed zebrafish embryos (Tilton and 
Tanguay 2008). Among the differentially expressed genes in this study, we 
found two additional TGF-β1 targets. TGF-β1 is of crucial importance for 
endochondral bone formation which makes these findings warrant further 
investigation, especially given the absence of ossification in DTC treated larvae.  
  We have recently discovered that DTCs directly or indirectly inhibit lysyl 
oxidase activity (van Boxtel et al. 2010). Inhibition of lysyl oxidase-like proteins 
with β-aminoproprionitrile (βAPN) results in an identical notochord phenotype 
as the phenotype caused by DTCs but also in aberrant craniofacial development 
(Anderson et al. 2007; Reynaud et al. 2008). Recent studies in our laboratory 
have shown that the craniofacial phenotype caused by APN exposure 
resembles the DTC induced phenotype (van Boxtel et al, in preparation). Lysyl 
oxidase-like proteins are highly important in connective tissue development 
where they are known to crosslink collagen and elastin in the extra cellular 
matrix (ECM)(Maki 2009). The integrity of the ECM is important in many 
developmental processes, including endochondral bone formation (Goldring et 
al. 2006; Stemple 2005; Woods et al. 2007). In pharyngeal arch condensations, 
improper organization of the ECM may lead to altered adhesive properties of 
chondrogenic progenitor cells which can impair differentiation of chondrocytes 
and subsequent maturation of cartilage elements (Lang et al. 2006). It is worth 
noting that recent research has also demonstrated that LOX can directly and 
indirectly modify TGF-β1 activity (Atsawasuwan et al. 2008; Levental et al. 
2009). Taken together, lysyl oxidase-like proteins are excellent candidates for 
further investigations in the molecular mechanisms of DTC induced bone and 
cartilage defects. 
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Supplementary data.  

Supplementary data will be available on the toxicological sciences 
website . Table S1 contains the probe content and annotations of the 
microarray used in this study. Table S2 contains all differentially regulated 
genes identified in the microarray experiments. Table S3 raw background 
subtracted fluorescence values for each of the conditions in triplicate obtained 
in the microarray analysis are available.  

 
 

 
 
Figure S1. Exposure to thiram does not lead to altered chondrocyte morphology or aberrant 
extracellular matrix deposits. Sections of cartilage elements stained with toluidine blue of 
control (A) and thiram (B) treated zebrafish. e: eye; black arrow indicates chondrocyte 
extracellular matrix. 
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Abstract 

Dithiocarbamates (DTCs) are a class of compounds that are extensively used in 
agriculture as pesticides. As such humans and wildlife are undoubtedly exposed 
to these chemicals. Although DTCs are thought to be relatively safe due to their 
short half lives, it is well established that they are teratogenic to vertebrates, 
especially to fish. In zebrafish these teratogenic effects are characterized by 
distorted notochord development and shortened anterior to posterior axis. 
DTCs are known copper (Cu) chelators but this does not fully explain the 
observed teratogenic effects. We show here that DTCs cause malformations in 
zebrafish that highly resemble teratogenic effects observed by direct inhibition 
of a group of cuproenzymes termed lysyl oxidases (LOX). Additionally, we 
demonstrate that partial knockdown of three LOX genes, lox, loxl1 and loxl5b, 
sensitizes the developing embryo to DTC exposure. Finally, we show that DTCs 
directly inhibit zebrafish LOX activity in an ex vivo amine oxidase assay. Taken 
together, these results provide the first evidence that DTC induced teratogenic 
effects are, at least in part, caused by direct inhibition of LOX activity.  
 
 
 
 
 
 
 
Toxicol Appl Pharmacol.;244(2):156-61.  



Chapter 3 

59 
 

Introduction 
 

Dithiocarbamates (DTCs) are a class of compounds that are widely used 
as pesticides in agriculture and some have applications in clinical and 
experimental medicine (World Health Organization, 2008). DTCs are thought to 
be relatively safe for mammals due to their short half-lives but it is well 
documented that they are toxic to aquatic organisms and teratogenic to 
poultry, rodents and fish (Rath et al., 2007 ; Tilton et al., 2006 ; Robens, 1969). 
There is concern for human health in occupational settings and due to the 
possibility of chronic exposure to low levels through contamination of 
foodstuffs. A recent European Union-coordinated monitoring program of 
pesticide residues in fruits, vegetables and cereals from 18 European countries 
showed that out of 35 pesticides, residues of  DTCs were found most often 
(16% of all samples) and DTCs exceeded maximum residue levels most often 
(European commission, 2002). Additionally, runoff water from agricultural 
lands is a potential threat to aquatic life. Although DTCs have been in use for 
many years, a remarkable lack of data exists regarding their underlying 
mechanisms of toxicity. Therefore, there is a need for further research into 
novel toxicological endpoints and the molecular mechanisms of action of these 
compounds. 

In recent years, progress has been made in the characterization of 
teratogenic effects caused by exposure to DTCs using the zebrafish (Danio 
rerio) as a vertebrate model system. Developing zebrafish embryos are highly 
sensitive to DTCs. Exposure to concentrations in the nanomolar (nM) range 
leads to a common phenotype characterized by a shortened anterior-posterior 
axis and a undulated (“wavy”) notochord (Haendel et al., 2004 ; Tilton et al., 
2006), a structure that gives rise to the axial skeleton and determines the fate 
of its surrounding tissues such as the neural tube and heart (Stemple, 2005). On 
a molecular level DTCs alter spatiotemporal gene expression of important 
developmental markers including fibril forming collagen type II α 1(col2a1) 
(Haendel et al., 2004 ; Tilton et al., 2006), a major component of the supportive 
surrounding layer of the developing notochord (Stemple, 2005 ; Yan et al., 
1995). 

Several possible mechanisms for the teratogenic effects of DTCs have 
been investigated but the majority of investigations have focused on the 
copper (Cu) chelating properties of these compounds. At least part of the 
observed DTC teratogenic effects is likely to be related to their capacity to bind 
Cu with high affinity (Fitsanakis et al., 2002 ; Furuta et al., 2002 ; Heikkila et al., 
1976). This could lead to reduced Cu availability and subsequent improper 
functioning of Cu dependent proteins. Alternatively, DTCs could directly inhibit 
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Cu containing proteins. Importantly, the teratogenic effects of dimethyl-DTC 
such as thiram and disulfiram can be rescued by the addition of Cu (Tilton et al., 
2006). Although an alteration of Cu homeostasis in the developing embryo can 
undoubtedly contribute to the observed teratogenic effects, several lines of 
evidence suggest that other modes of action are involved. Firstly, Cu chelators 
such as 2,2,pyridyl and neocuproine (NCu) show only partial mimicking of the 
phenotype caused by DTCs (Tilton et al., 2006 ; Teraoka et al., 2006). In 
addition to the distortion of the notochord, exposure to NCu and other Cu 
chelators results in a loss of pigmentation, which is not observed at lower 
concentrations of DTCs (Tilton et al., 2006). Also, the distortion of the 
notochord by NCu cannot be rescued by tricaine, a paralyzing agent that can 
rescue the DTC induced wavy notochord phenotype (Teraoka et al., 2006). 
Furthermore, methylisothiocyanate (MITC), the active ingredient of sodium 
metam (NaM), causes identical malformations but has no Cu binding capacities 
(Tilton et al., 2006). Lastly, the experimental compound pyrolidine-DTC causes 
a similar phenotype to the one obtained by dimethyl DTC and cannot be 
rescued by the addition of Cu (Tilton et al., 2006). Taken together, these results 
suggest that other modes of action, in addition to disruption of Cu 
homeostasis, contribute to DTC teratogenicity.  

Recent research points towards the involvement of a group of 
cuproenzymes termed lysyl oxidases (LOX) in mediating DTC teratogenicity 
(Anderson et al., 2007 ; Gansner et al., 2007). LOX are a small group of 
cuproenzymes that are highly conserved in vertebrates. They are characterized 
by a conserved C-terminal catalytic domain and a more variable N-terminal 
domain (Lucero et al., 2006). The LOX catalytic domain oxidizes ε-amino groups 
of peptidyl lysine residues to reactive aldehydes and this allows for inter- or 
intramolecular cross-linking of proteins (Lucero et al., 2006 ; Maki, 2009). While 
the exact function and targets of the individual LOX remains largely unknown, it 
is well established that at least two, LOX and LOXL1, are involved in cross-
linking elastin and collagen monomers into insoluble fibers which is essential in 
many connective tissues (Lucero et al., 2006). In the zebrafish, eight different 
lox like (loxl) genes have been identified so far coding for LOX proteins 
(Gansner et al., 2007). Chemical inhibition of LOX activity by the irreversible 
LOX inhibitor, 3-aminoproprionitrile (βAPN) and 2-mercaptopyridine-N-oxide 
results in duplication of the DTC induced phenotype which cannot be rescued 
by addition of Cu (Anderson et al., 2007 ; Gansner et al., 2007). Furthermore, 
morpholino mediated knock down of the individual Loxl genes or combinations 
has showed that two these genes, Loxl1 and Loxl5b, are essential for notochord 
development (Gansner et al., 2007). In a separate study, knock down of Lox 
resulted in a similar but more modest notochord phenotype at later stages in 
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development (Reynaud et al., 2008). Remarkably, perturbations in col2a1 
expression in the notochord caused by βAPN or knock down of loxl1 and loxl5b, 
closely resembles altered expression patterns of this transcript caused by DTCs, 
suggesting the modification of a similar molecular pathway (Gansner et al., 
2007 ; Tilton et al., 2006). 

Clearly, studies suggest that DTCs induced teratogenic effects cannot 
fully be explained by Cu chelation alone and LOX is implicated as a possible 
target. To provide more conclusive evidence as to how DTCs function, the 
objectives of this study were to examine the effects of DTCs on collagen cross-
linking in the developing zebrafish notochord, and to determine whether DTCs 
can inhibit LOX. To this end, we performed electron microscopic analyses on 
embryos exposed to DTCs and the specific LOX inhibitor βAPN, as well as loss of 
function studies with LOX genes implicated in notochord development. Using 
LOX enriched protein fractions isolated from zebrafish we provide evidence 
that DTCs directly inhibit LOX activity. 
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Materials and methods 
 
Chemicals 

Tetramethylthiuram disulfide (thiram, purity >98%), tetraethylthiuram 
disulfide (disulfiram; purity > 98%), β-aminoproprionitrile (βAPN; purity > 98%) 
and Neocuproine (NCu) were obtained from Sigma-Aldrich (The Netherlands). 
All compounds were dissolved in DMSO (purity>99.9%) except for βAPN which 
was directly dissolved in Dutch Standard Water (DSW: 100 mg.L-1 NaHCO3, 20 
mg.L-1, KHCO3, 180 mg.L-1  MgSO4 and 200 mg.L-1  CaCl2). 
 
Embryo exposures 

Zebrafish were maintained under standard conditions and eggs were 
harvested as described previously (Nagel, 2002). Teratogenicity was tested as 
described previously with some modifications (van Boxtel et al., 2008). In brief, 
20 zebrafish eggs were exposed from 3 hours post fertilization (hpf) to the 
compounds in 10 ml of DSW in 6-well plates (Greiner, The Netherlands) for up 
to five days. Solvent (DMSO, 0.01%) and negative controls were incorporated in 
all experiments and half the exposure medium was refreshed daily. 
Photographs were taken under a stereomicroscope with a digital camera (Leica, 
The Netherlands). All experiments were conducted at least in triplicate. 
 
Electron Microscopy (EM) 

Embryos were fixed in 2.5% glutaraldehyde, post fixed with 1% osmium 
tetroxide, dehydrated in ethanol infiltrated with propylene oxide and 
embedded in Agar 100 Resin. Sections were stained with toluidine blue (Sigma 
Aldrich, The Netherlands) and examined under a  phase contrast microscope 
(Olympus XC31, The Netherlands) equipped with a digital camera (Altra 20, 
Olympus, the Netherlands) to determine distortions in notochord 
development. Ultrathin sections were stained with uranyl acetate and lead 
citrate and examined with a transmission electron microscope (Philips CM 100 
Bio Twin, Philips Eindhoven, The Netherlands). At least three embryos were 
examined for each condition. 
 
Morpholino injections 

In order to knock down lysyl oxidase gene expression, morpholino 
oligonucleotides were used (Nasevicius et al., 2000). Morpholinos (Gene Tools, 
LLC, United States) were resuspended in double distilled H2O to 1 mM stock 
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concentrations, and injections of 1 nl were performed into one- to two-cell 
stage embryos at the indicated dose. The development and validation of 
morpholinos targeting splice sites of exons encoding the LOX Cu binding 
domain or the translational start site are described elsewhere (Gansner et al., 
2007 ; Reynaud et al., 2008). Morpholino sequences were: lox (genbank: 
EF030479) -5’-GTTCTTCTACTTGCCGACGTTCCAG-3’; loxl1 (genbank: 
EF030480)— 5’-GTGTAGATGTGGACTCACTGATGGC-3’; loxl5b 
(genbank:EF030486) — 5’-GCCTGTGGAATAAACACCAGCCTCA-3’. For the 
sensitization experiments, the embryos were first injected and subsequently 
exposed to the indicated concentrations of compounds from 3 hpf according to 
the above described method. 
 
Measurement of Lysyl oxidase activity 

LOX activity was measured as described previously with modifications 
(Palamakumbura et al., 2002). Four, 1.5 year old zebrafish were sedated with 
tricaine, sacrificed by decapitation and pulverized in liquid N2 with mortar and 
pestle. The powder was suspended into 20 ml of phosphate-buffered saline 
(PBS, pH 7.4) and incubated at 4° C for 1 hr with agitation to remove 
endogenous inhibitors of LOX. The suspended tissue was centrifuged (10.000 g, 
30 min), and homogenized in 6 M urea buffered with 0.05 M sodium borate at 
pH 8.2 using a fritted glass homogenizer. The tissue was then extracted 
overnight with agitation at 4° C, and the supernatant collected by 
centrifugation (30.000 g, 30 min). Next, the supernatant was diluted to 1.2 M 
urea with 50 mM sodium borate, pH 8.2. Lysates were then concentrated using 
YM-10 columns (Amicon, The Netherlands) and the eluate saved for 
background measurements. For measuring lysyl oxidase activity, 150 μl of the 
homogenate or eluate was plated into a 96 well plate (Greiner, Netherlands) in 
triplicate followed by addition 50 μL of a 4x reaction buffer containing 4 U ml−1 
type II horseradish peroxidase, 40 mM butylamine (Sigma Aldrich, The 
Netherlands), and 40 μM Amplex UltraRed (Molecular Probes, The 
Netherlands) in 1.2 M urea, 50 mM sodium borate, pH 8.2. Fluorescence was 
measured every 15 minutes using an excitation of 560 nm and an emission of 
590 nm in a Spectramax Gemini  fluorescence counter (Molecular Devices, 
United States). For each sample background fluorescence of the corresponding 
eluate was subtracted to generate a corrected relative fluorescence unit (RFU) 
value. All experiments were conducted at least in triplicate.  
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Results 
 

To investigate phenotypic similarities caused by DTCs and chemical 
inhibition of LOX activity on notochord development, zebrafish embryos were 
exposed to 50 nM thiram,  100 nM disulfiram and 500 μM βAPN from 3 hpf.  At 
48 hpf, both DTC and βAPN treated embryos had a shortened anterior to 
posterior axis and undulated notochords without loss of pigmentation (Fig. 
1A,C, n>100), confirming previous findings (Tilton et al., 2006). Embryos treated 
with 10 μM of NCu showed a similar notochord phenotype but with a complete 
absence of pigmentation (data not shown). At 5 days post fertilization (dpf) the 
embryos were fixed and stained with toluidine blue to examine the 
organization of the notochord sheath. Phase contrast microscopy of cross 
sections of the trunk at 120 hpf revealed that the notochord sheath of embryos 
treated with DTCs or βAPN was abnormal when compared to controls 
(Fig.1B,D, black arrows). In some areas, the notochord sheath was thickened, 
bulging into surrounding tissues and in other areas it was clearly interrupted 
(Fig. 1D). Ultra structural analysis confirmed these initial observations (Fig.1E-
F). A more detailed analysis of the medial, collagen containing layer within the 
notochord sheath in control embryos showed a dense and highly organized 
layer of collagen fibrils (Fig.1I). This layer clearly showed disorganization in DTC 
and βAPN treated embryos (Fig.1J and data not shown). The resemblance of 
the phenotypes suggested that impaired cross-linking of collagen fibers was 
involved in the disruption of notochord development and that this effect was 
related to inhibition of LOX activity.  

Since Lox, Loxl1 and Loxl5b were previously shown to be involved in 
zebrafish notochord development, we next investigated whether morpholino 
mediated knock down would result in similar notochord defects caused by 
DTCs or βAPN, using previously characterized morpholino oligonucleotides 
directed against all three genes (Gansner et al., 2007 ; Reynaud et al., 2008). 
When a mixture of 1.4 ng of each morpholino was injected into one- to two cell 
stage embryos, an undulated notochord phenotype was observed in 97 % of 
the injected embryos (n=120) at 22 hpf which closely resembled the phenotype 
observed after exposure to both thiram and disulfiram in the notochord (Fig. 
2). It should be noted that injection of this mixture of morpholinos resulted in 
some head necrosis which was not seen in the DTC treated embryos (Fig.2).  

We reasoned that if DTCs teratogenic effects are mediated by Lox, Loxl1 
and Loxl5b, partial knock down should sensitize the developing embryos to 
DTCs. 
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Figure 1. DTCs recapitulate the notochord phenotype caused by direct inhibition of lysyl 
oxidase activity by β-aminoproprionitrile (βAPN). (A, C) Whole mount 48 hpf zebrafish 
embryos were treated with DMSO (control) or 50 nM disulfiram. Dotted lines indicate the 
position of cross sections at 120 hpf visualized in (B,D 100X enlarged). The black arrows 
indicate the notochord sheath. (E-J) Transmission electron micrographs of the notochord 
sheath of 120 hpf zebrafish exposed to solvent (DMSO), 500 μM βAPN or 50 nM thiram or 
disulfiram. At least 3 embryos were examined for each condition. m: medial layer of 
notochord sheath. Scale Bars indicate 1 μm. 
 

Therefore, we determined the lowest observed effect concentration (LOEC) for 
thiram and disulfiram which was 7.5 and 10 nM respectively (data not shown). 
We next determined that at a dose of 0.7 ng of each morpholino per embryo, 
no, or very subtle distortions (in 5% of the embryos) of the notochord were 
observed at 24 hpf (n>50 for each condition, Fig. 3). Addition of thiram or 
disulfiram at the LOEC to the injected embryos at 4 hpf resulted in severely 
distorted notochords in 100% of the embryos at 24 hpf (n>50 for each 
condition, Fig. 3).  These results supported the hypothesis that DTCs are 
teratogenic to zebrafish embryos, at least in part, through the inhibition of LOX 
activity. 
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Figure 2. Similarity in distortions in zebrafish notochord development after DTC treatment 
and morpholino mediated knock down of lox, loxl1 and loxl5b at 22 hpf. Representative 
pictures of embryos at 22 hpf are shown, either treated with solvent (DMSO) as a control, 
injected at the 1-2 cell stage with a mixture of 1.4 ng of each morpholino or with 100 nM 
disulfiram or 50 nM thiram. Distortions in the notochord are indicated by the black triangles. 
Percentages of notochord abnormalities and number of examined embryos (n) are depicted 
above each image. 

 
To test whether DTCs are capable of directly inhibiting LOX activity, we 

isolated a protein fraction from adult zebrafish, highly enriched for LOX 
enzymes, using a previously described method (Anderson et al., 2007) and 
measured LOX activity using a fluorescence based amine oxidase assay 
(Palamakumbura et al., 2002). The isolated fraction showed an increase in 
fluorescence in time in the presence of the substrate butylamine (Fig.4A). This 
activity could be abolished by addition of 5 mM βAPN (Fig. 4A) showing that 
the measured activity was specific for LOX activity.  It has to be noted that 
some background activity was measured which could not be abolished by 
βAPN. Since some compounds are known to interfere with this amine oxidase  
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Figure 3. Partial knock down of lox, loxl1 and loxl5b sensitizes the embryos to DTCs. Embryos 
were injected with a non-teratogenic dose of morpholino mixture (0.07 nmol of each 
morpholino) and left either untreated (control) or treated with non-teratogenic 
concentrations thiram and disulfiram at 7.5 and 10 nM respectively. Depicted are 
representative pictures for both solvent (DMSO) and DTC exposed conditions. The number 
of embryos that were scored for distortions of the notochord for each treatment are 
depicted above the bars which show the percentage of affected embryos. 
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Figure 4. DTCs directly inhibit zebrafish LOX activity ex vivo. (A) Depicted is the increase in 
fluorescence in time expressed as relative fluorescence units (RFU) with solvent (DMSO) as a 
control, 10 μM thiram, 10 μM disulfiram, 100 μM NCu or 5 mM βAPN. (B) Dose response 
curves at 50% of the saturating substrate concentration for thiram, disulfiram and βAPN. 
Error bars represent the standard deviation (SD). 
 
assay, we next generated standard curves with increasing concentrations of 
H2O2 with and without DTCs. We found no interference with the assay for 
thiram and disulfiram for concentrations up to 100 μM (data not shown). We 
next incorporated 10 μM of thiram or disulfiram with the LOX containing 
fraction and found that LOX activity was diminished (Fig.4A). It has to be noted 
that for disulfiram, a lower baseline activity was found at this concentration. 
We next used NCu to investigate whether Cu chelation was involved in 
inhibition of LOX activity in this assay. Incubation with NCu concentrations of 
up to 100 μM did not alter LOX activity (Fig. 4A). The inhibition of LOX activity 
by DTCs was dose response related and both thiram and disulfiram were nearly 
a 1000 fold more potent with EC50 values of around 1 μM for both thiram and 
disulfiram and 1 mM for βAPN (Fig. 4B).  We performed additional kinetic 
studies in order to determine the mode of inhibition by varying the 
concentrations of the substrate with fixed inhibitor concentrations. This 
allowed us to generate Lineweaver–Burk plots. Data obtained in the presence 
and absence of varied concentrations of βAPN yielded a plot that intersects at 
the 1/V axis, indicating a competitive mode of inhibition (S1, A). For both 
thiram and disulfiram, the plot intersected in between the 1/V and 1/S axes, 
which is indicative of a combined competitive and non competitive mode of 
inhibition (S1, B and C).  
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Discussion 
 

The aim of this study was to investigate whether DTCs inhibit LOX activity 
and whether this can contribute to DTC induced teratogenic effects in 
developing zebrafish. We show here that DTCs are indeed inhibitors of LOX 
both in vivo and in an ex vivo LOX activity assay, providing the first evidence 
that this is an important mechanism through which DTC exert their teratogenic 
effects. However, we do not exclude that other mechanisms, including reduced 
availability of Cu, contribute to the development of the DTC induced 
phenotype. In fact, a combination of altered Cu homeostasis and LOX inhibition 
most likely works synergistically with respect to the development of the 
undulated notochord phenotype since LOX are Cu dependent. Since this is a 
novel mechanism for these compounds, these findings may have important 
implications for risk assessment of DTCs.  

To our knowledge, this is the first study that shows the disruption of 
collagen fibril organization in the notochord sheath of developing zebrafish 
embryos following DTC exposure (Fig1.). In previous studies, the LOX inhibitors 
βAPN and 2-mercaptopyridine-N-oxide have been shown to cause a similar 
ultra-structural phenotype (Anderson et al., 2007 ; Gansner et al., 2007). 
Previous investigations with DTCs have focused on 24 hpf embryos in which the 
medial layer of the notochord sheath is less dense and well organized, making 
it more difficult to detect these disruptions (Teraoka et al., 2006). However, the 
disruption of collagen fibril cross-linking by DTCs is an important finding which 
may hold a vital clue in understanding the DTC induced phenotype. It has been 
proposed that in DTC treated embryos, the notochord is compromised during 
early stages of development and that the undulated notochord only becomes 
evident in later stages (Haendel et al., 2004). Further, it is clear that muscular 
contractions around 18 hpf are necessary to reveal the DTC induced phenotype 
(Teraoka et al., 2006). We propose that the onset of movement combined with 
increased osmotic pressure in the vacuoles of the notochord cells during this 
time (Stemple, 2005) and improper collagen cross-linking disrupts the integrity 
of the notochord sheath, causing that notochord to bend and bulge due to 
mechanical stress. The interruptions of the notochord sheath we observed 
after both DTCs and βAPN support this theory (Fig1.). We cannot exclude 
however that other mechanisms contribute to this process. 

The addition of the Cu chelator, NCu, did not inhibit LOX activity in vitro 
at concentrations up to 100 μM (Fig.4A) suggesting that DTCs may directly 
inhibit LOX proteins. It is unclear at this point how DTCs inhibit LOX on a 
molecular level but most likely this is related to Cu binding since the LOX family 
of enzymes are Cu dependent (Lucero et al., 2006). It is possible that DTCs bind 
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Cu within the protein, thus preventing normal activity and this would provide 
an explanation for  the observed differences in phenotype in zebrafish after Cu 
chelation or DTC exposure (Teraoka et al., 2006 ; Tilton et al, 2006). However, it 
has to be noted that NCu is relatively large molecule and may not access the Cu 
binding pocket within Lysyl oxidase like proteins.  Alternatively, copper 
chelation may be the mechanism of action.  In an attempt to gain insight in the 
possible mechanisms of inhibition, we performed additional kinetic studies. 
βAPN showed a competitive mode of inhibition which is in accordance with 
previous findings (Fig. S1;Tang et al., 1983). DTCs showed a combined 
competitive and non-competitive action but the results obtained in these 
experiments are difficult to interpret for two reasons. First, the isolated protein 
fraction contains multiple LOX enzymes. Second, the isolated fraction may 
contain other enzymes that produce H2O2 as shown by the baseline activity 
after addition of 5 mM βAPN (Fig.4A). In additional experiments, we 
determined that this baseline activity is independent of the substrate 
butylamine (data not shown), suggesting that this process uses an endogenous 
substrate.  Interestingly, ex vivo inhibition of LOX activity with high 
concentration of DTCs resulted in negative values in the dose response curves 
(Fig.4B) which was due to a lowered baseline activity (Fig.4A). A possible 
explanation for this observation is that DTCs may inhibit other enzymatic 
processes within the protein fraction. Alternatively, since DTCs are a 1000 fold 
more potent in inhibiting LOX activity (Fig.4B) it may well be that these 
compounds are capable of reducing background LOX activity whereas 5 mM 
βAPN does not. In order to fully understand the teratogenic effects caused by 
DTCs, it will be important to perform activity and kinetic assays on purified 
individual LOX enzymes. We do emphasize that the majority of the activity in 
the amine oxidase assay is abolished by 5 mM βAPN, which is highly specific for 
LOX, thus proving the specificity of the assay. 

It is important to fully understand the molecular mechanisms behind DTC 
teratogenicity since, these compounds have many applications, are still in use 
today and as such, humans and wildlife are undoubtedly exposed to them 
(European commission, 2002 ; Caldas et al., 2004 ; Cole et al., 1998). Since DTCs 
induced teratogenesis is conserved in vertebrates, the finding that these 
compounds inhibit LOX may be of vital importance in understanding the 
underlying cause of other malformations that are observed following prenatal 
and neonatal exposure to DTCs. For instance, it is well described that DTCs 
cause abnormal bone and cartilage development in both poultry and rodents 
(Robens, 1969 ; Rath et al., 2007). A common malformation in poultry termed 
tibial dischondroplasia, is thought to be caused by contamination of feed with 
DTCs, which are used as fungicides. Neonatal exposure of developing poultry to 
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DTCs induces similar distortions but it is unclear how these malformations arise 
(Rath et al., 2007 ; Simsa et al., 2007). Another example is that DTCs cause 
abnormal bone development and distorted craniofacial development in 
prenatally exposed rodents (Robens, 1969 ; Roll, 1971). It is well described that 
the cross-linking of collagen fibrils by LOX is an important step in cartilage and 
bone maturation (Viguet-Carrin et al., 2006). Therefore, the inhibition of LOX 
activity by DTCs may provide a basis for further research into the effects of 
DTCs on bone and cartilage development. Moreover, these data should be 
placed in the context of the complex interplay between nutrition and gene 
function during development (Gansner et al., 2007). It is thought that many 
structural birth defects have multi-factorial causes which include genetic 
background, malnutrition and also the exposure to contaminants. Although 
DTCs have short half lives and are therefore thought to be relatively safe, a 
combination of polymorphisms in LOX, malnutrition in the form of a lack of 
dietary Cu, may sensitize developing vertebrates to contaminants that interfere 
with this system. It has to be noted that at least some DTCs are capable of 
passing the fetal-placental barrier (Guven et al., 1998). Exposure to DTCs in a 
critical window (Tilton et al., 2006 ; Haendel et al., 2004) may therefore 
contribute to structural birth defects. 

Although in zebrafish eight LOX have been identified so far with 
orthologs for all human LOX, only Lox, Loxl1 and Loxl5b seem to have a role in 
notochord development (Gansner et al., 2007) while Lox is implicated in 
craniofacial, neural and somite development (Reynaud et al., 2008). The role of 
the other LOX during vertebrate development remains unknown. Since DTCs 
potentially inhibit all LOX, a better understanding of the role of these proteins 
during vertebrate development is fundamental in determining risks involved in 
DTC exposure. 
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Supplemental Figure 1.  Lineweaver-Burke  plots of the inhibition of LOX activity by βAPN, 
thiram and disulfiram. A zebrafish protein fraction, highly enriched for LOX, was assayed 
against varying concentrations of the substrate butylamine in the presence or absence of 
varying concentrations βAPN (A), thiram (B) and disulfiram (C). 
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Abstract 

The lysyl oxidases are a family of cuproenzymes that crosslink collagen and 
elastin in the extracellular matrix. The functional roles of individual lysyl 
oxidases during vertebrate development are poorly understood. Here we 
report that the lysyl oxidase inhibitor β-aminopropionitrile (βAPN) causes 
severe craniofacial abnormalities in developing zebrafish embryos when 
applied during a critical time window from 24 to 72 hours post fertilization 
(hpf). To determine the molecular basis for the observed craniofacial 
phenotype, we first elucidated the spatiotemporal gene expression pattern of 
each lysyl oxidase gene, including two previously unidentified genes that are 
homologs of human LOXL4: loxl4a and loxl4b. We demonstrate that four lysyl 
oxidase genes (loxl1, loxl2a, loxl2b and loxl3b) are expressed in head 
mesenchyme between 30 hpf and 72 hpf, suggesting a role for these genes in 
craniofacial development. We further demonstrate that morpholino 
knockdown of loxl1, which is highly expressed within maturing craniofacial 
cartilages, causes abnormal craniofacial development. Taken together, these 
data reveal the importance of loxl1 in zebrafish craniofacial cartilage formation 
and suggest that other lysyl oxidases are likely to be involved in this process. 
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Introduction 
 

The lysyl oxidases are a family of cuproenzymes that are evolutionary 
conserved in vertebrates. In mammals, five lysyl oxidases have been identified: 
the prototypic lysyl oxidase (LOX) and the consecutively named lysyl oxidase-
like (LOXL) proteins LOXL1, LOXL2, LOXL3 and LOXL4 (Maki 2009). Structurally, 
lysyl oxidases consist of a conserved C-terminal catalytic domain and a more 
variable N-terminal domain (Lucero and Kagan 2006). The lysyl oxidase catalytic 
domain deaminates ε-lysine peptide residues which are converted into reactive 
allysine residues allowing inter- or intra-molecular crosslinking of proteins 
(Lucero and Kagan 2006; Maki 2009). It is well established that at least two lysyl 
oxidases, LOX and LOXL1, play an important role in connective tissue 
development and maintenance by crosslinking collagen and elastin monomers 
into insoluble fibers in the extracellular matrix (ECM) (Lucero and Kagan 2006; 
Maki 2009). Furthermore, recent work has revealed that several lysyl oxidase 
family members modify the activity of important signalling molecules 
(Atsawasuwan et al. 2008; Peinado et al. 2005). Despite a recent resurgence of 
interest in the biology of lysyl oxidases related to their importance in cancer 
biology (Erler et al. 2009; Peinado et al. 2008), the functional role of most 
individual family members in developmental biology remains poorly 
understood.  

In higher vertebrates, lysyl oxidases are expressed in a variety of adult 
and embryonic tissues including cartilage and bone (Maki 2009) suggesting 
their involvement in cartilage homeostasis and/or development. In vitro, 
inhibition of collagen crosslinking with β-aminopropionitrile (βAPN) is a major 
factor in modulating the phenotype of cartilage growth (Asanbaeva et al. 2008) 
and prevents chondrocyte dedifferentiation (Farjanel et al. 2005; McGowan 
and Sah 2005).  Indeed, LOXL4 was initially identified as a cartilage specific 
marker (Ito et al. 2001) while LOXL2 and LOXL3 expression is upregulated in 
damaged cartilage, suggesting a role for these lysyl oxidases in cartilage repair 
(Sato et al. 2006). Together, these findings suggest that specific lysyl oxidases 
may be involved in cartilage development. 

The zebrafish is a useful model for elucidating the role of individual lysyl 
oxidases in vertebrate development (Anderson et al. 2007; Gansner et al. 2007; 
Reynaud et al. 2008; van Boxtel et al. 2010). To date, eight zebrafish lysyl 
oxidase genes have been identified, including orthologs of all human lysyl 
oxidases except LOXL4 (Gansner et al. 2007). Furthermore, the zebrafish 
genome encodes two additional lysyl oxidases termed loxl5a and loxl5b which 
are closely related to human LOX and LOXL1. Inhibition of lysyl oxidase activity 
with βAPN, 2-mercaptopyridine-N-oxide, or dithiocarbamate pesticides results 
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in a specific early phenotype characterized by an undulated notochord and 
shorter anterior-posterior axis (Anderson et al. 2007; Gansner et al. 2007; van 
Boxtel et al. 2010). Analysis of the spatiotemporal expression of individual lysyl 
oxidase genes revealed that loxl1, loxl2b, loxl3b and loxl5b are expressed in the 
developing notochord (Gansner et al. 2007). Using a loss of function approach 
with morpholino antisense oligonucleotides it was shown that loxl1 and loxl5b, 
are essential for notochord development (Gansner et al. 2007). In a separate 
study, lox was found to be expressed ubiquitously throughout the embryo and 
morpholino knockdown resulted in a number of developmental abnormalities, 
including neural defects, subtle notochord defects and craniofacial 
malformations (Reynaud et al. 2008). Interestingly, the presented craniofacial 
phenotypes resulting from targeted knockdown of lox and chemical inhibition 
with βAPN were not identical (Reynaud et al. 2008). Moreover, a detailed 
analysis of the βAPN-induced craniofacial phenotype was not performed.  

In the current study, we focus on the role of Loxl proteins in zebrafish 
craniofacial development. We identify a critical window in which lysyl oxidases 
are necessary for craniofacial development and show that several individual 
loxl genes are expressed in head mesenchyme and developing cartilage 
elements during this time window. We use a loss of function approach to 
demonstrate that loxl1 is indeed involved in craniofacial development. This 
study provides novel insight into the functional roles of lysyl oxidases during 
embryonic development. 
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Materials and Methods 
 
Animal care and pharmacologic treatment 

Zebrafish were maintained under standard conditions and eggs collected 
as described (Westerfield 2000). β-aminopropionitrile (βAPN; purity > 98%; 
Sigma-Aldrich, The Netherlands) was dissolved in Dutch Standard Water (DSW: 
100 mg/L NaHCO3, 20 mg/L, KHCO3, 180 mg/L MgSO4 and 200 mg/L CaCl2) to 
generate a 10 mM stock concentration from which the appropriate dilutions 
were made. Zebrafish eggs were incubated in 10 ml of DSW with or without 
βAPN in 6-well plates (Greiner, The Netherlands) for up to 6.5 days. Half the 
medium was refreshed daily (Nagel, 2000). To determine a critical time window 
for lysyl oxidase activity in craniofacial development, the embryos were 
removed from the exposure medium, washed three times with 50 ml DSW and 
transferred to new 6-well plates. Developing embryos were inspected daily for 
developmental abnormalities and photographs taken under a 
stereomicroscope equipped with a digital camera (Leica, The Netherlands). 
Experiments were conducted in triplicate. 
 
loxl4a and loxl4b identification, cloning and RT-PCR analysis 

Two zebrafish loxl4 genes were identified by BLAST search of the 
zebrafish Ensemble database (Zv8) using the human LOXL4 (NM_032211) cDNA 
sequence. Expression of  loxl4a and loxl4b was assessed by RT-PCR using the 
following gene specific primers: loxl4a fw: 5’-TGCAGTGCGTCTGAAGGCGG-3’; 
loxl4a  rv: 5’-CACCAGCTGCGCATCCACCA-3’; loxl4b fw: 5’-
GCAGAGCCTCATCGGTGTGC-3’; loxl4b rv: 5’-GTGATGAGGGCACGGCGCTT-3’. In 
brief, total RNA was isolated from 3 hours post fertilization (hpf) to 5 days post 
fertilization (dpf) embryos using Trizol reagent (Invitrogen, The Netherlands). 
Reverse transcription was performed using 1 μg of total RNA and the High 
Capacity cDNA Reverse Transcription Kit (Applied Biosystems, The 
Netherlands). To clone loxl4b, nested PCR was performed using the following 
primers: lox4b 5'UTR fw: 5’-CCGCTGGGTCTCCTTGCCA-3’; lox4b 3'UTR rv: 5’-
ATGTTTCCTGATGGGCGCGAG-3’; loxl4b fw (BamHI): 5’-
CTGGATCCCGGTGTGCAGTCATGATTCGG-3’; loxl4b rv (EcoRI): 5’-
GTGAATTCGATGAAGTTATTGCTGATCTGACGCTG -3’. The primer annealing 
temperature was 58°C and 24 cycles of amplification were performed for each 
round using Phusion DNA polymerase (Finnzymes, Finland). The final PCR 
product was digested with BamHI and EcoRI (NEB, The Netherlands), purified 
using a PCR purification kit (Qiagen, The Netherlands) and cloned into digested 
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pcDNA3.1-V5-HisA plasmid (Invitrogen, The Netherlands). Three independent 
clones were sequenced with double coverage.  
 

In situ hybridization 

Antisense riboprobes were synthesized using a DIG-labelling kit (Roche, 
The Netherlands). Probe constructs containing cDNA fragments encoding the 
zebrafish lox, loxl1, loxl2a, loxl2b, loxl3a, loxl3b, loxl5a, loxl5b were linearized 
and transcribed as previously described (Gansner et al. 2007). Probe constructs 
for loxl4a and loxl4b were obtained by generating PCR fragments as described 
above and cloned into the pCRII-TA cloning vector (Invitrogen, The 
Netherlands). Antisense probes were generated by digesting with BamHI (NEB, 
The Netherlands) and transcription with T7 RNA polymerase. Whole mount in 
situ hybridization was performed as previously described (Thisse et al. 1993). 
Embryos were dehydrated in methanol, cleared in 1:2 benzyl alcohol:benzyl 
benzoate and photographed under a stereo microscope equipped with a digital 
camera (Leica, The Netherlands). At least 5 embryos were investigated for 
expression of each gene. 

 
Morpholino injections 

Antisense morpholino oligonucleotides were used to knock down 
individual lysyl oxidase gene expression (Nasevicius and Ekker 2000). 
Morpholinos (Gene Tools, LLC, United States) were resuspended in double 
distilled water to 1 mM stock concentrations and injections of 1 nl were 
performed into one- to two-cell embryos at the indicated doses. The 
development and validation of the morpholino targeting the splice site of the 
loxl1 copper binding domain is described elsewhere (Gansner et al., 2007). 
Morpholino sequences were: loxl1MO (Gansner et al. 2007): 5’-
GTGTAGATGTGGACTCACTGATGGC-3’; loxl1MM (mismatch): 5’-
GTGaAGATcTGGAgTCACaGATcGC-3’; standard control morpholino 5’- 
CCTCTTACCTCAGTTACAATTTATA-3’; P53MO: 5’-
GCGCCATTGCTTTGCAAGAATTG-3’ (Robu et al. 2007).  
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Results 
 
Characterization of craniofacial abnormalities induced by βAPN 

To investigate the role of lysyl oxidases in zebrafish craniofacial 
development, we incubated embryos in increasing concentrations of βAPN 
from 3 hpf and monitored development for up to 6.5 dpf. At βAPN 
concentrations as low as 100 μM, embryos exhibited abnormal notochord 
development and abnormal development of the lower jaw at 120 hpf (Fig. 1A 
vs. B and Fig. 1G, Supplementary Fig. 1B, F). Analysis of cartilage and bone 
elements at 6.5 dpf by combined alcian blue and alizarin red staining revealed 
that βAPN caused abnormal craniofacial development characterized by 
reduced and misshapen cartilage elements and loss of ossification of 
endochondral bone (Fig. 1C, E vs. D, F). Dissection of the neuro- and 
viscerocranium revealed that the latter was most severely affected; both the 
mandibular and hyoid arches were misshapen and the ceratobranchial arches 
were reduced ( 1E vs. F). These findings suggest that lysyl oxidase activity is 
required for craniofacial development.  

To gain insight into the timing of lysyl oxidase activity required for 
craniofacial development, we incubated embryos in 100 μM βAPN during 
different time windows and analyzed cartilage and bone elements by alcian 
blue staining at 6.5 dpf (Fig. 2). We found that exposure to βAPN from 3, 24, or 
48 hpf until 120 hpf resulted in notochord malformations and abnormal 
development of the viscerocranium whereas exposure from 72 hpf or 96 hpf 
until 120 hpf did not result in any obvious craniofacial phenotype (Fig. 2 and 
Supplementary Fig. 1). To further refine the critical time window, we incubated 
embryos in βAPN from 3 until 24 hpf and 24 until 72 hpf. In the early window, 
approximately 75% of embryos had abnormal notochords but craniofacial 
development seemed normal (Fig. 2). In the late time window, embryos 
exhibited more subtle notochord defects but had severe malformations of the 
lower jaw ( 2 and Supplementary Fig. 1). These findings demonstrate that lysyl 
oxidase activity is essential for normal craniofacial development between 24 
and 72 hpf and that the craniofacial phenotype is unlikely to result from 
abnormal notochord development. 
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Figure 1. Chemical inhibition of lysyl oxidase activity results in abnormal craniofacial 
development in zebrafish. Embryos were exposed to increasing concentrations of β-
aminoproprionitrile (βAPN). Depicted are representative light microscopic images of control 
(A) and βAPN exposed (B) 120 hpf zebrafish heads. At 6.5 dpf, the larvae were stained with 
alcian blue and alizarin red for analysis of cartilage and bone elements. Depicted are 
representative images of the neuro- and viscerocranium of 6.5 dpf control (C,E) and βAPN 
treated larvae (D,F). (E) Craniofacial defects are dose dependent (n > 30 embryos for each 
treatment). 
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Figure 2. Zebrafish craniofacial development is highly sensitive to βAPN exposure during a 
critical window of exposure from 24 hpf until 72 hpf. (A) Zebrafish embryos were exposed to 
100 μM βAPN  in seven different time windows. Percentage of abnormal notochord (B) and 
lower jaw (C) development after exposure in different windows. The grey shading 
correspond to the time windows presented in (A). 
 
 
Identification of zebrafish loxl4a and loxl4b  

Since mammalian LOXL4 was first identified as a cartilage-specific gene 
(Ito et al. 2001) and could therefore play a role in craniofacial development, we 
sought to identify the zebrafish ortholog(s) of this gene before determining the 
spatiotemporal expression of each lysyl oxidase family member in the 
developing zebrafish head. BLAST search using the human LOXL4 cDNA 
revealed two genes with homology to this sequence in the Zebrafish Ensemble 
genome database (Zv8) which we named loxl4a (2280 bp; chr11) and loxl4b 
(2565 bp; chr13) based on predicted identity. We identified multiple expressed 
sequence tags (ESTs) in EST databases for both loxl4a (CK145578; CA975259; 
BI326335; BI842493) and loxl4b (CT34270; AL924836;AL926852) isolated from 
embryonic cDNA libraries, suggesting expression of both genes during 
development. Indeed, RT-PCR analysis revealed that both genes were 
expressed during development although loxl4a expression was very weak 
(Supplementary Fig. 2). Since expression of loxl4b was particularly high in the 
24 to 72 hpf window, we proceeded to clone this gene. Protein sequence 
alignment with human and mouse LOXL4 sequences revealed that Loxl4b 
contained several conserved domains, including a lysyl oxidase domain and 
four scavenger receptor cysteine rich domains (Supplementary Fig. 3). 
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Figure 3. Analysis of spatiotemporal expression of individual loxl genes from 24 to 72 hpf. 
Depicted are representative images of 30, 48 and 72 hpf zebrafish embryos, stained with 
gene specific riboprobes for lox (A,E,I), loxl1 (B,F,J), loxl2a (C,G,K), loxl2b (D,H,L), loxl3b 
(M,Q,U), loxl4a (N,R,V), loxl4b (O,S,W) and loxl5b (P,T,X). Anterior is always to the left and 
dorsal to the top. At least five embryos were investigated for each gene. Black triangle: 
heart; open triangle: otic vesicle; black arrow: fin. 
 

Spatiotemporal expression of lysyl oxidases in the developing zebrafish head 

To gain insight in the spatiotemporal expression of individual lysyl 
oxidase family members during zebrafish craniofacial development, we 
performed whole mount in situ hybridization with gene specific riboprobes for 
all ten lysyl oxidase genes (Fig.3 and data not shown). We found that most 
genes were expressed at 30, 48, or 72 hpf except for loxl3a and loxl5a (data not 
shown) which were excluded from further analysis. Of all investigated genes, 
four (loxl1, loxl2a, loxl2b, loxl3b) were expressed in the developing craniofacial 
cartilage elements or surrounding tissues. We found that lox was expressed  



Chapter 4 

85 
 

 
Figure 4. Zebrafish loxl1 is expressed within maturing cartilage elements of the neuro- and 
viscerocranium. (A) Increase in loxl1 expression in developing zebrafish embryo measured by 
quantitative RT-PCR. (B-E) Close up of expression of loxl1 in the developing zebrafish head 
and pectoral fins (f) at 48, 72 and 96 hpf. Open triangles indicate expression in the joints. (F) 
Expression of loxl1 within the developing ceratobranchial arches (cb 1-4) and heart (h).  
 
strongly and specifically in the heart and developing swim bladder at 72 hpf 
(Fig. 3A,E,I) but not in the head mesenchyme. The most highly expressed lysyl 
oxidase within head mesenchyme was loxl1 (Fig. 3B,F,J). Expression of loxl1 was 
found in the notochord and head mesenchyme at 30 hpf (Fig. 3B) and although 
expression in the notochord was downregulated at 48 hpf we found strong 
expression in the heart, mandibular arches and developing fin at both 48 and 
72 hpf (Fig. 3E,J). loxl2a was weakly expressed in the posterior head 
mesenchyme at 30 hpf but expression was strong in maturing cartilage 
elements at 48 hpf and 72 hpf, in particular in the otic capsule, ceratobranchial 
arches and Meckel’s cartilage (Fig. 3C,G,K). In general, loxl2b was highly 
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expressed at 30 hpf in the head mesenchyme and anterior notochord. At 48 
hpf, loxl2b expression was found in the developing viscerocranium and 
neurocranium and these expression domains were maintained until at least 72 
hpf (Fig. 3D,H,L). Expression of loxl3b was found in the notochord at 30 hpf and 
peaked in head mesenchyme at 48 hpf while at 72 hpf, expression appeared 
lower but still detectable in the neurocranium. Both loxl4a and loxl4b staining 
was low until 72 hpf when expression was found in the developing fin (Fig. 
3N,R,V and O,S,W). Overall, staining of loxl4a was low when compared to loxl4b 
which was in accordance with the RT-PCR data. Finally, we observed loxl5b 
expression in the hypochord at 30 hpf and some expression in the head 
mesenchyme at 48 hpf (Fig. 3P,T). At 72 hpf loxl5b expression was no longer 
observed in the head mesenchyme (Fig. 3X). In summary, these data reveal 
spatiotemporal expression patterns that suggest the involvement of four lysyl 
oxidase genes – loxl1, loxl2a, loxl2b and loxl3b – in craniofacial development. 
 
loxl1 is expressed within maturing cartilage elements 

Since loxl1 was highly expressed in the head mesenchyme from 30 hpf 
until at least 72 hpf we determined the role of this gene in zebrafish 
craniofacial development. We confirmed loxl1 expression by quantitative RT-
PCR and found that this gene is expressed until at least 5 dpf (Fig. 4A). A more 
detailed analysis of the expression domains at 48 hpf revealed that expression 
is particularly high within the developing cartilage elements in the developing 
fin and the viscerocranium whereas expression in the ethmoid plate and 
trabeculae was observed but weak (Fig. 4B,C). At 72 hpf, expression in the 
neurocranium seemed stronger and expression in the viscerocranium persisted 
(Fig. 4D). Interestingly, expression was also observed in the joints connecting 
the palatoquadrate with Meckel’s cartilage (Fig. 4E). Sections of 72 hpf 
embryos confirmed that loxl1 was expressed within the maturing cartilages and 
this expression pattern was maintained until at least 4 dpf when expression 
was observed in the most distal part of the ceratobranchial arches (Fig. 4F). 
These findings strongly suggest a role for loxl1 maturation of cartilage elements 
during zebrafish craniofacial development.  
 
loxl1 morphants have craniofacial defects 

To investigate the functional role of loxl1 during zebrafish craniofacial 
development we injected a previously characterized morpholino that disrupts 
the copper-binding domain of loxl1 (Gansner et al. 2007) and analyzed 
craniofacial development by alcian blue staining. Injection of 8 ng of the loxl1 
morpholino (loxl1MO) resulted in notochord malformations at 22 hpf 
(Supplementary Fig. 4 A vs. C) and abnormal craniofacial development at 120 
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hpf (Fig. 5; 69 %, n=104). The phenotype was characterized by underdeveloped 
and misshapen cartilage elements, a shorter neurocranium with a wider 
ethmoid plate and loss of the ceratobranchial arches, underdeveloped Meckel’s 
cartilage and palatoquadrate (Fig. 5 C,E vs. D,F). Injection of 8 ng of a general 
control morpholino (controlMO, 3% abnormal, n=96) or 8 ng of a 
corresponding loxl1 mismatch morpholino (loxl1MM, 6% abnormal, n=68), did 
not result in any craniofacial phenotype suggesting that the effects on 
craniofacial development were specific for knockdown of loxl1 (Fig 5G). 
However, at 24 hpf some head necrosis at the indicated morpholino dose was 
observed (supplementary Fig. 4 A vs. C). To investigate the possibility that the 
phenotype was due to P53 mediated apoptosis we co-injected 2 ng of a 
previously characterized P53 morpholino (P53MO) and found that the 
observed phenotype was not P53 dependent (91% abnormal, n=68; Fig 5G) 
whereas injection of 2 ng P53MO alone did not result in any phenotype (n=89). 
In addition, head necrosis was no longer observed after co-injection of P53MO 
and loxl1MO at 22 hpf  (Supplementary Fig. 4C vs. D). Together, these data 
demonstrate that loss of function of loxl1 results in abnormal craniofacial 
development and that this is not due to P53 mediated apoptosis. 
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Figure 5. Loss of function of loxl1 leads to abnormal craniofacial development. 
Representative images of zebrafish heads at 120 hpf of embryos injected with 8 ng of a 
general control morpholino (control) (A) or 8 ng of a  loxl1 splice morpholino (loxl1MO) (B). 
Dissection of the neuro- and viscerocranium at 120 hpf of control injected (C,E) and loxl1MO 
injected zebrafish larvae (D,F) after alcian blue staining. (G) Quantification of abnormal 
craniofacial development at 120 hpf embryos after injection of 8 ng control morpholino, 8 ng 
loxl1MO, 2 ng P53 morpholino (P53MO) and co-injection of 8 ng loxl1 mismatch morpholino 
and 2 ng P53 MO. At least 60 embryos were injected for each condition.  
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Discussion 
 

In this study we demonstrate that craniofacial morphogenesis in 
zebrafish is particularly sensitive to chemical inhibition of lysyl oxidase activity 
from 24 to 72 hpf.  Analysis of the spatiotemporal expression of individual 
zebrafish lysyl oxidase genes reveals that four of these genes – loxl1, loxl2a, 
loxl2b and loxl3b – are expressed in head mesenchyme and maturing cartilages 
suggesting their involvement in zebrafish craniofacial development. 
Morpholino mediated knockdown experiments demonstrate that at least one 
of these genes, loxl1, is indeed important for the development of cartilage 
elements that make up the neuro- and viscerocranium. Together, these data 
provide novel insight into the requirement for specific lysyl oxidases during 
zebrafish craniofacial development and provides a starting point for further 
investigations into the  functional roles of lysyl oxidases in vertebrate 
development.  

Importantly, the notochord and craniofacial phenotypes observed with 
βAPN treatment appear to be largely independent of each other (Fig. 2). 
Craniofacial defects occur in embryos treated with βAPN from 24 to 72 hpf 
while only subtle notochord defects are observed (Fig. 2, Supplementary Fig. 1). 
Conversely, notochord defects occur in embryos treated with βAPN from 3 to 
24 hpf while only subtle craniofacial defects are observed (Fig. 2, 
Supplementary Fig. 1). These findings suggest that lysyl oxidases first function 
in notochord formation and later in craniofacial morphogenesis which is 
consistent with their spatiotemporal expression patterns (Fig. 3, Fig. 4, Gansner 
et al. 2007). 

 To our knowledge, this is first report that demonstrates a role for loxl1 in 
vertebrate craniofacial development. The loxl1 morphant phenotype presented 
here is specific and is unlikely to be due to morpholino off-targeting for several 
reasons. First, spatiotemporal expression of loxl1 is in agreement with the 
observed phenotype. Second, no overt toxic effects that can be associated with 
morpholino injections were observed (Robu et al. 2007). Third, injection of an 
equal dose of mismatch morpholino did not produce a phenotype. Finally, the 
observed phenotype was independent of P53 function. This is important since 
knock down technologies in the zebrafish are known to cause toxic effects 
through P53 mediated cell death (Robu et al. 2007). While the phenotypes 
caused by chemical inhibition with βAPN and targeted knockdown with the 
loxl1 morpholino are not identical, this is consistent with the in situ 
hybridization findings where four lysyl oxidases are expressed in developing 
head mesenchyme, all of which are presumably inhibited by APN. 
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In addition to our findings regarding to the involvement of lysyl oxidases 
in zebrafish craniofacial development, we report the identification of two novel 
zebrafish lysyl oxidase genes that are homologous to human LOXL4, loxl4a and 
loxl4b. Although LOXL4 was initially identified as a cartilage specific gene (Ito et 
al. 2001), expression of the zebrafish orthologs was not observed in developing 
cartilages of the neuro- or viscerocranium (Fig. 3V,W, black arrows). In total, 
ten zebrafish lysyl oxidase genes have now been described (this report and 
Gansner et al. 2007), including orthologs for all mammalian lysyl oxidases. This 
study further strengthens the zebrafish as a model for investigating the 
functional roles of individual lysyl oxidases in vertebrate development.  

We observed strong expression of lox in the heart at 72 hpf but did not 
observe expression in the developing zebrafish head at 30, 48, or 72 hpf (Fig 
3A,E,I). This is in contrast to a previous report that noted lox expression 
throughout much of the zebrafish embryo (Reynaud et al. 2008). The reasons 
for these differences are unclear. While loxl1 expression was found within 
maturing cartilage elements, it was also observed in the joints connecting the 
palatoquadrate with Meckel’s cartilage, suggesting a role for this gene in joint 
formation (Fig. 4F). The analysis of spatiotemporal expression patterns suggests 
that loxl2a, loxl2b and loxl3b may have specific and differential roles in 
zebrafish craniofacial development that remain to be elucidated.  

Chondrogenic progenitor cells in the pharyngeal arches are dependent 
on cell-ECM interactions for proliferation and differentiation (Goldring et al. 
2006). Disruption or improper deposition of the ECM is known to inhibit 
zebrafish craniofacial development (Lang et al. 2006). Lysyl oxidase 
cuproenzymes organize the ECM by crosslinking collagen and elastin (Lucero 
and Kagan 2006; Maki 2009). Therefore, zebrafish Loxl1 and the other lysyl 
oxidases expressed in head mesenchyme may act in craniofacial 
morphogenesis by organizing the ECM that surrounds differentiating and 
maturing chondrocytes. There are many possible lysyl oxidase substrates in the 
ECM, many of which have already been shown to be critical for craniofacial 
morphogenesis such as the collagen isoforms Col2a1 and Col11 (Baas et al. 
2009; Yan et al. 2002). We therefore propose that zebrafish lysyl oxidases are 
important for organization of the ECM of chondrogenic progenitor cells and 
therefore for the maturing cartilage elements. 
The findings presented here provide novel insight into the specific genetic 
requirements for vertebrate craniofacial development and may be relevant for 
understanding the complex pathogenesis of structural birth defects. It is 
thought that combinations of genetic background, nutritional status and 
teratogenic insults are likely to be at the heart of structural birth defects such 
craniofacial anomalies (Zhu et al. 2009). Since lysyl oxidases are copper 
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dependent, nutritional status is undoubtedly important in the proper 
functioning of these enzymes (Gansner et al. 2007). Furthermore, we recently 
found that a class of commonly used pesticides, termed dithiocarbamates, are 
capable of directly or indirectly inhibiting lysyl oxidase activity (van Boxtel et al. 
2010). Therefore, lysyl oxidases are highly relevant for investigations into the 
causes of structural birth defects and craniofacial defects in particular. Further 
investigation of the functional roles of the other zebrafish Loxl proteins may 
present a starting point for our understanding of the role of these enzymes in 
the development of structural birth defects in the context of genetics and 
nutritional status. 
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Supplemental Figure 1. Exposure to 100 uM βAPN leads to stunted heads and abnormal 
lower jaw development in several windows of exposure.  
 
 

 

 
 
 
 
Supplemental Figure 2. loxl4b but not loxl4a is expressed during zebrafish development. 30 
cycles of RT-PCR analysis was performed on pooled 3- 120 hours post fertilization (hpf) 
embryos. The housekeeping gene elongation factor 1 alpha (ef1α) was amplified as a control. 
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Hs_LOXL4        MAWSPPATLFLFLLLLG-QPPPS----RPQSLGTTKLRLVGPESKPEEGRLEVLHQGQWG 55 
Mm_LOXL4        MMWPQPPTFSLFLLLLLSQAPSS----RPQSSGTKKLRLVGPTDRPEEGRLEVLHQGQWG 56 
Dr_Loxl4b       MIRVCPLCILLFALLFMCMDARPGSSGRSRRAPAAKVRLAGIGHQENEGRVEVLHNGTWG 60 
                *    *  : ** **:    . .    *.:   : *:**.*   : :***:****:* ** 
      SRCR1 
Hs_LOXL4        TVCDDNFAIQEATVACRQLGFEAALTWAHSAKYGQGEGPIWLDNVRCVGTESSLDQCGSN 115 
Mm_LOXL4        TVCDDDFALQEATVACRQLGFESALTWAHSAKYGQGEGPIWLDNVRCLGTEKTLDQCGSN 116 
Dr_Loxl4b       TVCDDEVDIKLANVVCRELGFQSGITWAHSARYGEGEGPIWMDNVRCEGTEKALRDCRSN 120 
                *****:. :: *.*.**:***::.:******:**:******:***** ***.:* :* ** 
 
Hs_LOXL4        GWGVSDCSHSEDVGVICHPRRHRGYLSETVSN-----ALGP------------------- 151 
Mm_LOXL4        GWGVSDCRHSEDVGVVCHPRRQHGYHSEKVSN-----ALGP------------------- 152 
Dr_Loxl4b       GWGVHDCKHSEDLGVVCSPERRLDQTYPGVSRRGHTIALRPNPVTSNRWQDIYSNPRTPA 180 
                **** ** ****:**:* *.*: .     **.     ** *                    
 
Hs_LOXL4        ---QGR-------------------------RLEEVRLKPILASAKQHSPVTEGAVEVKY 183 
Mm_LOXL4        ---QGR-------------------------RLEEVRLKPILASAKRHSPVTEGAVEVRY 184 
Dr_Loxl4b       HLRQGNGHSQDQTRWDQLSRQQLPNPSASRVRIEEVRLKPVLMVTKRRALITEGVVEVKH 240 
                   **.                         *:*******:*  :*::: :***.***:: 
      SRCR2 
Hs_LOXL4        EGHWRQVCDQGWTMNNSRVVCGMLGFPSEVPVDSHYYRKVWDLKMRDPKSRLKSLTNKNS 243 
Mm_LOXL4        DGHWRQVCDQGWTMNNSRVVCGMLGFPSQTSVNSHYYRKVWNLKMKDPKSRLNSLTKKNS 244 
Dr_Loxl4b       AGRWRQVCDKGWSLNSSRVVCGMLGFPDAEQPNMNTYKKIWDKKVKDSTTRLSQMAKKKG 300 
                 *:******:**::*.***********.    : : *:*:*: *::*..:**..:::*:. 
 
Hs_LOXL4        FWIHQVTCLGTEPHMANCQVQVAPARGKLRPACPGGMHAVVSCVAGPHFRPPKTKPQRKG 303 
Mm_LOXL4        FWIHRVDCLGTEPHLAKCQVQVAPGRGKLRPACPGGMHAVVSCVAGPHFRRQKPKPTRKE 304 
Dr_Loxl4b       FWVEKLHCLGTEPSLAECHTQLSIPRS--PAPCKNGRYAVARCVPGPQFAR-MSSGRPQA 357 
                **:.:: ****** :*:*:.*::  *.   ..* .* :**. **.**:*    ..   :  
      SRCR3 
Hs_LOXL4        SWAEEPRVRLRSGAQVGEGRVEVLMNRQWGTVCDHRWNLISASVVCRQLGFGSAREALFG 363 
Mm_LOXL4        SHAEELKVRLRSGAQVGEGRVEVLMNRQWGTVCDHRWNLISASVVCRQLGFGSAREALFG 364 
Dr_Loxl4b       PHPVQLSVRLKAGPRLGEGRVEVLREGKWGTVVDHLWDRISASVVCRELGFGTAKEALTG 417 
                . . :  ***::*.::******** : :**** ** *: ********:****:*:*** * 
 
Hs_LOXL4        ARLGQGLGPIHLSEVRCRGYERTLSDCPALEGSQNGCQHENDAAVRCNVPNMGFQNQVRL 423 
Mm_LOXL4        AQLGQGLGPIHLSEVRCRGYERTLGDCLALEGSQNGCQHANDAAVRCNIPDMGFQNKVRL 424 
Dr_Loxl4b       AYMGQGTGPIHMNSVRCAGTERSILDCFFQDVQPWTFKHNRDASVKCYVPKTGVENTVRL 477 
                * :*** ****:..*** * **:: **   : .    :* .**:*:* :*. *.:* *** 
      SRCR4 
Hs_LOXL4        AGGRIPEEGLLEVQVEVNGVPRWGSVCSENWGLTEAMVACRQLGLGFAIHAYKETWFWSG 483 
Mm_LOXL4        AGGRNSEEGVVEVQVEVNGVPRWGTVCSDHWGLTEAMVTCRQLGLGFANFALKDTWYWQG 484 
Dr_Loxl4b       AGGRDPAEGRVEVLMEDGGRKHWGTICSENWGINEAMVVCRQLGFGFAARAHQETYYWQG 537 
                **** . ** :** :* .*  :**::**::**:.****.*****:***  * ::*::*.* 
 
Hs_LOXL4        TPRAQEVVMSGVRCSGTELALQQCQRHGPVHCSHGGGRFLAGVSCMDSAPDLVMNAQLVQ 543 
Mm_LOXL4        TPEAKEVVMSGVRCSGTEMALQQCQRHGPVHCSHGPGRFSAGVACMNSAPDLVMNAQLVQ 544 
Dr_Loxl4b       DPAAEEVVLSGAHCVGTEMSIQQCRRNSYVHCPRGGGAKAAGVTCSETAPDLVLDAQLVQ 597 
                 * *:***:**.:* ***:::***:*:. ***.:* *   ***:* ::*****::***** 
 
Hs_LOXL4        ETAYLEDRPLSQLYCAHEENCLSKSADHMDWPYGYRRLLRFSTQIYNLGRTDFRPKTGRD 603 
Mm_LOXL4        ETAYLEDRPLSMLYCAHEENCLSKSADHMDWPYGYRRLLRFSSQIYNLGRADFRPKAGRH 604 
Dr_Loxl4b       ESSYLEDRPLHLLTCAHEENCLSSSASRMQWPYGHRRLLRFSSRIMNLGRADFRPRASRE 657 
                *::*******  * *********.**.:*:****:*******::* ****:****::.*. 
     Lysyl oxidase domain 
Hs_LOXL4        SWVWHQCHRHYHSIEVFTHYDLLTLNGSKVAEGHKASFCLEDTNCPTGLQRRYACANFGE 663 
Mm_LOXL4        SWIWHQCHRHYHSIEVFTHYDLLTLNGSKVAEGHKASFCLEDTNCPSGVQRRYACANFGE 664 
Dr_Loxl4b       SWTWHQCHRHYHSIEVFTHYDLLTLNGSRVAEGHKASFCLEDTYCPEGLHKRFSCYNYGD 717 
                ** *************************:************** ** *:::*::* *:*: 
 
Hs_LOXL4        QGVTVGCWDTYRHDIDCQWVDITDVGPGNYIFQVIVNPHYEVAESDFSNNMLQCRCKYDG 723 
Mm_LOXL4        QGVAVGCWDTYRHDIDCQWVDITDVGPGDYIFQVVVNPTNDVAESDFSNNMIRCRCKYDG 724 
Dr_Loxl4b       QGISVGCWDTYRHDIDCQWIDITDVRPGDYIMQVEVNPSLDMAESDFMNNVMRCRCKYDG 777 
                **::***************:***** **:**:** ***  ::***** **:::******* 
 
Hs_LOXL4        HRVWLHNCHTGNSYPANAELSLEQEQRLRNNLI 756 
Mm_LOXL4        QRVWLHNCHTGDSYRANAELSLEQEQRLRNNLI 757 
Dr_Loxl4b       HRVFMYGCHAGDAYSAEVEDLFEHQRQISNNFI 810 
                :**:::.**:*::* *:.*  :*::::: **:* 
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Supplemental Figure 3. Protein sequence alignment of zebrafish Loxl4a with human and 
mouse LOXL4. Conserved elements are highlighted as follows: scavenger receptor cysteine-
rich (SRCR) domains, blue; lysyl oxidase domain, red.  
 
 
 
 

 
 
 
 
Supplemental Fig. 4. Abolishment of loxl1 morpholino induced hindbrain necrosis by co-
injection with P53 morpholino. Embryos were injected at the one- to two cell stage with 8 ng 
control morpholino (A), 2 ng P53 morpholino (P53MO; B), 8 ng loxl1MO (C), co-injected with 
of 8 ng loxl1MO and 2 ng P53 MO (D) or injected with 8 ng loxl1 mismatch morpholino (E). At 
least 60 embryos were injected for each condition. 
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Fluorescence image of 32 hours post fertilization Tg(sox10:rfp) zebrafish embryo  
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Abstract 
Craniofacial development requires coordinated morphogenetic interactions 
between the extracellular matrix and the differentiating chondrocytes essential 
for cartilage formation. Recent studies reveal a critical role for specific lysyl 
oxidases in extracellular matrix integrity required for embryonic development. 
We now demonstrate that loxl3b is abundantly expressed within the head 
mesenchyme of the zebrafish and is critically important for maturation of 
neural crest derived cartilage elements. Spatiotemporal analysis of craniofacial 
markers reveals that cranial neural crest cells migrate normally into the 
developing pharyngeal arches in loxl3b morphant embryos but differentiation 
markers are aberrantly expressed. In addition, expression of the condensation 
marker goosecoid (gsc) is perturbed in loxl3b morphant embryos and 
chondrogenic progenitor cell proliferation within the pharyngeal arches is 
reduced. Taken together, these data demonstrate a unique role for loxl3b in 
the proliferation of chondrogenic progenitor cells and provide new insight into 
the specific genetic and environmental factors in the pathogenesis of 
craniofacial birth defects.  
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Introduction 
 

The development of the vertebrate craniofacial skeleton is a complex 
process that requires migration of neural crest cells (NCCs) into the pharyngeal 
arches and subsequent epitheliomesenchymal interactions for fate 
determination, condensation and terminal differentiation (Goldring et al. 2006; 
Hall and Miyake 2000; Helms and Schneider 2003; Szabo-Rogers et al. 2009). 
Chondrocyte differentiation within pharyngeal arch condensations is controlled 
by tightly regulated soluble factors secreted by surrounding endoderm and 
ectoderm and by cell-cell and cell-extracellular matrix (ECM) interactions 
(Goldring et al. 2006; Woods et al. 2007). As such, chondrogenic progenitor 
cells are dependent on the proper deposition of the ECM for proliferation and 
overt differentiation. Genetic and environmental factors that compromise the 
ECM lead to craniofacial pathogenesis but the exact molecular interactions of 
chondrogenic progenitor cells with the ECM required for chondrogenesis are 
poorly understood (Goldring et al. 2006; Woods et al. 2007). 

The lysyl oxidases are a family of highly conserved cuproenzymes that 
are known to modify the ECM (Lucero and Kagan 2006). In mammals, five lysyl 
oxidases are known; the prototypic lysyl oxidase (LOX) and the sequentially 
numbered lysyl oxidase-like (LOXL) proteins LOXL1, LOXL2, LOXL3, and LOXL4 
(Lucero and Kagan 2006; Maki 2009). Lysyl oxidase family members consist of a 
conserved C-terminal domain containing a copper binding motif and a lysyl 
oxidase catalytic domain, as well as a more variable N-terminal domain which 
in the case of LOXL2-4 contains multiple scavenger receptor, cysteine-rich 
(SRCR) domains (Maki 2009). The lysyl oxidase catalytic domain deaminates ε-
lysine residues into highly reactive allysine residues, permitting intra- and inter-
molecular cross-link formation in proteins (Lucero and Kagan 2006; Maki 2009). 
Based on the structural differences outlined above, LOXL2-4 are considered a 
sub-family with separate function from LOX and LOXL1 (Maki 2009). It is well 
documented that LOX and LOXL1 are important for the organization of the ECM 
in connective tissues by cross-linking collagen and elastin monomers into 
insoluble fibers (Lucero and Kagan 2006). Alterations in LOX activity have been 
associated with diseases including atherogenesis, pulmonary and hepatic 
fibrosis, and congenital defects such as cutis laxa and the Ehlers-Danlos 
syndrome (Maki 2009). Recently, demonstration of multiple roles for LOXL 
proteins in tumorigenesis has led to renewed interest in understanding the 
biological functions of individual family members (Erler et al. 2009; Payne et al. 
2007; Peinado et al. 2005; Peinado et al. 2008). However, the functional role of 
most individual LOXL proteins in vertebrate development remains largely 
unknown. 
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 The zebrafish is a useful model for elucidating the functional roles of 
individual lysyl oxidase family members in vertebrate development. Eight 
zebrafish loxl genes have been cloned so far; these encode homologues of all 
human LOXL proteins except LOXL4 as well as two additional LOXL proteins, 
Loxl5a and Loxl5b (Gansner et al. 2007). Loss of function studies have 
demonstrated that two Loxl proteins, Loxl1 and Loxl5b, are essential for 
notochord development (Gansner et al. 2007). In addition, knockdown of lox 
results in more subtle notochord defects at later stages, neural defects, and 
abnormal craniofacial development (Reynaud et al. 2008). Chemical inhibition 
of lysyl oxidases in zebrafish using β-aminopropionitrile and 2-
mercaptopyridine-N-oxide results in abnormal craniofacial development that is 
not entirely explained by the loss of function of Lox (Anderson et al. 2007; 
Reynaud et al. 2008). This suggests a role for specific lysyl oxidase-like family 
members in craniofacial development. 

In this investigation we focus on the role of Loxl3 in zebrafish craniofacial 
development. LOXL3 is highly conserved between humans and rodents and is 
known to cross-link collagens and elastins in vitro (Lee and Kim 2006). A tissue 
specific LOXL3 splice variant has been identified which has subtle differential 
affinity for a range of collagens and elastins compared to full-length LOXL3 (Lee 
and Kim 2006). LOXL3 expression has been detected in many human adult 
tissues including cartilage (Huang et al. 2001; Jourdan-Le Saux et al. 2001; Maki 
and Kivirikko 2001; Sato et al. 2006) while in mid-gestational mice, Loxl3 was 
reported to be exclusively expressed in cartilage (Cankaya et al. 2007). These 
findings may indicate a functional role for LOXL3 in cartilage development and 
maintenance. 
  In zebrafish, two LOXL3 paralogs, Loxl3a and Loxl3b, were previously 
reported that lacked a signal peptide and functional SRCR domains (Gansner et 
al. 2007). Zebrafish loxl3b is expressed in the notochord from the ten-somite 
stage while loxl3a is not; an analysis of expression after the 20-somite stage 
was not presented (Gansner et al. 2007). In the present study we report the 
isolation of full-length loxl3a and loxl3b cDNAs which are differentially 
expressed throughout development and demonstrate a critical role for loxl3b in 
craniofacial chondrogenesis. 
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Materials and Methods 
 

Animal care and transgenic zebrafish 

Wild-type (AB), Tg(sox10(7.2):mrfp)vu234 (Kirby et al. 2006) and tp53-/-
 fish 

(Berghmans et al. 2005) were maintained under standard conditions and 
embryos were isolated as previously described (Westerfield 2000). Embryos 
and larvae were staged as previously described (Kimmel et al. 1995) and fixed 
in 4% paraformaldehyde (PFA), dehydrated in methanol and stored at -20ºC for 
further analysis. 
 
RT-PCR and cloning 

loxl3a and loxl3b were cloned by RT-PCR using RNA from staged, pooled 
wild-type embryos. Briefly, RNA was isolated using Trizol reagent (Invitrogen, 
The Netherlands) and reverse transcription was performed using 0.5 μg of total 
RNA and a High Capacity cDNA Reverse Transcriptase Kit (Applied Biosystems, 
The Netherlands). The following primers were used: loxl3a fw: 5’-
CCTTAACCGACTGTCAGCATCATTC-3’; loxl3a rv: 5’-
GCATTCAGCACTAGATCCGAAGC-3’; loxl3b fw: 5’-TTGGATTCCATCATGCTTTG-3’; 
loxl3b rv: 5’-AGCCCATCCGTCCTTATTCT-3’. The primer annealing temperature 
was 58°C and 30 cycles of PCR were performed. Full-length loxl3a and loxl3b 
clones were then generated by nested (loxl3a) or direct (loxl3b) PCR using 
Phusion DNA polymerase (Finnzymes, Finland) and the following primers: 
loxl3a 5’UTR fw: 5’-TTCATCTCTCACACTTTGAAGCCATGC-3’; loxl3a 3’UTR rv: 5’-
CAGAGCCACGCTGTTGTTGCG-3’; loxl3a fw: 5’-
CTGGATCCGCCATGCTGAGAAGTGAACTTAGGG-3’; loxl3a rv: 5’-
CTCTCGAGTGAGATCTTGTTGTTGAGCTGCCC-3’; loxl3b fw: 5’-
CTGGATCCCACATGGAGCTGCATCAATGGTG-3’; loxl3b rv: 5’- 
TGGAATTCTGAGATCTGGTTGTTCAGTTGTCCAG-3’. The PCR products were 
digested with BamHI/EcoRI (NEB, The Netherlands), purified using a PCR 
product purification kit (Qiagen, The Netherlands) and cloned into the 
BamHI/EcoRI digested pcDNA3.1-V5-HisA plasmid (Invitrogen, The 
Netherlands). At least three independent clones were sequenced with at least 
double coverage and alignments were performed with ClustalW2. 
 
Cartilage and glycosylated protein staining 

For analysis of cartilage elements, 120 hpf larvae were fixed for 30 min at 
room temperature in 4% PFA and stained overnight in 0.1% Alcian blue in 70% 
ethanol, 5% hydrochloric acid. Next, the embryos were extensively washed in 
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70% ethanol, 5% hydrochloric acid. The larvae were cleared in 50% glycerol, 2 
mM potassium hydroxide and mounted on microscopy slides using Eukitt 
mounting medium (Fluka, The Netherlands) for imaging. Maturation of 
cartilage elements was visualized by peanut agglutinin (PNA) and wheat germ 
agglutinin (WGA) that selectively recognize glycosylated proteins in maturing 
cartilage (Lang et al. 2006). Embryos were fixed at 72 and 96 hpf and labeled 
whole mount with peanut agglutinin (1:500; Vector Laboratories, USA) or 
wheat germ agglutinin (1:2500; Vector Laboratories, USA). Photographs were 
taken under a stereomicroscope equipped with a digital camera (Leica, The 
Netherlands) and the number of affected larvae was scored. 
 
Morpholino injections 

Morpholino oligonucleotides (Nasevicius and Ekker 2000) targeting the 
translation start site or splice sites of exons in the loxl3b or tp53 gene were 
resuspended in double distilled water, diluted to include 0.05% phenol red, and 
injected into one- to two-cell stage embryos with a microinjection pump 
(Picopump, Harvard Apparatus, USA) under a stereomicroscope (Leica, USA). 
Morpholino sequences were: MO1(start): 5’-ATTGATGCAGCTCCATGTGAGGCTC-
3’; MO2 (splice): 5’-CAGCTGCGGACATAAACAAACAAAT-3’; loxl3b 
MO2 mismatch: 5’-CAGGTGCGCACATTAACATACATAT-3’; loxl3b MO3 (splice): 
5’-AGTGTATGTTTACCCGTGACATGCG-3’; P53MO: 5’-
GCGCCATTGCTTTGCAAGAATTG-3’ (Robu et al. 2007); standard control MO: 5’- 
CCTCTTACCTCAGTTACAATTTATA-3’. Efficiency of the Loxl3b splice morpholinos 
was measured using RT-PCR on RNA isolated from single embryos with Trizol 
(Invitrogen, The Netherlands). Loxl3b primers spanning intron-exon boundaries 
were used: loxl3b fw: 5’- ACCATGGCCTACAAGAAACG-3’; loxl3b rv: 5’-
GTCATGCCGATACAAATCCC-3’. Elongation factor 1α (ef1α) was amplified as an 
internal control using the following primers: ef1α fw: 5’-
CTTCTCAGGCTGACTGTGC-3’; ef1α rv: 5’-CCGCTAGCATTACCCTCC-3’. The 
efficiency and the characterisation of the p53 morpholino is described 
elsewhere (Robu et al. 2007). 
 
In situ hybridization 

DIG-labeled antisense RNA probes were synthesized using a DIG-labeling 
kit (Roche, The Netherlands) and the following constructs: loxl3a, loxl3b 
(Gansner et al. 2007), col2a1 (Yan et al. 1995), sox9a (Yan et al. 2002), sox10 
(Dutton et al. 2001), dlx2a (Akimenko et al. 1994), and crestin (Luo et al. 2001). 
Whole mount in situ hybridization was performed as previously described 
(Thisse et al. 1993). Embryos were either directly photographed in phosphate-
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buffered saline (PBS) containing EDTA or dehydrated in methanol and cleared 
in 1:2 benzyl alcohol:benzyl benzoate. 
 
Proliferation assay 

Embryos and larvae were fixed in 4% PFA, 8% sucrose in PBS overnight at 
4oC. Embryos were then embedded in agar (1.5% agarose, 5% sucrose in double 
distilled water) and incubated in 30% sucrose overnight. 10 μm sections were 
cut on a Cryostat (Leica, USA) and transferred on Superfrost Plus slides (VWR, 
USA). Next, sections were rehydrated in PBS for 60 min at room temperature 
and blocked in 2% goat serum, 2% bovine serum albumin in PBS for 30 min. 
Incubation with primary rabbit Phospho-Histone H3 antibody (1:1000; Upstate 
Biotechnology, USA) was performed overnight at 4oC after which sections were 
rinsed with PBS, incubated for 3 h at 23oC with goat anti-rabbit Alexa Fluor 647 
secondary antibodies (Molecular Probes, USA) and rinsed in PBS for 45 min. 
Sections were mounted in Vectashield (Vector Laboratories, USA) and images 
were captured using a 40X oil-immersion objective mounted on a motorized 
microscope (Axiovert 200, Zeiss, USA) equipped with an ERS spinning-disk 
confocal system (PerkinElmer, USA). Sections of at least 3 embryos were 
inspected per treatment and cell numbers were counted manually. 
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Figure 1. Loxl3b is expressed in developing craniofacial cartilage and gut. A: Phylogenetic 
tree based on protein sequences of full-length Loxl3a and Loxl3b with human and mouse 
orthologs. Loxl2 sequences are included for comparison. B: Non saturated agarose gel 
images for loxl3a and loxl3b RT-PCR, using RNA from embryos at the indicated 
developmental stages. The housekeeping gene β-actin was amplified as a control.  C-H: 
Spatiotemporal expression of loxl3a and loxl3b by in situ hybridization at the indicated 
developmental stages. Staining intensity does not reflect expression levels. F, G and H are 
the same embryo. Open triangle: gut; black arrow: developing cartilage. 
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Results 
 
loxl3a and loxl3b are orthologs of mammalian Loxl3 

Blast searches using human LOXL3 cDNA sequences yielded two 
transcripts with high homology containing full-length SRCR domains in their 
predicted coding regions. We cloned both genes from an embryonic zebrafish 
cDNA pool using primers located in the predicted 5’- and 3’-UTRs and identified 
several transcripts with varying lengths for both genes. The largest loxl3a cDNA 
sequence contained a 2049 bp coding region while the largest loxl3b coding 
region was 2268 bp. Sequencing of the shorter transcripts confirmed that these 
were loxl3a and loxl3b splice variants (data not shown). Sequence alignment 
with human, mouse and rat Loxl3 cDNA sequences revealed that loxl3a and 
loxl3b were homologous (65% identity) to mammalian Loxl3 sequences. 
Alignment of the translated protein sequences revealed some similarity to 
zebrafish loxl2a (EF030481) and loxl2b (EF030482) but phylogenetic analysis 
clearly demonstrates that they are separate genes (Fig. 1A). Alignment of 
Loxl3a and Loxl3b protein sequences with human and rodent LOXL3 revealed 
conservation of the lysyl oxidase domain, lysyl tyrosyl quinone cofactor 
residues, signal peptide and the SRCR domains (Supplementary Fig. 1), 
suggesting a conserved molecular function.  
 
Spatiotemporal expression of loxl3a and loxl3b 

We next investigated the spatiotemporal expression of loxl3a and loxl3b 
from 3 hpf to 120 hpf. Both genes were expressed from 24 hpf until 5 days post 
fertilization (dpf), and loxl3b was expressed more abundantly than loxl3a as 
determined with semi-quantitative RT-PCR (Fig. 1B). In situ hybridization with 
sequence specific riboprobes showed that loxl3b but not loxl3a was expressed 
within the developing notochord from the 15 somite stage until 30 hpf (Fig. 
1C,D and data not shown), confirming previous results (Gansner et al. 2007). In 
general, loxl3a expression was weak (Fig. 1B) and not spatially restricted after 
30 hpf (Fig. 1B,C,E). Note that staining intensities in the in situ hybridization 
images do not reflect expression levels. At 30 hpf, loxl3b expression appeared 
in the head mesenchyme (Fig. 1D) and at 48 hpf, expression was primarily 
observed in the head mesenchyme and the gut (Fig. 1F,G,H). These expression 
domains were maintained until 96 hpf after which loxl3b expression was 
downregulated on 120 hpf (data not shown). 
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Figure. 2. Craniofacial cartilage formation is impaired in loxl3b morphant embryos. A: 
Schematic of the loxl3b transcript showing the location of sites targeted by morpholinos (red 
lines) used in the study (MO1 and MO2). Signal peptide depicted in yellow, scavenger 
receptor cysteine-rich domains are in blue and the lysyl oxidase domain is in red. The full-
length translation initiation site is noted in black and a previously identified downstream 
initiation site is noted in gray. Forward and reverse primers for confirmation of knock down 
are depicted as arrows (for and rev).  B-D: Lateral view of 96 hpf embryos injected with 
control (B) or loxl3b (C, D) morpholino. E-G: Lateral view of heads of injected with control (E) 
or loxl3b (F,G) morpholino. H-J: Alcian blue staining of 120 hpf embryos injected with control 
(H) or loxl3b (I, J) MO2. K: Graph of the percent effect achieved with each morpholino used 
in the study. The number of live embryos examined is noted (n). L: RT-PCR for loxl3b in single 
embryos injected with 20 ng control morpholino or loxl3b splice morpholinos (4ng MO1 and 
12 ng MO2). Reactions were conducted on triplicate samples, as shown. The housekeeping 
gene ef1α was amplified as a control. m: mandibular; ch: ceratohyoid; cb: ceratobranchial. 
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loxl3b morphants have severe craniofacial defects 

To examine the potential role of loxl3a and loxl3b during craniofacial 
development, we injected morpholino antisense oligonucleotides in one – to 
two cell stage embryos and monitored development up to 120 hpf. 
Microinjection of a morpholino directed against loxl3a did not result in any 
obvious phenotype (n>100) at 120 hpf which was in agreement with low 
expression of this gene (data not shown). To assess the functional role of loxl3b 
in craniofacial development, two non-overlapping splice blocking morpholinos 
directed at intron-exon boundaries within the lysyl oxidase catalytic domain 
(MO1 and MO2, Fig. 2A) were injected separately. Injection of either MO1 or 
MO2 resulted in a similar phenotype at 96 hpf without causing overt 
morpholino toxicity, whereas injection of a general control morpholino at 
identical doses did not result in any phenotype (Fig. 2 B vs. C,D and 2E vs. F,G). 
Injection of 12 ng of MO1 or 4 ng of MO2 resulted in smaller heads at 72 hpf 
(data not shown) and micro- or agnathia in approximately 95% of the embryos 
at 96 hpf (Fig. 2B-D,H). Alcian blue staining at 120 hpf resulted in a severe 
reduction of neural crest derived cartilages of the viscerocranium in loxl3b 
morphants which could be categorized into mild and severe phenotypes (Fig. 
2F,G). In all morphants, the ceratobranchial arches were lost while in severe 
cases, both the mandibular and hyoid arches were reduced to small rods (Fig. 
2F,G). The cartilage elements of the neurocranium were less affected but the 
ethmoid plate was reduced and the trabeculae were smaller. Importantly, 
alcian blue staining of embryos injected with control or mismatch morpholinos 
did not results in any detectable abnormalities (Fig. 2K). In addition, RT-PCR 
analysis on single embryos injected with MO1 and MO2 demonstrated that 
injected embryos were hypomorphic at the morpholino doses employed (Fig. 
2L). Together, these results demonstrated that partial knock down of loxl3b 
leads to severe craniofacial abnormalities. Despite the specificity of the 
morphant phenotype, rescue using full-length capped zebrafish loxl3b and full 
length human LOXL3 mRNAs was unsuccessful (data not shown).  
 
The loxl3b knockdown phenotype is not caused by p53 mediated cell death 

One possible explanation for the observed reduction in craniofacial 
cartilages (Fig. 2E-G) could be p53 mediated cell death caused by morpholino 
off-targeting (Robu et al. 2007) especially since some head necrosis was 
observed in loxl3b morphants (Supplementary Fig. 2). Alternatively, sequence 
specific knockdown of loxl3b could result in cell death since some genes are 
known to function as survival factors for cranial NCCs (Barrallo-Gimeno et al. 
2004). To investigate these possibilities, we injected 
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Figure 3. The loxl3b morphant phenotype is not caused by p53-mediated cell death. A-C: 
Light microscopic images of 72 hpf embryos injected with control (A), 4 ng MO2 (B), or 2 ng 
P53MO and 4 ng MO2 (C) morpholino. D-F: Alcian blue staining of ventral cartilages from 72 
hpf embryos injected with control (D), loxl3b (E), or P53 and loxl3b (F) morpholino. G-I: 
Alcian blue staining of dorsal cartilages from 120 hpf embryos injected with control (G), 
loxl3b (H), or P53 and loxl3b (I) morpholino. J-L: Acridine orange staining in 30 hpf and 48 hpf 
embryos in control (J) and P53 and MO2 injected embryos (K,L). Corresponding images of 
sox10:rfp embryos are included for comparison (N,O). M: Quantification of number of 
affected embryos in wild-type and p53-/- embryos injected with control, MO2 or P53MO. 
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MO2 into a p53 deficient background either by co-injection with a morpholino 
directed at p53 (P53MO (Robu et al. 2007)) or injection of MO2 into p53-/- 
embryos (Berghmans et al. 2005). At 24 hpf, co-injection of 4 ng MO2 with 2 ng 
P53MO or injection of 4 ng MO2 into p53-/- embryos abolished necrosis in the 
head and hindbrain completely (Supplementary Fig. 2). At 72 hpf head sizes 
were still somewhat reduced after MO2 injection into a p53 deficient 
background (Fig. 3C vs. B, data not shown) which was in conjunction with 
reports on the requirements for craniofacial development  (Baas et al. 2009; 
Sperber and Dawid 2008). Alcian blue staining at 120 hpf consistently 
demonstrated a severe reduction of craniofacial cartilages when MO2 was 
injected into both wild-type and p53 deficient embryos (Fig. 3D-I,M, data not 
shown). Additionally, Acridine orange staining showed no increase in cell death 
between control embryos and loxl3b morphants in a p53 deficient background 
(Fig. 3J-L) and no significant cell death within the developing pharyngeal arches 
at 30 and 48 hpf (Fig. 3K,L,N,O). Together, these results demonstrate that the 
loxl3b craniofacial morphant phenotype is not due to cell death. 

 

Cartilage elements in loxl3b morphant embryos do not mature 

To further investigate the timing of the onset of the loxl3b morphant 
phenotype we monitored maturation of cartilage elements from 72 hpf until 96 
hpf by staining for glycosylated proteins. Peanut agglutinin (PNA) and wheat 
germ agglutinin (WGA) bind glycosylated proteins in the ECM of maturing 
chondrocytes allowing for early, whole mount analysis of cartilage elements 
(Fig. 4A,C,E) (Hall and Miyake 2000; Lang et al. 2006). PNA and WGA staining of 
72 hpf embryos injected with MO2 revealed a complete lack of maturing 
cartilages (Fig. 4B,D) which was not due to developmental delay since 96 hpf 
morphant embryos also did not show any maturing cartilage with WGA and 
PNA stains (Fig. 4F, data not shown). These data demonstrate that cartilage 
elements in loxl3b morphant embryos do not mature properly. 
 
Differentiation but not early patterning is affected in loxl3b morphants 

We next investigated the timing and molecular events underlying 
craniofacial development in loxl3b morphants by performing in situ 
hybridization with markers for specific events in craniofacial development. 
Since the affected cartilages were mainly neural crest derived and human 
LOXL3 is associated with the control of EMT (Peinado et al. 2005) we first 
examined whether cranial NCCs migrated from the neural fold into the putative 
pharyngeal arches. 
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Figure 4. Cartilage fails to mature in loxl3b morphants. Images of wild-type control fish 
(A,C,E) or fish injected with MO2 morpholino (B,D,F) stained for glycosylated proteins with 
peanut agglutinin (PNA) and wheat germ agglutinin (WGA) and imaged at 72 and 96 hpf. 
White triangle: maturing cartilage. 
 
We injected 4 ng of MO2 and 2 ng of P53MO into wild-type embryos and used 
a riboprobe against sox10, a marker for migrating NCCs (Dutton et al. 2001). At 
22 hpf, NCCs had migrated laterally from the dorsal midline in both control and 
injected embryos (Fig. 5A,B) and we obtained identical results using a 
riboprobe against crestin, a different marker for migrating NCCs (Luo et al. 
2001) (data not shown). At 28 hpf, around the time when cranial NCCs have 
finished migrating and are populating the pharyngeal arches, we found no 
difference between control and P53MO/MO2 co-injected embryos in the 
expression of dlx2a, a marker for migratory and post-migratory cranial NCCs 
(Akimenko et al. 1994) (Fig. 5C,D). 
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Figure 5. Chondrocyte condensation and differentiation but not early patterning is affected 
by loxl3b knockdown. A-L: in situ hybridization for various genes implicated in 
chondrogenesis at the indicated time points. Embryos were injected with either 2 ng P53MO 
(A,C,E,G,I,K) or 4 ng MO2 and 2 ng P53MO (B,D,F,H,J,L) morpholino. m: mandibular; h: hyoid; 
b: branchial; black arrow: hyoid condensation. 
 

These data corroborated our initial finding that the pharyngeal arches form 
normally in loxl3b morphants (Fig. 3N,O). In addition, in loxl3b morphants, 
expression of hand2, an essential factor for ventral arch specification, showed 
no difference at 36 hpf (Fig. 5E,F). However, at 48 hpf loxl3b morphant 
embryos showed perturbed expression of the chondrogenic differentiation 
marker sox9a and its direct downstream target col2a1 (Fig. 5H,J vs. G,I). This 
was not due to developmental delay since morphant embryos did not express 
these markers at 72 hpf (data not shown). Importantly, expression of gsc, a 
marker for hyoid condensation (Schulte-Merker et al. 1994) was perturbed (Fig. 
5L vs. K). Summarized, these findings show that initial patterning of the 
pharyngeal arches in loxl3b morphants is normal whereas differentiation is 
impaired and suggest that this could be due to improper chondrogenic 
progenitor cell condensation.  
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loxl3b is required for proliferation of chondrogenic progenitor cells 

Between 30 and 48 hpf there is considerable outgrowth of the 
pharyngeal arches in the anterior direction. During this phase chondrogenic 
progenitor cells condense and go through a highly proliferative phase (Goldring 
et al. 2006; Hall and Miyake 2000; Sperber and Dawid 2008). Since initial 
patterning of the arches was normal and the phenotype could not be explained 
by P53 mediated cell death, we investigated whether chondrogenic progenitor 
cells within the pharyngeal arches were proliferating at comparable rates in 
control injected and loxl3b morphant embryos. We used the sox10:rfp 
transgenic line in combination with a phosphohistone H3 antibody, which 
labels nuclei of proliferating cells, and determined the number of proliferating 
cells within the pharyngeal arch condensations. We found that loxl3b morphant 
embryos had a severely reduced number of phosphoH3 labeled nuclei at 36 hpf 
(Fig. 6A,B) and quantification of the number of proliferating cells within the 
arches confirmed these findings (Fig. 6C). These data demonstrated that cell 
proliferation of chondrogenic progenitor cells was reduced in loxl3b morphant 
embryos. 
 

 
Figure 6. loxl3b is required for proliferation of chondrogenic precursor cells. A,B: 
phosphohistone H3 expression is decreased in sox10:rfp transgenic embryos injected with 
control (A, arrowheads) versus loxl3b (B) morpholino at 36 hpf. C: Quantification of 
phosphohistone H3 expression at 36 hpf in pharyngeal arch condensations of embryos 
injected with control or loxl3b morpholino. Depicted above the bars is the number of 
embryos examined. 
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Discussion 
 
Here we report the identification of two full-length zebrafish orthologs of 

mammalian LOXL3. We show that loxl3a and loxl3b are differentially expressed 
during zebrafish development and that loxl3b is abundantly expressed in head 
mesenchyme and developing cartilages that will form the zebrafish craniofacial 
skeleton (Fig. 1). Using a loss of function approach and analysis of craniofacial 
chondrogenesis, we provide evidence for a critical role of Loxl3b in 
proliferation and differentiation of chondrogenic progenitor cells. This is the 
first report of the involvement of this lysyl oxidase protein in craniofacial 
chondrogenesis.  

There are multiple lines of evidence presented in this study that 
demonstrate a gene specific phenotype. First, the two independent lox3b 
morpholinos used in this study showed similar phenotypes (Fig. 2) while RT-PCR 
analysis confirmed that the injected embryos were hypomorphic for loxl3b at 
doses that caused disruption of craniofacial development (Fig. 2). Furthermore, 
injection of a general control morpholino and a 5-mismatch morpholino for 
MO2 up to 12 ng did not result in a detectable phenotype. While we were 
unable to rescue the morphant phenotype with full length zebrafish loxl3b or 
human LOXL3 capped mRNA, this finding is not uncommon for proteins with 
functions in the extracellular compartment (Baas et al. 2009) and may be 
attributed to a non-physiologic distribution of the injected mRNA or to its 
degradation, especially in view of the late time window in which Loxl3b 
functions. It is also possible that alternatively spliced transcripts are required 
within pharyngeal arch condensations for proper cartilage maturation. 
Consistent with this hypothesis, a tissue specific splice variant of LOXL3 is 
known to have differential affinity for collagen and elastin monomers (Lee and 
Kim 2006), and as noted above, we found several splice variants of loxl3b, 
similar to what has been reported for humans and rodents (Maki 2009). Given 
the specificity of the loxl3b morphant phenotype, and the concordance of the 
phenotype with loxl3b expression in head mesenchyme, the data presented 
here demonstrate that loxl3b is critical for zebrafish craniofacial development.  

The full-length zebrafish Loxl3a and Loxl3b proteins contain a signal 
peptide and scavenger receptor cysteine-rich (SRCR) domains in the N-terminal 
region in addition to a functional lysyl oxidase domain in the C-terminal region 
(Supplementary Fig. 1). Conservation of these domains between mammals and 
zebrafish suggests a role for Loxl3b in organizing the ECM; the conservation of 
a signal peptide in both proteins suggests that they are secreted. It is worth 
noting that human LOXL3 is secreted and cross-links collagen type II in vitro 
(Lee and Kim 2006). These reports raise the possibility that loxl3b is required 
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for ECM organization in chondrogenic progenitor condensations. Although a 
role for Loxl3b in the extracellular compartment seems likely, it is interesting to 
note that SRCR domains are found in membrane-associated proteins involved 
in cell adhesion and signal transduction (Yamada et al. 1998). In addition, 
several studies have shown the intracellular localization of LOXL3 (Lee and Kim 
2006;Peinado et al. 2005) and other members of the lysyl oxidase protein 
family are known to have intracellular functions (Maki 2009). It is therefore 
possible that Loxl3b and its splice variants function in the intra- or extracellular 
compartment or both. 

Condensation of chondrogenic progenitor cells is essential for the 
development of vertebrate craniofacial cartilages (Hall and Miyake 2000). 
Although this process is not entirely understood, proliferation and 
differentiation within mesenchymal condensations are dependent on cell-ECM 
interactions (Woods et al. 2007). Therefore, the integrity of the ECM within the 
pharyngeal arches is likely to be important for chondrogenic progenitor cell 
proliferation and differentiation. It is well established that inhibition of lysyl 
oxidase activity or morpholino mediated knockdown of specific lysyl oxidase 
family members compromises the integrity of the ECM which leads to aberrant 
morphogenesis in zebrafish (Gansner et al. 2007;Anderson et al. 2007;van 
Boxtel et al. 2010). Furthermore, there are several reports that directly 
implicate lysyl oxidases in cellular proliferation (Maki 2009;Di Donato A. et al. 
1997). Evidence for a role of LOXL3 in proliferation of chondrogenic cells comes 
from a comparison of gene expression profiles between healthy and damaged 
cartilage in which hierarchical clustering revealed an association between 
LOXL3 expression and the expression of proliferation associated genes (Sato et 
al. 2006). Recent research has shown that matrix cross-linking by LOX leads to 
enhanced integrin signaling in tumor cells (Levental et al. 2009). Individual lysyl 
oxidases may therefore be important for organizing the ECM, necessary for 
tissue development. 

Together, the data presented in this report provide evidence for a unique 
role for loxl3b in chondrogenesis during zebrafish craniofacial development. 
Although there are currently no known mutations in LOXL3 that lead to 
craniofacial pathogenesis, these findings should be placed in the context of the 
complex interplay between nutritional status, genetic variation and 
environmental factors that contribute to craniofacial pathogenesis (Gansner et 
al. 2007). Further studies into the precise molecular role of Loxl3b will lead to a 
better understanding of the genetic and environmental factors that contribute 
to craniofacial pathogenesis. 
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DrLoxl3a        -MLRSELRDMVVAMVLWGILLPFCLSQTTSPSQDG------------KIKFRLAGYPRKH 47 
DrLoxl3b        -MELHQWCRHIIVFLLN-VWIPSCFAQTTPPARSSPTPTPQTADNPDSLKFRLSGFPRKH 58 
MmLoxl3         MRAVSVWYCCPWGLLLLHCLCSFSVGSPSPSISPEKKVGSQ------GLRFRLAGFPRKP 54 
HsLOXL3         MRPVSVWQWSPWG-LLLCLLCSSCLGSPSPSTGPEKKAGSQ------GLRFRLAGFPRKP 53 
                              :*     . .....:..                 ::***:*:***  
 
DrLoxl3a        NEGRIEVFYNREWGTICDDDFTLANAHVLCRQLGFVEALSWSHSAKYGPGSGKIWLDNVI 107 
DrLoxl3b        NEGRIEVFYKGEWGTICDDDFSLANAHVLCRQLGFVSATGWTHSAKYGKGAGKIWLDNVQ 118 
MmLoxl3         YEGRVEIQRAGEWGTICDDDFTLQAAHVLCRELGFTEATGWTHSAKYGPGTGRIWLDNLS 114 
HsLOXL3         YEGRVEIQRAGEWGTICDDDFTLQAAHILCRELGFTEATGWTHSAKYGPGTGRIWLDNLS 113 
                 ***:*:    **********:*  **:***:***..* .*:****** *:*:*****:  
 
DrLoxl3a        CGGSENSIEKCVSRGWGNSDCTHQEDAGVICKDERLPGFAESNIIEMQVDEKRMEKIRLR 167 
DrLoxl3b        CSGSERSVSVCKSRGWGNSDCTHDEDAGVICKDERLPGFVDSNVIEVQVDENRVEEVRLR 178 
MmLoxl3         CRGTEGSVTECASRGWGNSDCTHDEDAGVICKDQRLPGFSDSNVIEVEH-QLQVEEVRLR 173 
HsLOXL3         CSGTEQSVTECASRGWGNSDCTHDEDAGVICKDQRLPGFSDSNVIEVEH-HLQVEEVRIR 172 
                * *:* *:  * ***********:*********:***** :**:**::  . ::*::*:* 
 
DrLoxl3a        PLKGAHAGRLPVTEGVVEVKFKEGWGHICNTGWTIKNSRVVCGMMGFPSQRSVGK----- 222 
DrLoxl3b        PVFTTATKRMPVTEGVVEVKNKDGWAQICDIGWTPKNTHVVCGMMGFPHEKKVNKNFYKL 238 
MmLoxl3         PAVEWGRRPLPVTEGLVEVRLPEGWSQVCDKGWSAHNSHVVCGMLGFPGEKRVNMAFYRM 233 
HsLOXL3         PAVGWGRRPLPVTEGLVEVRLPDGWSQVCDKGWSAHNSHVVCGMLGFPSEKRVNAAFYRL 232 
                *        :*****:***:  :**.::*: **: :*::*****:*** :: *.       
 
DrLoxl3a        KPNSLKSAYRIHSVTCSGNEAHLSACTMEFSRANSSAPCPGGGAAVVSCVPGLQFTQGRV 282 
DrLoxl3b        YAERQKNFFLVHSVACLGTEVHLAACPLEFNYGNATESCPGGMPAVVSCVPGPLYTQSPT 298 
MmLoxl3         LAQKKQHSFGLHSVACVGTEAHLSLCSLEFYRANDTTRCSGGNPAVVSCVLGPLYATFTG 293 
HsLOXL3         LAQRQQHSFGLHGVACVGTEAHLSLCSLEFYRANDTARCPGGGPAVVSCVPGPVYAASSG 292 
                 .:  :  : :*.*:* *.*.**: *.:**  .* :  *.** .****** *  ::     
 
DrLoxl3a        RKAKLNPVPQ----MRLKGGARAGEGRVEVLKGSEWGTVCDDHWNLQSASVVCRELGFGT 338 
DrLoxl3b        MKKKLKMPPT----TRLKGGAKYGEGRVEVLKGSEWGTVCDDRWNLVSASVVCREMGFGS 354 
MmLoxl3         QKKQQHSKPQGEARVRLKGGAHQGEGRVEVLKAGTWGTVCDRKWDLQAASVVCRELGFGT 353 
HsLOXL3         QKKQQQSKPQGEARVRLKGGAHPGEGRVEVLKASTWGTVCDRKWDLHAASVVCRELGFGS 352 
                 * : :  *      ******: *********.. ****** :*:* :*******:***: 
 
DrLoxl3a        AKEALTGARMGQGMGPIYMNEVRCGGDEKSLWDCPHQSITAEDCKHTEDASVICNIPYMG 398 
DrLoxl3b        AKEALTGASMGKGLGPIHMNEVQCTGNERSLWSCRYKNITAEDCKHTEDASVRCNVPYMG 414 
MmLoxl3         AREALSGARMGQGMGAIHLSEVRCSGQEPSLWRCPSKNITAEDCSHSQDAGVRCNLPYTG 413 
HsLOXL3         AREALSGARMGQGMGAIHLSEVRCSGQELSLWKCPHKNITAEDCSHSQDAGVRCNLPYTG 412 
                *:***:** **:*:*.*::.**:* *:* *** *  :.******.*::**.* **:** * 
 
DrLoxl3a        FEK--------------------------------------------------------- 401 
DrLoxl3b        YEKTVRILGGRTRYEGRVEVLHREADGTLRWGLICGEGWGTQEAMVLCRQLGLGYANHGL 474 
MmLoxl3         VETKIRLSGGRSRYEGRVEVQIG-IPGHLRWGLICGDDWGTLEAMVACRQLGLGYANHGL 472 
HsLOXL3         AETRIRLSGGRSQHEGRVEVQIG-GPGPLRWGLICGDDWGTLEAMVACRQLGLGYANHGL 471 
                 *.                                                          
 
DrLoxl3a        LETWYWDSSNVTEMVMSGVKCKGDEMTLTDCQHHS-VVSCKRAGAQFSAGVICSDMASDL 460 
DrLoxl3b        QETWYWDSSNVTDMVMSGVKCTGDEMSISQCQHHR-TVNCQKAAARFAAGVICSETASDL 533 
MmLoxl3         QETWYWDSGNVTEVVMSGVRCTGSELSLNQCAHHSSHITCKKTGTRFTAGVICSETASDL 532 
HsLOXL3         QETWYWDSGNITEVVMSGVRCTGTELSLDQCAHHGTHITCKRTGTRFTAGVICSETASDL 531 
                 *******.*:*::*****:*.* *::: :* **   :.*:::.::*:******: **** 
 
DrLoxl3a        VLNAPLVEQTVYIEDRPLHLLYCAAEENCLAKSAAQASWPYGHRRLLRFSSEIHNIGKAD 520 
DrLoxl3b        VLNAPLVQQTTYIEDRPLHMLYCAAEEDCLSKSAASANWPYGHRRLLRFSSQIHNIGRAD 593 
MmLoxl3         LLHSALVQETAYIEDRPLHMLYCAAEENCLASSARSANWPYGHRRLLRFSSQIHNLGRAD 592 
HsLOXL3         LLHSALVQETAYIEDRPLHMLYCAAEENCLASSARSANWPYGHRRLLRFSSQIHNLGRAD 591 
                :*::.**::*.********:*******:**:.** .*.*************:***:*:** 
 
DrLoxl3a        FRPRLGRHSWVWHECHRHYHSMDIFTYYDLLSLNGTKVADGHKASFCLEDTECHEGVSKR 580 
DrLoxl3b        FRPKAGRHSWVWHACHGHYHSMDIFTHYDLMSANGTKVAEGHKASFCLEDTDCDEGVSKR 653 
MmLoxl3         FRPKAGRHSWVWHECHGHYHSMDIFTHYDILTPNGTKVAEGHKASFCLEDTECQEDVSKR 652 
HsLOXL3         FRPKAGRHSWVWHECHGHYHSMDIFTHYDILTPNGTKVAEGHKASFCLEDTECQEDVSKR 651 
                ***: ******** ** *********:**::: ******:***********:*.*.**** 
 
DrLoxl3a        YECANFGEQGITVGCWDLYRHDIDCQWIDITDVSPGNYILQVIINPNFEVAESDFTNNAM 640 
DrLoxl3b        YKCANFGEQGITVGCWDLYRHDIDCQWIDITDVKPGNYILQVVINPNYEVSESDFTNNAM 713 
MmLoxl3         YECANFGEQGITVGCWDLYRHDIDCQWIDITDVKPGNYILQVVINPNFEVAESDFTNNAM 712 
HsLOXL3         YECANFGEQGITVGCWDLYRHDIDCQWIDITDVKPGNYILQVVINPNFEVAESDFTNNAM 711 
                *:*******************************.********:****:**:********* 
 
DrLoxl3a        RCNCKYDGHRVWLHKCHLGDSFSEEAEKEFEHYPGQLNNKIS 682 
DrLoxl3b        KCNCKYDGHRIWVHNCHIGDAFSEEAEKKFEKYPGQLNNQIS 755 
MmLoxl3         KCNCKYDGHRIWVHNCHIGDAFSEEANRRFERYPGQTSNQIV 754 
HsLOXL3         KCNCKYDGHRIWVHNCHIGDAFSEEANRRFERYPGQTSNQII 753 
                :*********:*:*:**:**:*****::.**:**** .*:*  
 
                :*********:*:*:**:**:*****::.**:**** .*:*  

 
Supplemental Figure 1. Protein sequence alignment of zebrafish Loxl3a and Loxl3b with 
human LOXL3. Conserved elements are highlighted as follows: signal peptides, purple; 
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scavenger receptor cysteine-rich domains, gray; lysyl oxidase domains, yellow; putative 
transcription start sites, red; lysyl tyrosyl quinone cofactor residues, bold; BMP1 cleavage 
site, green. 
 
 

 
 
Supplemental Figure 2. MO2 injection into p53 deficient background abolishes head 
necrosis. Wild-type (wt; A, B) or p53-/- (C) embryos injected with 4 ng MO2 (A,C) alone or co-
injected with 2 ng P53MO (B). 
 

 
Maturing cartilage in a 72 hours post feritilization control zebrafish embryo visualized by 

Peanut Agglutinin staining  
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Chapter 6: Final 
 

6.1 Summary 
 

DTCs are widely used chemicals that are teratogenic to vertebrates 
through mechanisms that are poorly understood (Robens 1969; Simsa et al. 
2007; Tilton et al. 2006). This study has utilized the zebrafish as a vertebrate 
model to study DTC induced teratogenic effects and the molecular 
mechanisms underlying these effects. Novel teratogenic endpoints of DTCs in 
zebrafish were investigated by exposing developing embryos to three model 
DTCs: disulfiram, metam and thiram. It was found that all three compounds 
lead to abnormal development of cartilage and bone elements that make up 
the zebrafish craniofacial skeleton (Chapter 2). These malformations were 
characterized by twisted, reduced and missing cartilages and a lack of 
ossification of endochondral bone. To gain insight into the molecular 
mechanisms underlying these defects, DTC induced changes in gene expression 
in embryonic zebrafish (PAC2) cells were measured using microarray analysis. 
Both thiram and disulfiram caused differential expression of genes that are 
related to signalling of transforming growth factor β1 (TGF-β1), a crucial 
growth factor in endochondral bone formation (Janssens et al. 2005). 
Importantly, the identified TGF-β1 signalling related network contained an 
essential transcription factor for craniofacial development, sox9a (Yan et al. 
2002). Subsequent in situ hybridization experiments revealed that expression 
of this differentiation marker and its direct downstream target col2a1 is 
perturbed in the developing ceratobranchial arches of DTC exposed embryo. 
This suggested that abnormal expression of sox9a is an important event in the 
development of zebrafish craniofacial abnormalities induced by these 
compounds. Though a causal relationship between DTC exposure, loss of sox9a 
expression and abnormal development of the ceratobranchial arches has not 
yet been established, these findings provide a starting point for further 
investigation of the molecular mechanisms of DTC induced bone and cartilage 
malformations in vertebrates.  

In contrast to the craniofacial defects identified in Chapter 2, the effects 
of DTCs on notochord formation are well described (Tilton et al. 2006). 
However, underlying mechanisms are unclear and understanding these 
mechanisms will contribute to unravelling DTC induced teratogenesis. In 
Chapter 3, the hypothesis was investigated that DTC induced notochord 
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malformations in zebrafish are in part mediated by inhibition of Loxl proteins. 
Chemical inhibition of lysyl oxidase activity with β-aminoproprionitrile (βAPN) 
or exposure to DTCs resulted in an identical notochord phenotype. Electron 
microscopy revealed abnormal crosslinking of collagens in the notochord 
sheath which was indicative of impaired lysyl oxidase function. In addition, 
morpholino mediated loss of function of three individual Loxl proteins, Lox, 
Loxl1 and Loxl5b, caused similar notochord defects as observed after exposure 
to DTCs. Moreover, partial knock down of Lox, Loxl1 and Loxl5b sensitized 
developing zebrafish embryos to DTCs, suggesting that lysyl oxidase activity is 
inhibited by DTCs in vivo and that this can contribute to the development of 
notochord abnormalities. Finally, a LOXL protein inhibition assay revealed that 
the activity of zebrafish lysyl oxidases was greatly reduced when incubated 
with DTCs while this was not observed after incorporation of the copper 
chelator NCu. Together, these data demonstrated that DTCs inhibit zebrafish 
lysyl oxidase activity ex vivo and in vivo. 

Since DTCs caused craniofacial abnormalities in developing zebrafish 
embryos (Chapter 2) and were found to inhibit of lysyl oxidase activity (Chapter 
3), in Chapter 4 the hypothesis was investigated that Loxl proteins are involved 
in zebrafish craniofacial development. Inhibition of lysyl oxidase activity with 
βAPN in developing zebrafish embryos from 3 hpf until 5 dpf and subsequent 
analysis of craniofacial development indeed revealed abnormal bone and 
cartilage development which were highly similar to the effects found after 
exposure to DTCs (Chapter 2). By varying the βAPN exposure window, a critical 
window for LOXL protein activity was identified from 24 to 72 hpf. Together, 
these findings suggested a functional role for lysyl oxidases in a window during 
development that is important for ceratobranchial arch condensation, 
differentiation and cartilage maturation. To investigate the involvement of Loxl 
proteins in craniofacial development in detail, the zebrafish Loxl family was 
first completed by identifying two previously unknown Loxl proteins that are 
highly homologous to LOXL4; loxl4a and loxl4b. Analysis of spatiotemporal 
expression of all ten loxl genes implicated the involvement of four loxl genes, 
loxl1, loxl2a, loxl2b and loxl3b, in zebrafish craniofacial development. LOF 
studies using antisense morpholino oligonucleotides demonstrated that loxl1 
(Chapter 4) and loxl3b (Chapter 5) indeed caused abnormal craniofacial 
development while loss of loxl2a or loxl2b was lethal before full development 
of the craniofacial cartilages. Together, these findings indicated important and 
novel roles for individual loxl genes during zebrafish craniofacial development. 

To gain understanding in Loxl protein function during zebrafish 
craniofacial development, the functional roles of loxl3a and loxl3b were 
investigated in more detail. (Chapter 5). Two previously unidentified full length 
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loxl3a and loxl3b cDNAs were cloned and detailed in situ hybridisation 
experiments revealed that loxl3b but not loxl3a is abundantly expressed in and 
around the maturing craniofacial cartilage elements between 30 and 96 hpf. 
LOF of loxl3b led to a severe reduction of craniofacial cartilage elements which 
was due to a lack of maturation of cartilage elements and not to increased p53 
mediated cell death. Analysis of expression of crestin, sox10, dlx2a, hand2, 
sox9a and col2a1 in loxl3b morphant embryos, revealed that migration of 
neural crest cells (NCC) and initial pharyngeal arch patterning occurred 
normally but chondrogenic progenitor cells within the mesenchymal arch 
condensations failed to express the differentiation markers sox9a and col2a1. 
These findings were in conjunction with aberrant expression of both markers 
in the ceratobranchial arches of DTC exposed developing embryos (Chapter 2). 
Subsequent analysis of cellular proliferation within pharyngeal arch 
condensations revealed that chondrogenic progenitor cell proliferation 
was severely reduced. Together, these findings demonstrate a unique role for 
Loxl3b during zebrafish craniofacial development. 

In summary, this research has contributed to understanding DTC induced 
teratogenesis through the identification of a novel teratogenic mechanism that 
may contribute to cartilage and bone abnormalities in vertebrates. 
Importantly, these studies have also revealed novel roles for Loxl proteins 
during vertebrate development which provides insight into the genetic and 
environmental factors that may contribute to craniofacial pathogenesis. 

 
6.2 Perspectives 

 
DTC induced teratogenesis is in part mediated by LOXL proteins 

In the present study evidence is presented that DTCs disrupt both 
notochord development and the formation of cartilage and bone elements 
that make up the zebrafish craniofacial skeleton (Chapter 2 and 3). Although 
the wavy notochord phenotype was described in zebrafish before (Haendel et 
al. 2004; Tilton et al. 2006), this is the first study to show that one of the 
underlying mechanisms is the inhibition of lysyl oxidase activity. However, 
these studies do not exclude that other mechanisms contribute to DTC induced 
teratogenesis. In fact, at least two mechanisms are likely to contribute to DTC 
induced teratogenesis and should be investigated in more detail. First, since 
DTCs bind copper with high affinity and LOXL proteins are copper dependent, it 
is likely that altered copper homeostasis is involved in the development of DTC 
induced malformations (Lucero and Kagan 2006; Tilton et al. 2006).  Another 
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mechanism that may contribute specifically to craniofacial abnormalities is the 
inhibition of Aldh1a2. Aldh1a2 controls retinoid signalling (Perlmann 2002) 
which is necessary for endodermal pouch formation during zebrafish 
craniofacial development (Kopinke et al. 2006). Since disulfiram is known to 
inhibit Aldh1a2 it is possible that other DTCs inhibit this enzyme (Costaridis et 
al. 1996). However, it seems unlikely that this is the main mechanism through 
which DTCs impair chondrogenesis since the phenotype found in Aldh1a2 
mutant (neckless) zebrafish or in embryos treated with chemical inhibitors of 
Aldh1a2, significantly differs from the DTC induced phenotype (Begemann et 
al. 2001; Kopinke et al. 2006; Tilton et al. 2006). The fact that a near identical 
craniofacial phenotype is observed after exposure to DTCs or βAPN (Chapter 2 
and 4), suggests that inhibition of LOXL proteins may be the main mechanism. 

An open question is whether inhibition of lysyl oxidase activity by DTCs is 
the consequence of direct binding of DTCs to Loxl proteins or a consequence of 
copper chelation. Although the copper chelator NCu did not inhibit Lysyl 
oxidase activity ex vivo (Chapter 3), this is not unequivocal proof that DTCs 
bind Loxl proteins since NCu is a relatively large molecule that may not have 
access to the copper binding pocket within Loxl proteins. Therefore, whether 
or not DTCs bind to Loxl proteins should be investigated further and ultimately, 
inhibition of individual recombinant Loxl proteins by DTCs should be 
investigated to fully understand the relative contribution of each protein to 
teratogenesis. Although many previous attempts to generate active 
recombinant LOXL proteins have failed (Di Donato A. et al. 1997; Jung et al. 
2003b), several reports now show that this is feasible which will enhance 
investigations of chemical inhibition of LOXL proteins (Jung et al. 2003a; Kim et 
al. 2003; Kim et al. 2010a). In this respect, the analysis of the mode of 
inhibition (Chapter 3, FigS1) revealed that DTCs have a different mode of 
inhibition when compared to βAPN and that DTCs are more efficient in 
inhibiting lysyl oxidase activity. The latter could potentially explain why 
relatively low concentrations of DTCs (>100nM) are embryonic lethal, while 
embryos survive exposure to relatively high concentrations of βAPN (<200 
μM). It will be interesting to see if all zebrafish Loxl proteins are inhibited by 
DTCs as this would explain the difference in background signal in the crude Loxl 
enriched zebrafish extracts after inhibition with βAPN and DTCs and the fact 
that DTCs are a 100 fold more potent in inhibiting lysyl oxidase activity 
(Chapter 3, Fig 4). 

DTC exposure leads to bone and cartilage abnormalities in rodents and 
poultry and strikingly, these malformations include misshapen, “wavy” long 
limb bones and abnormal craniofacial development (Rath et al. 2007; Roll 
1971; Simsa et al. 2007; Tilton et al. 2006). The finding that DTCs inhibit lysyl 
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oxidase activity may therefore extend beyond the zebrafish and could 
contribute to understanding DTC induced teratogenesis in higher vertebrates. 
The wavy morphologies of bones in rodents and cartilages in the zebrafish 
craniofacial skeleton are reminiscent of the notochord malformations found in 
DTC exposed zebrafish (this study; Anderson et al. 2007; Gansner et al. 2007). 
As is shown here, the notochord phenotype is at least in part caused by 
improper cross-linking of collagens in the notochord sheath due to reduced 
lysyl oxidase function (Chapter 4). This, combined with increasing vacuolar 
pressure within notochord cells (Stemple 2005) and the onset of movement, 
essential in the development of the phenotype (Teraoka et al. 2006), causes 
the notochord to bulge out into surrounding tissues. Together, this raises the 
question whether improper ECM organization due to impaired lysyl oxidase 
function is one of the underlying mechanisms of DTC induced bone 
abnormalities in higher vertebrates. In addition, it is plausible that such a 
mechanism underlies the improper maturation of cartilages elements during 
craniofacial development in the zebrafish. Maturing craniofacial cartilages in 
the zebrafish are subjected to mechanical forces due to rapid growth during 
morphogenesis (Kimmel et al. 2001) and these elements are likely to require a 
highly organized ECM (Szabo-Rogers et al. 2009). Given their spatiotemporal 
expression patterns within and around the maturing cartilage elements 
(Chapter 5), Loxl proteins can organize the ECM in these tissues during 
morphogenesis. This question should be addressed in more detail with 
electron microscopy to demonstrate impaired fibril formation within the 
pharyngeal arches and maturing cartilage elements of DTC exposed embryos 
(Baas et al. 2009). However, multiple collagens are expressed within the 
pharyngeal arches that may served as Loxl protein targets, some of which are 
essential during zebrafish craniofacial development (Baas et al. 2009; Gansner 
and Gitlin 2008; Pagnon-Minot et al. 2008; Thisse and Thisse 2004). The 
zebrafish will be an ideal model system for further investigation of genetic 
interactions between DTCs, Loxl proteins and collagens. 

Although impaired crosslinking of ECM proteins may explain the wavy 
morphology of craniofacial cartilage elements, it does not immediately provide 
an explanation for the reduction and absence of chondrogenic elements 
following DTC exposure (Chapter 2, 4 and 5). Since chondrogenesis is a 
complex process, the reduction of these structures can be the consequence of 
cell death or interference with the events that pattern the pharyngeal arches, 
including interference with NCC migration, proliferation or differentiation of 
the chondrogenic progenitor cell population (Helms and Schneider 2003; 
Szabo-Rogers et al. 2009). DTCs have convincingly been shown not to increase 
cell death in developing zebrafish embryos in general and in the pharyngeal 
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arches in particular (Teraoka et al. 2006; Tilton et al. 2008). Therefore, DTCs 
seem to interfere with patterning of the pharyngeal arches which could be 
mediated by LOXL proteins. Several lines of evidence seem to suggest this. For 
example, DTC exposure leads to perturbed differentiation marker expression 
(sox9a and col2a1) in the developing arches (Chapter 2), similar to reduced 
expression of both markers in loxl3b morphants (Chapter 5). In addition, DTCs 
cause a craniofacial phenotype which is highly similar to inhibition of lysyl 
oxidase activity with βAPN (Chapter 2 and 4). Furthermore, LOF of loxl1 and 
loxl3b results in a reduction of cartilage elements (Chapter 4 and 5) and finally, 
loxl3b inhibits proliferation of chondrogenic progenitor cells within the 
developing ceratobranchial arches. To address this question further, 
interactions between individual Loxl proteins and DTCs should be investigated 
in vivo. 

Finally, the finding that DTC induced teratogenesis is mediated be LOXL 
proteins could have implications for risk assessment of DTCs. It should be 
taken into account that effect concentrations in rodents are high (mg/kg/day) 
and therefore it is unlikely that exposure through contaminated food would 
pose a direct risk to humans. However, these findings should be placed in the 
context of the complex interplay between genetic background, nutritional 
status and teratogenic contaminants (Finnell et al. 2002; Zhu et al. 2009). 
Reduced dietary intake of copper combined with a sensitive genetic 
background (Gansner et al. 2007) may sensitize developing vertebrates to lysyl 
oxidase inhibiting compounds such as DTCs especially when exposure occurs 
during a critical window (Chapter 5). An example of the power of the zebrafish 
in such an approach is presented in Chapter 3 where partial knock down of Loxl 
proteins sensitizes developing embryos to DTCs. The zebrafish will 
undoubtedly be an important vertebrate model to address questions related 
such gene-environment interactions.  

 
Novel functional roles for Loxl proteins in zebrafish development 

Despite increasing interest for LOXL protein biology in recent years (Erler 
et al. 2009; Levental et al. 2009; Maki 2009; Payne et al. 2007; Peng et al. 
2009; Schietke et al. 2010), the functional roles of most individual LOXL family 
members during vertebrate embryonic development are largely unexplored. 
LOXL proteins are bound to have more important roles during development 
since their activity during embryonic development is observed not only in 
zebrafish but also in sea urchin (Butler et al. 1987), Xenopus (Di Donato A. et 
al. 1997), Drosophila (Molnar et al. 2005) and mammals (Maki 2009). Although 
in mice, knock out models for Lox and Loxl1 have demonstrated that both 
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proteins have important roles in the development of the cardiovascular system 
(Maki et al. 2002), these models have only been partly informative due to early 
lethality of the Lox-/- mouse and possible functional redundancy (Maki 2009). 
In addition, there are no mouse knock out models for LOXL2-4. In the past four 
years, the zebrafish has become an important model for the exploration of 
functional roles of Loxl proteins. LOF studies have revealed that Loxl1 and 
Loxl5b are essential for notochord development (Gansner et al. 2007) whereas 
Lox was reported to be involved in muscle-, neuro- and craniofacial 
development (Reynaud et al. 2008). The present study contributes to further 
establishment of the zebrafish as a model for the investigation of Loxl protein 
function during vertebrate embryonic development. Importantly, in Chapter 4 
and five the isolation of three novel full length zebrafish lysyl oxidase cDNAs is 
described. This includes the cloning of two full length LOXL3 orthologs: loxl3a 
and loxl3b and two previously unidentified LOXL4 orthologs: loxl4a and loxl4b. 
Only loxl4b was expressed at appreciable levels during development and 
subsequently cloned. The zebrafish Loxl family now has orthologs for all 
mammalian LOXL proteins and consists of ten proteins (Fig. 6.1). 
In the present study, chemical inhibition of lysyl oxidase activity with DTCs or 
βAPN suggested the involvement of LOXL proteins in zebrafish craniofacial 
development (Chapter 4 and 5). During the course of these investigations, 
craniofacial abnormalities induced by βAPN in the zebrafish were reported but 
not characterized in detail (Reynaud et al. 2008). In addition, these effects 
were attributed to Lox while the involvement of other Loxl proteins was not 
assessed. In contrast to the findings in the Reynaud et al (2008) study, in 
Chapter 4 it was shown that spatiotemporal expression patterns of Lox are not 
in agreement with a role in pharyngeal arch patterning or cartilage maturation. 
Given the p53 dependence of lox morphant phenotype, and the fact that 
extremely high numbers of PCR cycles that were necessary to amplify lox 
during development, it seems more likely that the craniofacial defects 
reported in this study were the result of off targeting (Robu et al. 2007). This 
suggested that βAPN inhibits other LOXL proteins. Importantly, LOF studies 
demonstrated that both loxl1 and loxl3b phenotypes are not p53 dependent, 
mismatch morpholinos do not result in a craniofacial phenotype and 
knockdown is achieved at the low morpholino doses employed. Combined, this 
provides compelling evidence that the observed 
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Figure 1. Zebrafish lysyl oxidase like proteins.  
 

phenotypes are gene specific. However, craniofacial development is 
sensitive to morpholino off targeting (Robu et al. 2007) and therefore, mutant 
zebrafish lines are desirable to confirm that Loxl1 and Loxl3b and not Lox are 
important during craniofacial development. Recently, the rapid generation of 
targeted knock out zebrafish lines using zinc finger endonucleases was 
reported which will greatly facilitate these investigations (Foley et al. 2009). 

Interestingly, inhibition of lysyl oxidase activity with either βAPN or DTCs 
results in a craniofacial phenotype that is less severe than observed with LOF 
of Loxl1 or Loxl3b. This apparent discrepancy may be the result of partial 
inhibition of Loxl proteins with the relatively low concentrations of chemical 
inhibitors used in this study. These concentrations were used since higher 
concentrations were embryonic lethal. In case of partial inhibition, the 
phenotype is dependent on the relative contribution of inhibition of individual 
Loxl proteins by the inhibitors. Since it is unclear what the potency of the 
chemical inhibitors for individual zebrafish Loxl proteins is, it is not possible to 
determine which Loxl proteins are involved in craniofacial development 
following chemical inhibition. In this context, it should be noted that it is 
recognized that βAPN does not abolish all lysyl oxidase activity (Anderson et al. 
2007; Maki 2009; Payne et al. 2007). Importantly, recent research has shown 
that some human LOXL proteins, such as LOXL2 are not inhibited by βAPN at all  
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(Kim et al. 2010b; Vadasz et al. 2005). Therefore, knockdown technologies 
seem more appropriate for assessing the role of Loxl proteins during 
development and such an approach is likely to reveal more molecular and 
functional roles of individual Loxl proteins.  

Although this study has demonstrated that Loxl1 and Loxl3b are required 
for zebrafish craniofacial development (Chapter 4 and 5), it is unclear what the 
underlying molecular mechanisms are. The two main questions that need to be 
addressed in the future regarding any LOXL protein function are 1) what is the 
sub-cellular site of action and 2) what are the molecular targets of the 
individual Loxl proteins (Maki 2009). With respect to their function in 
craniofacial development, it remains to be determined whether Loxl1 and 
Loxl3b proteins are secreted and function in the extracellular compartment. If 
so, the most likely function would be the organization of the ECM by cross-
linking of structural proteins such as collagens. However, at least human LOXL3 
has intracellular functions in cancer cell lines that should be considered in 
future investigations into the molecular roles of Loxl3b in craniofacial 
development (Lee and Kim 2006; Peinado et al. 2005). 

In addition to the importance of Loxl proteins in craniofacial 
development, this study yielded several interesting observations that suggest 
additional functions of Loxl proteins during zebrafish development. For 
instance, chemical inhibition of lysyl oxidase activity with high concentrations 
of βAPN or DTCs are embryonic lethal. This may be due to overt toxicity but 
could also suggest critical roles for Loxl proteins in as yet unknown processes. 
Importantly, high concentrations of βAPN from 24 hfp resulted in abnormal 
cardiac development and specifically, leakage between the atrium and 
ventricle (data not shown). The involvement of LOX in the cardiovascular 
system in rodents has been described (Maki et al. 2002; Maki et al. 2005) but 
the exact defects in the heart are unclear. It was suggested that these defects 
may have been functional rather than anatomical (Maki et al. 2002) but 
Doppler ultrasonography of E 18.5 mouse embryos suggested blood 
regurgitation between the atrium and ventricle, similar to what was observed 
in βAPN exposed zebrafish embryos. Analysis of expression patterns in the 
heart revealed that both lox and loxl1 are highly expressed in the endocardial 
cushion cells that will form the heart valves from (Chapter 5, Fig,3 and Fig.4) 
(Yelon et al. 2002). Combined, these data may suggest functional roles for Lox 
and Loxl1 proteins in cardiac development and early cardiac function.  

It is well described that exposure to DTCs in zebrafish embryos leads to a 
shorter anterior to posterior axis (Chapter 3; Tilton et al. 2006). The shorter 
body axis could be a secondary effect of abnormal notochord development but 
can also be indicative of the disruption of cell migration during gastrulation. In 
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addition, it was found that at higher concentrations DTCs terminate 
gastrulation without obvious cell death (data not shown). This is interesting 
since in Sea Urchin, impaired lysyl oxidase activity causes the inhibition 
mesenchymal migration during early development (Butler et al. 1987). In the 
zebrafish, LOF of loxl2a and loxl2b also resulted in termination of gastrulation 
(data not shown) and eventually in early embryonic death (Chapter 4). Lower 
doses of Loxl2a morpholinos resulted in abnormal gastrulation and shorter 
embryos, suggesting involvement in cell migration during gastrulation. This 
deserves further investigation since LOXL2 is studied extensively in cell 
migration due to its importance in cancer metastasis (Payne et al. 2007; 
Peinado et al. 2005; Peng et al. 2009; Schietke et al. 2010).  

In summary, the Loxl protein family is differentially expressed and has 
multiple roles in development, many of which remain to be elucidated. In the 
last five years there has been an increase in the interest for Loxl protein 
biology due to the discovery of multiple roles for individual family members in 
cancer metastasis (Erler et al. 2009; Levental et al. 2009; Payne et al. 2007; 
Peinado et al. 2008). Studies using the zebrafish will undoubtedly be useful in 
the future to study the molecular and functional roles of individual LOXL family 
members, and this will lead to a better understanding of these intriguing 
proteins in embryonic, adult and cancerous tissues.   
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6.3 Samenvatting 

 
Dithiocarbamaten (DTCs) zijn stoffen die veel worden gebruikt als 

fungiciden in de landbouw en levensmiddelenindustrie om de houdbaarheid 
van bederfelijke waren te verlengen. Recente studies hebben aangetoond dat 
DTCs de meest voorkomende vervuilingen op groente en fruit in Europa zijn. 
Het is al enkele decennia bekend dat embryonale blootstelling aan DTCs kan 
leiden tot geboorteafwijkingen in vertebraten. Toch zijn de moleculaire 
mechanismen die aan deze afwijkingen ten grondslag liggen, onduidelijk. 
Omdat zowel mens als dier blootgesteld worden aan DTCs is het van belang 
inzicht te krijgen in mogelijke schadelijke effecten en de moleculaire werking 
van deze stoffen. 

De zebravis is een van de meest gebruikte model-organismen voor het 
bestuderen van de embryonale ontwikkeling van vertebraten. De belangrijkste 
reden hiervoor is de grote hoeveelheid transparante eieren die de vissen 
produceren en die binnen een 24 uur uitgroeien tot een functionerend 
organismse. In dit proefschrift wordt gebruik gemaakt van de zebravis voor het 
bestuderen van teratogene effecten van DTCs en het bestuderen van de rol 
van eiwitten die door deze stoffen worden geremd. De hoofddoelstellingen 
van dit proefschrift waren: (1) inzicht te krijgen in nieuwe teratogene effecten 
van DTCs, (2) het ophelderen van één van de moleculaire mechanismen die 
daaraan ten grondslag liggen en (3) inzicht te krijgen in de functionele rol van 
lysyl oxidases tijdens de embryonale ontwikkeling. Hiertoe wordt in hoofdstuk 
2 voor het eerst beschreven dat DTCs afwijkingen veroorzaken in de 
ontwikkeling van kraakbeen en bot tijdens de ontwikkeling van het craniaal 
skelet. Uit moleculaire studies met embryonale zebravis cellen blijkt dat 
blootstelling aan DTCs leidt tot veranderde expressie van genen waarvan 
bekend is dat deze belangrijk zijn in kraakbeen en bot ontwikkeling. Ook al zijn 
deze data gecorreleerd, het is niet duidelijk of de verandering van de expressie 
van deze genen de directe oorzaak voor de afwijkingen is. Om hier meer inzicht 
in te krijgen werd in hoofdstuk 3 een van de mogelijke moleculaire 
werkingsmechanismen van DTCs onderzocht. Uit deze studie is gebleken dat 
DTCs gedeeltelijk teratogeen zijn door het remmen van een kleine groep van 
koperafhankelijke enzymen genaamd lysyl oxidases. Lysyl oxidases zijn 
extracellulaire enzymen die een belangrijke rol spelen in het organiseren van 
collageen en elastine in bindweefsel. De werking en functie van deze enzymen 
worden al sinds de jaren 70 bestudeerd en zijn in verband gebracht met tal van 
ziekten zoals hart- en vaatziekten, kanker, en aangeboren afwijkingen zoals 
Ehlers-Danlos syndroom. Ondanks dit voortdurend onderzoek naar de functie 
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en werking van lysyl oxidases is er weinig bekend over de funtionele rol van 
deze eiwitten tijdens de embryonale ontwikkeling. Omdat de eerste twee 
hoofdstukken een relatie suggereerden tussen remming van lysyl oxidases 
enerzijds en de ontwikkeling van het craniaal skelet anderzijds, wordt in 
hoofdstuk 4 en 5 in detail gekeken naar de rol van lysyl oxidases in dit proces. 
Expressiestudies in hoofdstuk 4 laten zien dat van de tien lysyl oxidase genen 
er vier tot expressie komen in en om het weefsel dat uiteindelijk kraakbeen en 
bot zal vormen. Door de functies van lysyl oxidase genen afzonderlijk van 
elkaar uit te schakelen is aangetoond dat twee van deze genen, loxl1 en loxl3b, 
een belangrijke rol hebben tijdens de ontwikkling van kraakbeen en bot 
elementen. In hoofdstuk 5 wordt dieper ingegaan op de rol van loxl3b. Het 
blijkt dat loxl3b nodig is voor de groei van voorlopercellen die uitendelijk 
veranderen in kraakbeen. 

De studies beschreven in dit proefschrift geven niet alleen nieuw inzicht 
in de teratogene werking van DTCs, maar beschrijven tevens een nieuwe 
functionele rol van lysyl oxidases in de ontwikkeling van vertebraten. Bij elkaar 
kunnen deze bevindingen  bijdragen aan het beter inschatten van mogelijke 
risico’s van blootstelling aan DTCs in mens en dier. Daarnaast dragen deze 
studies bij aan een meer fundamenteel begrip van de complexe processen die 
leiden tot de ontwikkeling van de bot- en kraakbeen elementen die samen het 
craniaal skelet in vertebraten vormen. 
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6.4 Abbreviations 

 
Aldh1a2 retinol dehydrogenase 
Col11a1 collagen type XI α 1 
Col27a1 collagen type XXVII α 1 
Col2a1  fibrillar collagen type II α 1 
Col8  collagen type VIII 
dlx2a   distal-less homeobox gene 2a 
dlx5   distal-less homeobox gene 5 
Dpf  days post fertilization 
DTCs   dithiocarbamates 
ECM   extra cellular matrix 
EMT  epithelial-to-mesenchymal transitions 
FAK   focal adhesion kinase 
Hpf   hours post fertilization 
LOF  loss of function 
LOX  lysyl oxidase 
LOXL   lysyl oxidase like protein 
LTQ  lysine tyrosyl quinine 
Lys   lysine 
MCP-1 2-mercaptopyridine-N-oxide 
MITC  metal isothiocyanate 
NCC  neural crest cells 
NCu   neocuproine 
RA  all-trans-retinoic acid 
Sox9a  sry box containing factor-9a 
Src   src kinase 
SRCR   cysteine rich scavenger receptor domain 
TGFβ1 transforming growth factor - β1 
Tyr   tyrosine 
βAPN  β-aminoproprionitrile 
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