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Figure 1: Phylogenetic tree illustrating early vertebrate evolution. Key stages in the develop-
ment of a mineralised skeleton are labelled. Adapted from Donoghue and Sansom (2002).

The evolution and development of bone
Biominerals: from shellfish to zebrafish 
The Cambrian explosion, five hundred million years ago, was the pivotal evolutionary 
event that gave rise to the diversity of multicellular life we see today. The thawing of a 
frozen Earth coinciding with increasing volcanic activity is a likely trigger for this burst 
of rapid evolution. A significant aspect of this geological transition was the increase in 
mineral content of the oceans, particularly calcium carbonate (Maruyama and Liou, 
2005; Maruyama and Santosh, 2008). The availability of this mineral provided marine 
organisms with the means to develop hard shells as defence against predators, and min-
eralised exoskeletons are now a primary feature of molluscs and crustaceans in the sea 
and on land.

The evolution of bone is intrinsic with that of fish (reviewed by Donoghue and San-
som (2002) and illustrated in Fig. 1). The primitive jawless fishes, hagfish and lam-
prey, feature a vertebral endoskeleton made of a type of unmineralised non-collagenous 
cartilage. The first appearance of mineral in the vertebrate fossil record is the teeth of 
the extinct conodonts, which were composed of enamel and dentine while the rest of 
the body remained cartilaginous. The large paraphyletic group of extinct jawless fish 
known as ostracoderms (shell skinned) took the concept of mineralised teeth to the out-
side of the body, forming primitive scales probably to protect against such teeth. In 



12

later ostracoderms like the galeaspids (helmet shield) this became a single massive shield 
comprised of acellular bone. The first jawed fish (placoderms, also extinct) featured 
mineralisation of the vertebral arches but not the centra. Finally, osteichthyes (bony fish) 
feature fully-mineralised vertebrae and modern endochondral bone. This class includes 
the actinopterygii (ray-finned fish) of some 30,000 species, including zebrafish, as well as 
the sarcopterygii (lobe-finned fish) from which lungfish, amphibians, reptiles, birds and 
mammals evolved. 

The shells of molluscs and the exoskeleton of crustaceans are comprised of calcium 
carbonate (CaCO3), while the bones and teeth of vertebrates are made of calcium phos-
phate minerals, namely hydroxyapatite (HA; Ca5(PO4)3OH). The reason for evolution-
ary adoption of HA rather than CaCO3 is a matter of debate (Pasteris et al., 2008), but 
the leading hypothesis is based on the high solubility of CaCO3 in even weak acid. HA is 
considerably more stable at low pH than CaCO3, so organisms utilising this mineral are 
better-equipped to deal with lactic acid generated by intense (anaerobic) metabolism, a 
distinguishing feature of vertebrates (Ruben and Bennett, 1980). 

Bone formation in fish and mammals
Bone formation (ossification) can occur in two distinct ways (Fig. 2). Both pathways 
begin with mesenchymal stem cells (MSCs) coming together at the site of future skel-
etogenesis. In small, flat bones such as the skull, a simple approach (termed intramem-
branous or dermal ossification) begins with the differentiation of MSCs into osteoblasts 
and the subsequent secretion of a mixture of proteins (predominantly type-I collagen) 
called osteoid that will form the basis for the mineralisation process. Mineralisation of 
osteoid is a physicochemical reaction regulated in part by enzymes expressed by osteo-
blasts. Hence, a single cell type is sufficient to form bone in this way. In mammals, these 
cells will eventually turn into osteocytes, remaining buried in the bone structure. In 
some teleosts like medaka this does not occur and the bone is acellular (Ekanayake and 
Hall, 1987), but osteocytes are present in zebrafish and other species (Apschner et al., 
2011).

The second way that bone can be formed is termed chondral ossification, indicating 
the reliance on cartilage. Here, the mesenchymal cells differentiate into chondrocytes 
and start producing type-II collagen, the basis for cartilage. Continued division of these 
chondrocytes allows the cartilage to grow very rapidly, providing a structural template 
for the ossification process. As growth continues these cells develop into a defined popu-
lation called hypertrophic chondrocytes which are responsible for the conversion of 
cartilage into bone. It is important to note that the cartilage itself is not mineralised; car-
tilage is a distinct material from bone, primarily comprised of type-II collagen instead of 
the type-I found in the bone matrix. Hypertrophic chondrocytes perform several impor-
tant functions in this conversion process (reviewed in Mackie et al., 2008): secretion of 
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Figure 2: Pathways of intramembranous and endochondral ossification. (A) Intramembranous 
ossification utilises osteoblasts to provide the type-I collagen matrix and drive mineralisation 
via tissue nonspecific alkaline phosphatase (TNAP). (B) Endochondral ossification begins with 
the development of a cartilage scaffold which later is converted into type-I collagen and min-
eralised. (C) Light micrograph of the growth plate of a mammalian long bone featuring an 
osteoclast (oc) removing cartilage, and osteoblasts (ob) producing bone matrix; arrows indi-
cate blood vessels. Scale bar = 50 µm. (A, B) are the author’s own work while (C) is adapted 
from Mackie et al. (2008).

matrix-metalloproteinases (MMPs) to digest the cartilage matrix, recruitment of osteo-
clasts to further remove the matrix using the protease cathepsin-k (Saftig et al., 1998), 
vascularisation, and promotion of type-I collagen synthesis by osteoblasts. Hypertrophic 
chondrocytes also assemble matrix vesicles (MVs). MVs are rich in calcium, phosphate 
and mineralisation-promoting enzymes such as phosphatases (Ali, 1976) and as a result 
contain pre-formed hydroxyapatite crystals. These HA crystals are released by the MVs 
and form the nucleus of the mineralisation process (reviewed in Anderson et al., 2005). 

Chondral ossification, either from within the cartilage (endochondral) or around (peri-
chondral) is used in the development of long bones, while the much simpler intramem-
branous ossification is seen in flat bones like the calvaria of the skull, as well as the first 
bones to appear in the zebrafish: the operculum and cleithrum of the gill chamber. 
Mineralisation proceeds faster in these flat bones (Zika and Klein, 1975) while chondral 
ossification allows for larger bones because of the cartilage scaffold. 
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Biomineral chemistry
Bone is a composite material comprised of proteins, mostly (~90%) type-I collagen, as 
a matrix to support the growth of mineral crystals. Collagen polypeptides, each about 
1000 amino acids long, twist together into a triple helix of about 300 nm in length. 
These strands self-assemble in a linear axial array (fibril) with a ~40 nm gap between the 
C-terminus of one strand and the N-terminus of the next. The gaps of adjacent strands 
are staggered ~67 nm along the axis (Fig. 2) (Glimcher, 2006; Hodge, 1989; Miller and 
Parker, 1984).

The mineral comprises approximately half of the mass of bone and confers strength 
and rigidity to the flexible collagen matrix (Burstein et al., 1975). Bone mineral is a 
form of hydroxyapatite, a crystal with units of Ca10(PO4)6(OH)2 and containing up to 
6% (w/w) carbonate in place of phosphate and hydroxide groups. The crystals take the 
shape of very thin plates only a few nanometres thick, 25 nm long and 12-15 nm wide 
(in mammals; the crystals in fish bone are somewhat longer, 37-50 nm and 15-20 nm 
wide) (Kim et al., 1995). The HA found in bone is perhaps the smallest biologically-
formed crystal (for reviews of the structure of bone, see (Glimcher, 2006; Omelon et 
al., 2013; Weiner and Wagner, 1998)). The limited size of these crystals in comparison 
with far larger geological and synthetic specimens has been a mystery for decades, but 
recent research has shown that large amounts of hydrated citrate (5.5% w/w) is present 
on the surface of bone HA crystals, which both limits the growth of individual crystals 
and encourages tight packing of adjacent crystal platelets (Davies et al., 2014; Hu et 
al., 2010). These clusters of crystals initially form in the gaps of the collagen fibrils, 
aligned lengthwise along the fibril axis. Subsequent mineral deposition occurs on the 
fibril surface (Fig. 3). It should be noted that progressive mineralisation is caused by an 
increase in crystal number rather than an increase in size of each crystal. This contrasts 
with the mineralisation process of tooth enamel in which HA crystals grow much larger 
(Glimcher and Surgeons, 1981).

The precipitation reaction between calcium and phosphate ions will readily occur if 
the concentration product of these ions ([Ca]x[P]) is above a minimum threshold, and 
this threshold is much lower if nucleation sites are present. In 1961 it was noted that 
“extracellular fluids are supersaturated with respect to bone mineral, and that the con-
centrations of calcium, [phosphate], and hydroxyl ions are sufficiently high to support 
the growth of bone mineral crystals once the initial crystals have formed.” (Fleish and 
Neuman, 1961). Precipitation therefore merely needs a trigger – a nucleation site – and 
the existing Ca2+ and PO4

- ions will continue the process of tissue mineralization. The 
repeating glycine-proline-hydroxyproline unit of type-I collagen has been shown in vitro 
to have this nucleation property (Chung et al., 2011), though the significance of this 
effect in vivo is not known. This tripeptide also has an affinity for the long face of HA 
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Figure 3: Nanoscale architecture of hydroxyapatite and collagen fibrils. (A) The unit cell of the 
hydroxyapatite (HA) lattice in plan and isometric view. Edge-face calcium atoms are painted 
dark green. In biological HA, the hydroxyl groups on the corners are frequently substituted with 
carbonate. (B) Biological HA crystallises into small plates. (C) Collagen triple-helix molecules 
self-assemble into fibrils with regularly-spaced gaps. HA crystals first appear in these gaps 
and then the surface of the fibril. (D) Fibrils self-assemble into fibres. 

crystals (which mainly exposes calcium, compared with the phosphate exposed on the 
short ends) explaining the lengthwise arrangement of the crystals along collagen fibrils.

The initial precipitation product is amorphous calcium phosphate (ACP). Over a matter 
of hours (in vitro), ACP transforms into octacalcium phosphate (OCP) crystals and 
finally HA crystals. These reactions are difficult to observe in vivo due to the technical 
challenges of preparing bone samples for electron microscopy, but recently it has been 
observed in the growing fin rays of the zebrafish (Mahamid et al., 2008). The transfor-
mation is altered by the presence of interfering metals: magnesium can substitute for 
calcium, reducing the Ca/P ratio, the rate of mineral formation, and crystallinity of 
the resulting mineral (Bigi et al., 1993), and zinc is about 1,000 times more potent at 
inhibiting crystallisation than Mg (Kanzaki et al., 2000). 

As mineral content increases, so does the stiffness (Young’s modulus) (Currey, 1988), 
while the maximum tension strain declines as a result of decreasing flexibility. This allows 
for bones with properties for specialised structural or non-structural roles (reviewed by 
Currey, 1999) . The femur of a horse, for example, has a mineral content of around 40% 
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and a Young’s modulus of 24.5 GPa, while the antler of a reindeer is 30% mineral and 
much more flexible, at 8.1 GPa (Currey, 1990). On the other end of the scale, the beak 
(rostrum) of Blainville’s beaked whale (Mesoplodon densirostris) has a mineral content of 
87%, and it has the highest Young’s modulus of any tested bone, 46 GPa (Zioupos et 
al., 1997). This extraordinary stiffness makes it too brittle to be effective in fighting so 
it is thought to be involved in sound transmission or echolocation, similar to the stiff 
auditory bones in mammals (Currey, 1979). Weiner and Wagner noted in their review 
that this high degree of mineralization is probably achieved by reducing the collagen 
content after the mature bone has formed (Weiner and Wagner, 1998).

Pro- and anti-mineralisation factors
As noted above, the concentration of calcium and phosphate ions in extracellular fluids 
means that mineralisation (precipitation) is energetically favourable, and therefore one 
might argue that this should result in general tissue mineralisation, especially in those 
instances where collagen can act as a substrate such as the skin and vasculature. Coro-
nary artery calcification is a major cardiovascular risk factor, increasing relative risk of 
death by 12.5-fold (Budoff et al., 2007). The precipitation reaction must therefore be 
carefully controlled to restrict mineralisation to bone-forming elements. This is largely 
achieved by the presence of factors which alter the kinetics of this reaction. In this sec-
tion I will examine these factors and some of the genes that regulate them.

Pyrophosphate
In the 1960s it was noted that the addition of serum to in vitro precipitation reactions 
raised the threshold level of Ca2+ & PO4

- ions required for precipitation, suggesting the 
presence of an inhibitor in serum. This inhibitor was eliminated by alkaline phospha-
tases (APs), enzymes known to hydrolyse polyphosphates (Fleisch and Bisaz, 1962), and 
subsequently the inhibitor was indeed identified as pyrophosphate (P2O7

4−, abbreviated 
PPi) (Fleisch et al., 1966). PPi was also shown to inhibit the transformation from ACP 
to HA (Fleisch et al., 1968). PPi appears to regulate mineralisation from a very early 
stage, being an active inhibitor of seed crystal production in matrix vesicles (Register 
and Wuthier, 1985). This inhibitory effect is due to the affinity of PPi to HA crystals; 
PPi will associate with the nascent crystal surface but prevent further assembly of the lat-
tice (Jung et al., 1973), a phenomenon known as ‘crystal poisoning’. Interestingly, this 
interaction also prevents dissolution of already-formed crystal. The discovery of PPi’s 
effect on mineralisation spurred research into non-metabolisable analogues: the bisphos-
phonates (Fleisch et al., 1969), which are potent mineralisation inhibitors. However, 
much of the development of these drugs has focused on an unexpected finding that 
certain bisphosphonates actually improve bone density by inhibiting osteoclast activity 



17

1
IntroductIon

(reviewed in Nancollas et al., 2006). These drugs are now used in a clinical setting to 
treat osteoporosis.

In mineralising tissues like bone, tissue nonspecific alkaline phosphatase (TNAP) hydro-
lyses PPi into two inorganic phosphate anions. This makes TNAP an extremely impor-
tant promoter of mineralisation since it simultaneously removes the inhibitor while 
increasing the concentration of PO4

-. The human disease hypophosphatasia is caused 
by mutations in the TNAP gene and results in osteomalacia (soft bone or rickets) and 
increased fracture rate. The same is seen in TNAP-knockout mice (Fedde et al., 1999; 
Henthorn et al., 1992). Mineralisation is not completely abolished in these cases despite 
elevated levels of PPi. This is probably due to the presence of other PPi-hydrolysing 
enzymes inside matrix vesicles, hence, MVs are still able to initiate mineralisation as 
usual, but mineral growth does not continue beyond that (Anderson et al., 2004).

The counterpart to TNAP activity is PPi synthesis by the family of (ecto)nucleotide 
pyrophosphatase/phosphodiesterases (ENPPs). These enzymes are widely distributed in 
various tissues and  produce PPi from nucleotide triphosphates (Goding et al., 2003). 
Intracellular PPi is produced by NPP3 in the endoplasmic reticulum and exported by 
an ion channel, ankylosis protein (ANKH), while large amounts of PPi are also pro-
duced by the extracellular membrane-bound ENPP1. ANKH and ENPP1 are therefore 
important anti-mineralisation genes, maintaining the supply of PPi needed to prevent 
ectopic calcification. 

Mutations in the mouse Ank gene are responsible for progressive ankylosis, a form of 
arthritis involving mineral deposition in joints, bony outgrowths and eventual joint 
destruction (Ho et al., 2000).  Loss-of-function mutations in the human ANKH gene 
lead to a different syndrome: overgrowth of craniofacial bones, termed craniometaphy-
seal dysplasia (CMD) (Nurnberg et al., 2001; Reichenberger et al., 2001). In both cases 
the cause of these symptoms is uncontrolled hydroxyapatite mineralisation. Interest-
ingly, gain-of-function mutations in human ANKH exist (Gurley et al., 2006). These 
cause excessive quantities of PPi to be deposited in the cartilage of joints, where it crys-
tallises and results in a different form of arthritis, calcium pyrophosphate deposition 
disease (CPPDD, also known as chondrocalcinosis) (Pendleton et al., 2002).

Loss of ENPP1-driven PPi synthesis causes generalised arterial calcification of infancy 
(GACI) (Rutsch et al., 2003), an ectopic mineralisation disorder with a poor prognosis. 
Most patients die before six months of age due to myocardial infarction, although treat-
ment with bisphosphonates is effective in some patients (Rutsch et al., 2008). 

Fetuin-A
Fetuin-A, also known as α2-Heremans-Schmid glycoprotein (AHSG) is an abundant 
serum protein expressed primarily by the liver and possessing a strong affinity for bone 
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(Triffitt et al., 1976; Triffitt et al., 1978). This affinity is due to a cluster of acidic residues 
with an attraction to calcium ions (Schinke et al., 1996). Fetuin forms soluble colloidal 
spheres with calcium and phosphate, preventing the crystallisation of amorphous cal-
cium phosphate into HA (Heiss et al., 2003). Through this mechanism fetuin prevents 
ectopic mineralisation without affecting fully-formed HA in bone. Ahsg-/- mice have 
no obvious abnormalities until challenged with a high-calcium diet, or crossed with 
the calcification-sensitive mouse strain DBA/2. These conditions trigger severe ectopic 
calcification in multiple organs (Schäfer et al., 2003). In humans, low serum fetuin 
levels are a frequent consequence of haemodialysis and may be responsible for the high 
occurrence of vascular calcification in these patients (Ketteler et al., 2003).

Gla proteins: osteocalcin
In the 1970s, research into vitamin-K-dependant blood clotting factors revealed a spe-
cialised amino acid, gamma-carboxyglutamate (Gla) (Stenflo et al., 1974). Vitamin K is 
a cofactor for the post-translational modification of glutamate (Glu) into Gla residues 
by the enzyme gamma-glutamyl carboxylase (GGCX). The additional carboxylic acid 
group confers Gla residues with an affinity for calcium ions. There are sixteen known 
Gla-containing proteins in humans. These include clotting factors II (prothrombin), 
VII, IX and X, as well as several bone-specific proteins.

Osteocalcin (OC), also called bone gla protein (BGLAP) was the first Gla-containing 
protein isolated from bone (Hauschka et al., 1975), and is the most abundant pro-
tein in bone after collagen (Hauschka et al., 1989). Human OC contains 100 amino 
acids arranged into three helical regions surrounding a hydrophobic centre, with all 
3 Gla residues in the first helix. OC has a strong affinity for hydroxyapatite, and, like 
other HA-binding compounds, it inhibits the crystallisation process in vivo (Price et al., 
1976). OC is expressed by osteoblasts and begins to exert its effects in utero, in tandem 
with bone development (Lian et al., 1981). Not all OC is incorporated into bone, and 
circulating OC levels correlate with osteoblast activity (Price et al., 1981). Despite four 
decades of study, the in vivo function of OC is still not fully understood (reviewed 
in Gundberg et al., 2012). An early study of homozygous knockout mice reported a 
moderate increase in bone formation rates, with measurable differences in bone size in 
6-month-old animals (Ducy et al., 1996). A later study found that warfarin (a potent 
antagonist of vitamin K) did not have any effect on bone mineral density in rats, despite 
drastically reducing carboxylated (ie, Gla-containing) OC levels (Haffa et al., 2000). 
Even more recently it was reported that osteocalcin plays a role in energy metabolism; 
knockout mice are glucose intolerant, insulin resistant, and prone to obesity (Lee et al., 
2007). OC acts directly on pancreatic beta cells and adipocytes (Ferron et al., 2008). 
Fascinatingly, it is the uncarboxylated form of OC which is active in these functions. 
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OC appears to have a bigger role in skeletal-endocrine signalling than it does in regulat-
ing mineralisation. 

Matrix gla protein
Matrix gla protein (MGP) was identified in the mid-1980s as a second vitamin-K 
dependent protein of the bone matrix (Price et al., 1983). MGP is slightly smaller than 
OC with 79 amino acids including 4-5 Gla residues, and the sequence homology with 
OC suggests the two proteins to be paralogues (Price and Williamson, 1985). Unlike 
OC which is expressed by osteoblasts, MGP is produced and secreted by chondrocytes 
and vascular smooth muscle (VSM) cells in a variety of tissues and is a powerful inhibi-
tor of vascular calcification (reviewed in Schurgers et al., 2013). Mice lacking MGP 
die within two months of birth from blood vessel rupture induced by severe arterial 
calcification (Luo et al., 1997). 

Interestingly, MGP is present in the general circulation, but raising the serum level of 
MGP in knockout mice (by hepatic-specific expression) did not rescue the vascular 
mineralisation phenotype, while vascular-specific expression did (Murshed et al., 2004). 
The propensity for vascular calcification can be partly attributed to the way VSM cells 
respond to cellular stress by expelling calcium from the cytoplasm in matrix vesicles 
(MVs). MVs are also produced by hypertrophic chondrocytes during normal bone 
development, whereupon they initiate mineral precipitation; in the case of stressed 
vascular cells, the MVs are apparently a reaction to high intracellular calcium, and as a 
result they contain calcification inhibitors like MGP (Reynolds et al., 2004). In MGP-
deficient mice, these MVs become pathological initiators of vascular calcification.

The inhibitory effect of MGP on mineralisation requires Gla residues, but MGP is a 
much more potent inhibitor than OC despite both containing just a few Gla residues 
(Murshed et al., 2004). Recently, research into the Gla proteins of the Adriatic sturgeon 
(members of the ancient and slowly-evolving Chondrostei subclass) suggested that OC 
is a result of divergent evolution from MGP (Viegas et al., 2013). The sturgeon ortho-
logues of these proteins are richer in Gla proteins than those of more recently-evolved 
animals.

Gla-rich protein
In 2008 a third Gla protein was isolated from the bone of the Adriatic sturgeon (Vie-
gas et al., 2008), named Gla-rich protein (GRP) for its sixteen Gla residues (fifteen 
in humans). Simultaneously, a cartilage-specific protein was identified in humans and 
mice and given the symbol UCMA (unique cartilage matrix-associated protein). GRP/
UCMA orthologues are found in mammals, bony fish, reptiles and amphibians, but are 
conspicuously absent from bird genomes. The long evolutionary history of this protein 
suggests it is ancestral to OC and MGP (Cancela et al., 2012). Like OC, GRP does not 
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appear to be essential for bone development as knockout mice feature a normal skeleton 
and cartilage, but it may play a role in skeletal homeostasis under conditions of aging or 
disease (Eitzinger et al., 2012). Interestingly, GRP protein deposits have been observed 
in sites of ectopic calcification in the skin and vasculature in various pathologies (Viegas 
et al., 2009). 

Vitamin K & Warfarin
Vitamin K is required for carboxylation of Gla proteins via the enzyme GGCX; 
after being oxidised by this process, vitamin K is then recycled (reduced) by vitamin 
K-epoxide reductase (VKOR). Warfarin is one of a class of compounds (coumarins) 
that inhibit VKOR, famous as rodenticides because of the way they induce haemorrhage 
via elimination of Gla-containing coagulation factors. To study the effect of vitamin 
K insufficiency on calcification without affecting blood coagulation, both vitamin K 
and warfarin are administered to rats simultaneously; an alternative vitamin K recycling 
pathway exists in the liver using the enzyme DT-diaphorase, and under these conditions 
warfarin preferentially blocks vitamin K recycling in the vasculature. This results in ecto-
pic calcification of arteries (Price et al., 1998). This arterial calcification remains after 
treatment is stopped, but importantly, it can be reversed by increasing dietary intake of 
vitamin K (Schurgers et al., 2007). 

Vitamin K is therefore extremely significant for human health: poor vitamin K status 
is associated with cardiovascular disease, particularly among patients using warfarin to 
reduce the risk of thrombosis (Chatrou et al., 2012). Finally, mutations in the genes 
ABCC6 and GGCX result in the ectopic mineralisation disorders pseudoxanthoma elas-
ticum (PXE) and PXE-like syndrome, respectively; PXE is associated with low serum 
vitamin K, and both disorders feature undercarboxylated Gla proteins (Vanakker et al., 
2006; Vanakker et al., 2010). ABCC6 (ATP-binding cassette sub-family C member 6) 
is a transporter of unknown ligands and the relationship with vitamin K is uncertain. 

Osteopontin, osteonectin and bone sialoprotein
Osteopontin (OPN; also called secreted phosphoprotein-1, SPP1), osteonectin (ON; 
secreted acidic cysteine rich glycoprotein, SPARC) and bone sialoprotein (BSP; integ-
rin-binding sialoprotein, IBSP), are closely-related matrix proteins with strong calcium-
binding properties due to a very high proportion of acidic and phosphorylated amino 
acids. These proteins also have an affinity for collagen and are thought to provide a link 
between the collagen matrix and the HA mineral (‘pontin’ and ‘nectin’ derive from the 
Latin terms for bridge and bond, respectively). In vitro, BSP acts as a nucleation site 
due to two domains which each contain a stretch of eight glutamic acid residues (Tye 
et al., 2003). BSP-/-  mice feature undermineralised bone at a young age but this differ-
ence disappears in older animals (Malaval et al., 2008). Conversely, while the bones of 
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osteonectin-null mice are also undermineralised, the severity of this symptom increases 
with age (osteopenia) (Delany et al., 2000). Interestingly, OPN-/- mice do not feature 
any obvious bone abnormalities, but they retain bone density in a model of limb disuse 
(tail-suspension), suggesting that OPN is involved in bone remodelling (Ishijima et al., 
2001). BSP is probably the result of a gene duplication event during mammalian evolu-
tion and it is absent in zebrafish (Fisher et al., 2001). 

Thesis outline
The work described in this thesis focuses on some of the factors which influence miner-
alisation and the consequences arising from misregulation of these factors. In chapter 1 
I introduced several key concepts of biomineralisation: (1) healthy tissues are supersatu-
rated with respect to calcium phosphate, (2) normal bone formation requires a nucle-
ation site, and (3) dedicated proteins act to prevent ectopic mineralisation.

In chapter 2 I examine the concept of zebrafish as a model for human bone and miner-
alisation disorders – specifically those caused by genetic mutations. Despite 400 million 
years of evolutionary divergence, the human and teleost genomes are sufficiently similar 
to allow for direct comparison of gene function. This chapter describes several cases 
where mutations in zebrafish orthologues of human genes result in similar or near-
identical phenotypes and thus provide a convenient model for further study of these 
diseases.

Many of the mutations identified in zebrafish which cause these phenotypes were identi-
fied during a forward genetic screen after a random mutagenesis event. This powerful 
technique is somewhat limited by the time required to map the random mutation to 
a specific gene or locus, but this process can be greatly accelerated by the use of next-
generation sequencing (NGS) and subsequent bioinformatics processing. In chapter 3 
we describe the approach used to identify a novel mutation in the abcc6a gene. 

Chapter 4 focuses on the gräte allele, abcc6ahu4958, as a model for the human disease 
pseudoxanthoma elasticum (PXE). The key findings of this work are that the ectopic 
mineralisation featured in gräte zebrafish embryos can be counteracted by vitamin K, 
and that zebrafish and human orthologues of this gene are expressed in different tissues, 
which has implications for the as-yet-unknown factor transported by the Abcc6 protein. 

Chapter 5 describes a different allele, zwarte piet, corresponding to a mutation in a zinc 
transporter (slc30a8hu1798). One of the many consequences of this mutation is greatly 
reduced (or eliminated) mineralisation of the bone elements, which conversely contain 
an unusually high build-up of zinc. We examine this and other phenotypes in order to 
construct a model for this zinc transporter’s function in the zebrafish. 

Finally, chapter 6 provides an extended discussion on the work presented here.
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A bone to pIck wIth zebrAfIsh

Abstract
The development of high-throughput sequencing and genome-wide association studies 
allows us to deduce the genetic factors underlying diseases much more rapidly than 
possible through classical genetics, but a true understanding of the molecular mechanisms 
of these diseases still relies on integrated approaches including in vitro and in vivo model 
systems. One such model which is particularly suitable for studying bone diseases is the 
zebrafish (Danio rerio), a small fresh-water teleost that is highly amenable to genetic 
manipulation and in vivo imaging. Zebrafish physiology and genome organisation are in 
many aspects similar to those of humans, and the skeleton and mineralising tissues are 
no exception. In this review we highlight some of the contributions that have been made 
through the study of mutant zebrafish that feature bone and/or mineralisation disorders 
homologous to human diseases, including osteogenesis imperfecta (OI), fibrodysplasia 
ossificans progressiva (FOP) and generalized arterial calcification of infancy (GACI). 
The genomic and phenotypic similarities between the zebrafish and human cases are 
illustrated. We show that, despite some systemic physiological differences between 
mammals and teleosts, and a relative lack of a history as a model for bone research, the 
zebrafish represents a useful complement to mouse and tissue culture systems in the 
investigation of genetic bone disorders.
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Introduction
Zebrafish, and other small teleosts like medaka, have been widely used as a model in 
developmental biology for decades. However, their utility as a model for human bone 
disorders remains largely underappreciated. As with any other model system, there are 
advantages and limitations: on one hand, joints appear not to be synovial, and while 
zebrafish do contain cellular bone, this is not true of all teleosts (Apschner et al., 2011; 
Witten and Huysseune, 2009). On the other hand there are several aspects of zebrafish 
biology that offer significant advantages over other systems. Ethylnitrosourea (ENU)-
mutagenesis based forward genetic screens, perhaps the most informative technique 
for unbiased discovery of gene function, are greatly facilitated by the large clutch sizes 
and relatively simple husbandry of zebrafish (reviewed in Spoorendonk et al., 2010). 
The transparent, rapidly-developing larvae are also highly amenable for live imaging 
of chondrocytes, osteoblasts and osteoclasts. Numerous transgenic lines expressing 
fluorescent proteins under the control of bone-related promoters have been produced, 
notably osterix (sp7) (Spoorendonk et al., 2008), osteocalcin (bglap) (Knopf et al., 2011) 
and collagen types II and X (Hammond and Schulte-Merker, 2009; Mitchell et al., 
2013) (Fig. 1; also reviewed by Hammond and Moro (2012)). Mineralisation occurs in 
a predictable and stereotypic manner beginning at 3 days post fertilization (d.p.f.), and 
craniofacial bones develop in a similar fashion to those of higher vertebrates (Schilling 
and Kimmel, 1994). Furthermore, there are elegant studies that use the fish tail fin as a 
model for regenerating bone (Knopf et al., 2011).

Because historically zebrafish have started out as a model to study early development, it 
can be argued that they lack to some extent a ‘track record’ in areas of later organogenesis, 
including osteogenesis. In recent years, however, a number of mutant zebrafish lines have 
been characterized that correlate to human pathological conditions, or that turned out 
to be otherwise instrumental in providing answers to open questions. In this review we 
will discuss these cases in order to highlight how zebrafish can advance our knowledge 
about osteogenesis.

Osteogenesis Imperfecta
Osteogenesis imperfecta (OI; OMIM #166200) is a disease of the bone collagen matrix 
that results in skeletal deformities, fragile bones with high rates of fractures, and in most 
cases, reduced bone density (reviewed in Forlino et al., 2011). Most cases of OI are 
caused by autosomal dominant mutations in genes encoding collagen type I (COL1A1 
and COL1A2). One model of typical OI is the zebrafish mutant chihuahua, identified 
in a forward-genetics screen of adult fish using X-radiography (Fisher et al., 2003). 
Heterozygous fish display normal cartilage formation but abnormal bone growth, 
with irregular vertebrae, uneven mineralisation and frequent fractures, which resemble 
characteristics found in heterozygous OI patients. The chihuahua phenotype is caused 



35

2

A bone to pIck wIth zebrAfIsh

Figure 1: Imaging osteogenesis in vivo: transgenic zebrafish lines highlighting chondrocytes 
and osteoblasts. (A) Skeletal structure of a zebrafish at 5 weeks post-fertilization (w.p.f.). 
Scales were removed and the bone stained with alizarin red. (B) Ventral view of the Meckel’s 
cartilage (red) and abutting osteoblasts (green) in a 6 d.p.f. embryo expressing col2a1:mCherry 
and osterix:GFP. Mk, Meckel’s cartilage; mx, maxilla; d, dentary; pq, palatoquadrate; ep, eth-
moid plate. (C) Magnification of the developing operculum in a 6 d.p.f. embryo expressing 
osterix:gal4;UAS:GFP. Note that the osteoblasts (green) are placed distally to the mineralized 
matrix they produce. (D) Vertebral column of a 5 w.p.f. transgenic zebrafish showing expression 
of cathepsin K, a marker for osteoclasts, in green. Inset: magnification of a hypural bone with 
osteoclasts in close proximity to the bone surface.

by a heterozygous missense mutation in col1a1a, a homologue of human COL1A1, 
resulting in a G390D change that interrupts the conserved Gly-X-Y motif. The majority 
of OI-causing mutations in COL1A1 are in analogous Gly residues; the substitution 
impairs fibril assembly, reducing matrix density and impairing mineralisation (Fisher 
et al., 2003). Thus the chihuahua zebrafish is a model of dominant human OI, both 
genetically and phenotypically. 

A rarer form of recessive OI was recently identified independently in families in Turkey 
(Asharani et al., 2012) and Egypt (Martínez-Glez et al., 2012). Both of these cases were 
linked to mutations in BMP1, which encodes a protease essential for the formation 
of mature collagen. Bmp1 cleaves the C-terminal cap from procollagen monomers, 
enabling their self-assembly into fibrils (Canty and Kadler, 2005). The mutation in 
the Turkish case (G12R) resides within the signal peptide, while the mutation in the 
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Egyptian case (F249L) lies in the protease domain. Significant advances were made 
through the use of a zebrafish mutant, frilly fins (van Eeden et al., 1996), carrying a 
missense mutation in the Bmp1a protease domain (Asharani et al., 2012). Homozygous 
mutants showed greatly delayed ossification of the vertebrae, and when mineralisation 
did occur the vertebrae were misshapen or fused. In situ hybridization on whole-mount 
zebrafish embryos, allowed direct visualisation of bmp1a expression in osteoblasts. A 
transgenic line expressing mCherry under the control of the osteoblast marker sp7 
(osterix) revealed that osteoblasts were still present in frf-/- mutants yet, importantly, they 
did not become hyperactive when embryos were treated with retinoic acid (RA). RA has 
previously been shown to stimulate osteoblasts, increasing production of collagen and 
resulting in a dramatic over-ossification of the vertebral column (Spoorendonk et al., 
2008). The inability of RA to increase ossification in frf-/- embryos despite the presence 
of sp7-positive osteoblasts suggests that osteoblasts require Bmp1 to produce mature 
osteoid (Asharani et al., 2012). The osteoid was found to contain a disruption in the 
periodic fibrillar-collagen structure when examined using picrosirius red, indicative of 
a problem in collagen processing. Finally, in order to test whether the G12R mutation 
found in the Turkish family was responsible for the OI phenotype, human BMP1 
mRNA was injected into frf-/- embryos; wild type mRNA was able to rescue the frilly fins 
phenotype while mRNA carrying the G12R mutation did not. The ability to express 
functional human proteins after injection of mRNA is one of the great strengths of the 
zebrafish model system.

Fibrodysplasia ossificans progressiva
Fibrodysplasia ossificans progressiva (FOP; MIM #135100) is a serious genetic disorder 
causing heterotopic endochondral ossification (HEO) which begins in utero and 
progresses throughout life (reviewed in Kaplan et al., 2012). Patients with FOP eventually 
develop a “second skeleton” as connective tissues are progressively mineralised. Mobility 
becomes severely restricted during adolescence and the median lifespan of patients is 
only 40 years. Shore et al. (2006) found that FOP is caused by an R206H substitution 
in ACVR1, a BMP receptor. Protein modelling predicted that this mutation would lead 
to constitutive activation, rather than suppression, of downstream BMP signalling. To 
investigate this, zebrafish dorsal-ventral (DV) patterning was used as an assay for BMP 
signalling (Shen et al., 2009). In the acvr1l mutant lost-a-fin, BMP signalling is reduced 
causing an expansion of cells on the dorsal side. Injection of wild-type human ACVR1 
mRNA rescued this phenotype resulting in relatively normal development, while 
ACVR1R206H mRNA induced a strongly ventralised phenotype showing that the R206H 
mutation does indeed cause hyperactive BMP signalling. However, an over-ossification 
phenotype was not seen in these embryos, possibly because transient ACVR1R206H 

expression declines before mineralisation begins. 
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Nevertheless, the zebrafish DV assay is a useful tool for the investigation of compounds 
for the treatment of FOP. A screen of over 7,500 small molecules using zebrafish embryos 
arrayed in 96-well plates identified a compound now known as dorsomorphin (DM) 
which inhibits BMP signalling in a dose-dependent manner, producing embryos that 
resemble lost-a-fin mutants (Yu et al., 2007). An assay for bone density using calcein 
staining on 10-day-old larvae showed that DM reduced mineralisation when supplied 
to embryos at 24 hours post-fertilization (once DV patterning had been established). 
However, DM exhibited severe off-target effects, most notably inhibition of vascular 
endothelial growth factor (VEGF) signalling which prevents the development of 
blood vessels (Hao et al., 2009). To address this shortcoming, analogues of DM were 
systematically synthesized and tested in vivo for their effect on both the DV axis and 
intersegmental vessel (ISV) development. This identified the novel compounds, DMH1 
and DMH4, as selective inhibitors of the BMP and VEGF pathways, respectively (Hao et 
al., 2009). Because the screen was performed with live zebrafish larvae rather than a more 
traditional in vitro assay, the screen was considerably more ‘content rich’: the screening 
technique allows compounds to be simultaneously tested for efficacy, bioavailability 
and whole-organism toxicity, while still retaining the possibility to test reasonably high 
numbers.. Later refinements to the DMH1 structure improved selectivity for AVCR1 
over other BMP receptors (Engers et al., 2013; Sanvitale et al., 2013), possibly paving 
the way for a drug effective in the treatment of patients with FOP.

Craniosynostosis and other skeletal anomalies
Recently, Laue et al. (2011) describe three children from a consanguineous couple with 
craniosynostosis and multiple skeletal anomalies (OMIM #614416). All three died in 
utero, with large encephaloceles caused by hypoplasia, fusion of the elbows, and missing 
toes. Genomic analysis revealed the siblings to be homozygous for a missense mutation, 
R363L, in the CYP26B1 gene encoding a cytochrome P450 enzyme responsible for 
metabolizing retinoic acid (RA). By sequencing the CYP26B1 gene from other patients 
with cranial deformities, Laue et al. (2011) found an additional patient with a S146P 
substitution. This patient also had radiohumeral fusions, but had craniosynostoses rather 
than an encephaloceles, and survived until 5 months of age. This suggests the S146P 
mutation is less severe (hypomorphic) than R363L, a notion confirmed by Cyp26b1 
activity tests in transfected cultured cells (Laue et al., 2011). Zebrafish were used to 
help resolve the apparent contradiction of the two primary symptoms in these patients: 
hypermineralisation of the joints and hypomineralisation of the cranium. 

Three mutant alleles for the zebrafish orthologue of CYP26B1, termed stocksteif, 
were independently reported in 2008 (Laue et al., 2008; Spoorendonk et al., 2008), 
displaying phenotypes of extensive over-ossification of the vertebral column, and a 
reduced (or absent) cartilaginous ethmoid plate. Craniosynostoses and encephaloceles 
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are seen in stocksteif juveniles (Laue et al., 2011). These effects are recapitulated in 
zebrafish embryos treated with exogenous RA (Laue et al., 2008; Laue et al., 2011; 
Spoorendonk et al., 2008). Electron microscopy of sutural sections showed a marked 
difference in morphology: wild-type cells resembled osteoblasts, while stocksteif cells 
resembled preosteocytes that were embedded in a much less dense surrounding matrix 
(Laue et al., 2011). In situ hybridizations showed a reduction in col1a1 and col10a 
expression in stocksteif mutants, suggesting that excessive RA accelerates the transition 
from osteoblasts to preosteocytes, in turn causing a reduction in osteoid production as 
well as promoting premature mineralisation. Thus, the different phenotypes seem to 
be manifested dependent on when and to which extent premature osteoblast-osteocyte 
transitioning occurs. In severe cases like the human R363L mutation, it affects earlier 
stages of skull formation, before frontal and parietal calvarial plates meet to form 
the coronal suture, leading to reduced calvarial growth and encephaloceles without 
suture formation. In more moderate cases like the S146P substitution or the zebrafish 
stocksteif, calvarial plates might be able to grow normally until suture formation, whereas 
enhanced preosteocytic activity within the sutures leads to their mineralisation and 
craniosynostoses. This model adequately explains the craniofacial phenotypes seen in 
the human subjects and zebrafish mutants, but it does not explain the lack of a spinal 
defect in human subjects while the over-ossification of the vertebral column is such a 
distinctive feature of the stocksteif allele. This may be attributed to differences in the 
population of osteoblasts present in the centra of fish and humans (Laue et al., 2008; 
Spoorendonk et al., 2008).

Raine syndrome
Raine syndrome (RNS; OMIM #259775), also called osteosclerotic bone dysplasia, is a 
severe disorder characterized by increased bone density and cranial hypermineralisation. 
Most cases result in death at the neonatal stage but some patients survive beyond 
childhood, albeit with mental retardation. Raine syndrome is caused by homozygous or 
compound heterozygous mutations in FAM20C (Simpson et al., 2007; Simpson et al., 
2009). In vitro studies by Tagliabracci et al. (2012) found that FAM20C encodes a kinase 
which is secreted by mineralising tissue and phosphorylates a class of mineralisation 
inhibitors including osteopontin.

Zebrafish homozygous for mutations in the paralogous gene fam20b were described by 
Eames et al. (2011) as having similar phenotypes to Raine syndrome patients: increased 
chondral bone density and accelerated onset of mineralisation in craniofacial bones. 
Investigation of these zebrafish mutants showed a reduction in cartilage, suggesting a 
premature chondrocyte maturation and conversion to osteoblasts. Eames et al. showed 
that Fam20b kinase activity aids in the synthesis of proteoglycans (PGs), important 
regulators of chondrocyte maturation. This mechanism provides an additional 
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explanation for the etiology of Raine syndrome. It is not yet clear whether zebrafish 
fam20b plays the role of FAM20C in humans, as no fam20c alleles have been reported. 
Similarly, no human mutations in FAM20B have been identified, although most patients 
have not been studied on a molecular basis. 

Generalized Arterial Calcification of Infancy
Recently, two zebrafish mutants were reported displaying defects in skeletal 
biomineralisation, caused by changes in phosphate/pyrophosphate homeostasis of the 
embryos (Huitema et al., 2012). One mutant, nob (no bone), displays complete lack 
of skeletal mineralisation, while a second mutant, dragonfish (dgf), shows enhanced 
mineralisation, most notably in the axial skeleton. The nob phenotype is caused by a 
mutation in the ectonucleotidase entpd5 gene, with the protein product having a crucial 
role in supplying sufficient levels of phosphate in the microenvironment of osteoblasts 
through hydrolysing nucleoside triphosphates and diphosphates (NTPs and NDPs). 
Dgf, in turn, encodes another ectonucleotidase, Enpp1, a well-known player in the 
regulation of biomineralisation, which  predominantly supplies pyrophosphate, a 
chemical inhibitor of hydroxyapatite formation (Millán, 2012). Most notably, recessive 
human ENPP1 mutations are associated with Generalized Arterial Calcification of 
Infancy (GACI) syndrome. GACI is characterized by calcification of large- and medium-
sized arteries and is usually lethal due to heart failure. Further pseudoxanthomatous skin 
lesions, angioid streaks, or hypophosphatemic rickets can be associated with human 
ENPP1 mutations (Nitschke and Rutsch, 2012). In zebrafish embryos we fail to find 
arterial calcifications, probably due to the absence of arterial structures reminiscent of 
human medium or large sized arteries. At later stages, however, calcifications can be 
found within the bulbus arteriosus, the outflow tract of the zebrafish heart (Apschner 
et al., 2014), which is rich in smooth muscle cells and thought to histomorphologically 
resemble arterial structures (Hu et al., 2001). Further we observed ectopic mineralisations 
in the skin, and cartilaginous structures in early stages of development (4-8 d.p.f.) thus 
providing evidence for a conserved function of ENPP1 between mammals and zebrafish. 

Conclusion
As all other vitally important organs, bone was only once introduced during the course 
of evolution. Hence, it comes as no surprise that many of the genetic regulatory networks 
that govern osteogenesis are evolutionary conserved and have identical or very similar 
functions in both teleosts and amniotes, including mammals. The above-mentioned 
examples of pathological situations clearly attest to this, as do the expression patterns of 
many osteoblast-specific genes across the vertebrate phyla.

The question remains what zebrafish and other teleosts have to offer in addition to the 
tools that mice provide. Mice are (and will remain) the most relevant model system in 
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osteogenesis research, but as in any other model system, there are short comings and 
technical limitations that must be filled by other systems – and this is where zebrafish 
come in. The ability to carry out forward genetic screens (Spoorendonk et al., 2010) 
has led to the identification and appreciation of new gene functions relevant for bone 
formation. The optical transparency of fish larvae permits the visualization of osteoblasts 
and osteoclasts in vivo, and while the lack of classical osteocytes in some teleosts is 
often used as an argument that fish are not a relevant model, this notion does not 
pertain to zebrafish. Furthermore, zebrafish have been widely used for chemical screens 
(Tan and Zon, 2011), and particularly for osteoclast research this appears an attractive 
opportunity: osteoclasts are readily visible in fish larvae (Fig. 1D; To et al., (2012)), 
and do respond to pathologically mineralised tissue (Apschner et al., 2014). Hence, if 
compounds need to be tested for their effect on osteoclasts, this could be accomplished 
much quicker and more economically in fish than in mice. Finally, there are numerous 
GWAS studies that provide candidate gene lists without having sufficient resolution for 
unambiguous identification of the responsible gene. Here, due to the ease of generating 
stable mutant lines in fish through the TALEN (Huang et al., 2011) or CRISPR (Hwang 
et al., 2013) technology, it will be possible to knock out 5 or 10 candidate genes within a 
few months, in order to single out the gene that mutates to an osteogenesis phenotype.

Of course, issues remain, and there are further developments required to make optimal 
use of teleosts as an additional experimental system. For example, measuring bone density 
has been difficult due to the small size of fish larvae. This will probably not remain a 
limitation for long, with the technical advances in the field of nanoCT measurements. 
Furthermore, while (as discussed above) many of the genetic regulatory networks are 
evolutionary conserved, we need to obtain a better understanding of phosphate and 
pyrophosphate homeostasis of zebrafish, and of endocrinological parameters influencing 
bone homeostasis in general. This notwithstanding, zebrafish and rodent models 
have complementary strengths, and will in many cases allow faster progress if used in 
combination.
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Abstract
The zebrafish is an excellent model organism for forward-genetics, with attributes such 
as small size, rapid development and straightforward imaging enabling mutagenesis 
screens for a wide variety of phenotypes. For the majority of these screens over the 
last few decades, the mutations were mapped using bulk segregant analysis (BSA) 
to establish approximate chromosomal locations, followed by fine mapping using 
microsatellite markers on hundreds (or thousands) of embryos. This process is very time 
consuming despite the large clutch sizes of the zebrafish. Next-generation sequencing 
(NGS) technologies have drastically improved the speed of this process, but there is 
no consensus on the best method for performing the BSA and fine-mapping analysis 
on NGS data. Here we describe a simple statistical approach to this problem using 
difference-in-homozygosity as a single variable with a normal distribution. This approach 
was used to accurately map and identify the causative mutation in a zebrafish line with 
a recessive mineralization disorder.
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Introduction
Forward-genetic screens using random mutagenesis have long been a crucial technique 
in development biology. The zebrafish is an exceptionally suitable model organism for 
these studies, and thousands of different mutant lines have been generated over the 
years. The small, transparent larvae are highly amenable to fluorescent imaging and 
histological staining methods, and the compact nature of zebrafish husbandry and the 
large brood size relative to rodent models means that very high numbers of mutagenized 
embryos can be screened for interesting phenotypes. As a result, the bottleneck in a 
forward-genetic screen often is the actual mapping and identification of the causative 
mutation. 

The traditional approach to mapping, called bulk segregant analysis (BSA) uses PCR 
to genotype embryos for known markers distributed throughout the genome; if certain 
markers appear more frequently in mutant embryos than in siblings it suggests that 
these markers are physically linked to the causative mutation. This is then followed 
by a fine-mapping stage, where hundreds or thousands of embryos are individually 
tested at dozens of nearby markers. In both cases, the limiting factors are the need for 
polymorphic microsatellite markers as a well as the time and costs associated with large-
scale PCR genotyping.

Next-generation sequencing (NGS) technology provides a major step forward for these 
screens; instead of testing merely dozens of genetic markers, NGS allows researchers to 
test several hundred thousand single-nucleotide polymorphisms (SNPs) simultaneously. 
Several research labs have utilised NGS for mapping zebrafish mutations with good 
results. Multiple mapping approaches have been developed; one approach is to compare 
mutant fish with siblings (Leshchiner et al., 2012), another compares mutant fish with a 
wild-type reference genome (Bowen et al., 2012), while a third approach utilises RNA-
seq to provide transcriptome information alongside the linkage analysis (Miller et al., 
2013). A recent review by Henke et al. (2013) summarised the various sequencing and 
bioinformatics methods, noting that many different strategies can all successfully link a 
mutation to a narrow part of the chromosome as long as the sequence reads are of sufficient 
quality. Identification of the causative mutation, however, is highly dependent on the 
depth of sequencing coverage. If all bases in the linked region are sufficiently covered by 
sequencing reads then finding the causative mutation is virtually guaranteed, but this 
outcome is somewhat unlikely given that coverage is often reduced due to technical or 
economic considerations. Bowen et al. sequenced five fish lines with a median coverage 
of 2.6x-4.1x and found the causative mutation in two of these; simulations with reduced 
reads found that 0.2x coverage would be sufficient to find linkage alone. In most cases 
the NGS data can at least be used to exclude candidate genes from the linked region, 
either through manual inspection or through automated approaches. 
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In this chapter we describe in detail the sequencing and analysis techniques used to 
map the mutation causing a mineralization disorder identified in a mutagenesis screen. 
In our approach we pooled and sequenced mutants and siblings in the same manner as 
Leshchiner et al. (2012), who used a hidden Markov model (HMM) to predict linkage 
likelihoods and provide an online tool for performing this HMM analysis on Illumina 
data (http://genetics.bwh.harvard.edu/snptrack/). Our sequencing platform is instead 
based on SOLiD technology, but the bioinformatics approach uses platform-agnostic 
datasets. No HMM is used; instead we used a simple statistical approach where the 
difference in homozygosity values from siblings and mutants is calculated and treated as 
a single continuous value with a normal distribution, allowing for parametric inference 
testing. Following successful identification of linkage, a second algorithm was developed 
to perform a detailed, automated analysis of the genes in the linked region, highlighting 
potential causative mutations.

Methods and Results
Next-generation sequencing
Zebrafish carrying a mutant allele of gräte, which causes hyper-mineralization in 
homozygous embryos, were identified via a forward mutagenesis screen, using alizarin 
red as a calcium stain as described previously (Spoorendonk et al., 2010; Spoorendonk 
et al., 2008). Offspring from an incross of these carrier fish were raised until 8 days 
post fertilisation (dpf ), briefly stained with alizarin red, and sorted based on phenotype 
using a fluorescent microscope. DNA was isolated individually from 20 mutant and 20 

Figure 1: Allele shifts are normally distributed: A histogram of allele shifts from the entire 
genome, with a Q-Q plot (green line) and linear fit (black line). The large r2 value demonstrates 
a high degree of normality.
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sibling embryos, pooled, and then purified using anion-exchange columns (QIAGEN 
Genomic-tip 20/G). DNA libraries were produced for the SOLiD 5500xl-W sequencing 
system (Life Technologies) following the standard protocol. Each of the two sample 
libraries was sequenced on one lane and the reads were mapped to the Zv9 reference 
genome with BWA (Li and Durbin, 2009). The median coverage for the sibling and 
mutant samples was 3x and 6x, respectively.

SNP discovery
SNPs were jointly identified using the Genome Analysis Toolkit (GATK) (McKenna 
et al., 2010), using the AlleleBalanceBySample option so that the ratio of alleles will 

Figure 2: Two dimensional histogram of allele balances. Most SNPs are aligned along a diago-
nal representing no differences between mutant and sibling embryos. SNPs with a large (>2σ) 
shift towards homozygosity in mutant embryos are shown in red. 
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be calculated for each SNP in both samples. A minimum confidence level for the 
data was enforced by selecting variants where the QUAL score was greater than 1000. 
Approximately 400,000 SNPs passed this filter.

Bulk segregant analysis through statistical inference
The following statistical analyses, data manipulation and plotting were performed with 
the scientific programming package IPython (Perez and Granger, 2007); scripts are 
available online (https://code.google.com/p/linkage-finder/). The VCF file generated by 
GATK was processed to extract the allele balance at each SNP, indicating the fraction of 
alternative alleles present in the sample; a value of 1.0 indicates a homozygous variation. 
Approximately one-third of these SNPs had a value of 1.0 in both sibling and wildtype 
samples so they were discarded as they provide no information for linkage studies. The 
difference between the sibling and mutant allele balance was then calculated for each 
of the remaining 264,294 SNPs; this value was termed the allele shift. We hypothesised 
that since the alleles are distributed by random meiosis events, the allele shifts should be 
normally distributed. Fig. 1 shows a histogram of these allele shifts together with a Q-Q 
plot. The linear correlation coefficient on the Q-Q plot was r2 = 0.995, indicating a high 
degree of normality in these data. Two-dimensional histograms for each chromosome 
(Fig. 2) show the tendency for the SNPs to align along the diagonal axis where mutant 
and sibling allele balances are equal. SNPs with an allele shift greater than 2 standard 

Figure 3: Linkage analysis of each chromosome. SNPs were sampled every 0.25 centimorgans 
(cM) and a “confident linkage score” was calculated for each sample. The horizontal axis on 
each plot represents genetic distance along a chromosome. The peak at 39.0cM on chromo-
some 6 indicates linkage to the Grate mutation.
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deviations (2σ) from the mean were categorised as “potentially linked”; most of these lie 
on chromosome 6 (Fig. 2, red points). 

Statistical inference on this distribution predicts that only 2.1% of the values in a 
random sample should be more than 2σ from the mean. A larger percentage in a given 
sample indicates that the sample has been influenced by phenotypic selection, and thus 
must be linked to the mutation. To quantify this influence at each region of the genome, 
SNPs were sampled in 1 centimorgan (cM) sliding windows at 0.25cM intervals based 
on the MGH genetic map dataset from Bowen et al. (Bowen et al., 2012). A confident 
linkage score was calculated for each physical sample by taking the fraction of allele shifts 
that were >2σ above the genome-wide mean and dividing it by the standard error of the 
sample to compensate for samples with low numbers of SNPs. This score was plotted for 
each chromosome (Fig. 3). A sharp peak at 39.0cM on chromosome 6 suggests strong 
linkage with the Gräte mutation. Individual embryos were subsequently tested for 
SNP alleles in this region using KASP genotyping (LGC Genomics), which confirmed 
linkage and confined the Gräte mutation to a 330,000bp region containing 23 genes.

Identification of the causative mutation
To determine which genes in the candidate region might contain the causative mutation, 
and to eliminate other genes, a second Python script was used in conjunction with 
GATK. The emit_all_confident_sites option instructed GATK to list every base-pair 
where SNP calling was carried out (limited to the exons in the target region); bases 
with no or low-quality reads were subtracted from the total exon size. The remaining 
sufficiently-sequenced bases were filtered for homozygous mutations which were passed 
to the Variant Effect Predictor (McLaren et al., 2010) to calculate effects on coding 
sequences. The result of this algorithm is a file describing the coverage fraction for each 
exon in the linked region along with any potential causative mutations. One-quarter 
of the candidate exons were completely sequenced with the remainder having a mean 
coverage of 93%. A premature stop codon was detected in one gene while another gene 
contained a missense mutation. Both of these were confirmed by Sanger sequencing. 
The latter mutation affects a universally-conserved amino acid in a gene associated with 
a mineralisation disorder in humans and mice, so we consider it highly probable that 
this missense mutation is the cause of the Gräte phenotype. A phenotypic description of 
the mutant will be presented in the next chapter.
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Conclusion
The method presented here for bulk segregant analysis is simple yet robust, as it depends 
on the easily-tested hypothesis that the allele shifts are normally distributed. If normality 
can be confirmed, as it was here using a Q-Q plot, then localised deviations indicate a 
bias–possibly one caused by linkage to a selected phenotype. No parameters need to be 
adjusted in this approach, although the allele shift threshold can be lowered for more 
sensitivity or raised to reduce false positives. In contrast, the method described here for 
the identification of causative mutations is not a fully automated solution but it assists in 
what is otherwise a tedious process of examining large amounts of sequencing data; by 
predicting the effects of each homozygous variation, irrelevant mutations can be ignored 
while missense or nonsense mutations can be highlighted for manual confirmation. 

It is important to note that this strategy ignores mutations that lie in regulatory regions 
rather than coding exons. These mutations are rarer (S.Schulte-Merker, unpublished) 
and have effects that are difficult to predict - therefore it is reasonable to search for them 
only after the search for coding mutations (using this method, for example) is exhausted. 
The execution of the software described here (excluding initial SNP detection) took 
approximately ninety seconds on a desktop machine, potentially enabling a zebrafish lab 
to perform bulk segregant analysis and find a causative mutation almost immediately 
upon completion of next-generation sequencing. 
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Abstract
The mineralisation disorder pseudoxanthoma elasticum (PXE) is associated with muta-
tions in the transporter protein ABCC6. Patients with PXE suffer from calcified lesions 
in the skin, eyes and vasculature, and PXE is associated with a more severe vascular 
calcification syndrome called generalized arterial calcification of infancy (GACI). The 
identity of the ligand transported by ABCC6 is unknown, but PXE is associated with 
low serum vitamin K levels. Here we describe a mutation in the zebrafish (Danio rerio) 
orthologue abcc6a which results in extensive hypermineralisation of the axial skeleton. 
Administration of vitamin K to embryos was sufficient to restore normal levels of miner-
alisation. Vitamin K also reduced ectopic mineralisation in a zebrafish model of GACI, 
and warfarin exacerbated the mineralisation phenotype in both mutant lines. These data 
suggest that vitamin K could be a beneficial treatment for human patients with PXE or 
GACI. Additionally, we found that abcc6a is strongly expressed at the site of mineralisa-
tion rather than the liver as it is in mammals, which has significant implications for the 
identification of the transported ligand. 
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Introduction
Pseudoxanthoma elasticum (PXE; OMIM #264800) is a congenital disorder which 
causes ectopic mineralisation of the eyes, skin and arterial walls, and in most cases is 
associated with mutations in the ABCC6 gene (Bergen et al., 2000; Chassaing et al., 
2005; Uitto et al., 2014). The closely related disease, generalized arterial calcification 
of infancy (GACI; OMIM #208000), is characterized by severe vascular mineralisation 
that is usually lethal in the neonatal period (Cheng et al., 2005). Mutations in either 
ABCC6 or ENPP1 are known to cause GACI, and recently it has been suggested that 
PXE and GACI represent a spectrum of symptoms from the same hypermineralisation 
disorder (Nitschke et al., 2012; Nitschke and Rutsch, 2012). For a recent review of these 
and similar mineralisation disorders, see (Li et al., 2014).

Much of the research into PXE has focused on the role of the protein encoded by ABCC6, 
a putative efflux transporter of an unknown factor. In the mouse, Abcc6 is expressed 
in arterial endothelial cells, cornea, retina, neurons and kidney proximal tubules, but 
highest expression is in the liver, specifically the basolateral membrane (Beck et al., 
2003; Matsuzaki et al., 2005; Scheffer et al., 2002). Homozygous Abcc6-/- mice feature 
spontaneous calcification of the eye, vasculature and skin (Gorgels et al., 2005; Klement 
et al., 2005). A number of experiments using these mouse models have given weight 
to the “metabolic hypothesis” that PXE is a disorder caused by insufficient levels of a 
circulating agent, excreted from the liver by ABCC6. Transplanting skin from wild-
type mice onto Abcc6-/- animals resulted in mineralisation of the grafted tissue while 
the reverse operation did not (Jiang et al., 2008), and surgical joining (parabiosis) of 
Abcc6-/- and wild-type mice halted ectopic mineralisation in the knockout animal (Jiang 
et al., 2010b), suggesting that the blood of wild-type mice carries an as-yet-unknown 
anti-mineralisation factor. One candidate for this factor is fetuin-A, a small liver-derived 
protein which can inhibit hydroxyapatite precipitation (Schäfer et al., 2003). Serum lev-
els of fetuin-A are reduced in both human PXE patients and Abcc6-/- mice, and recombi-
nant overexpression of fetuin-A successfully restored normal mineralisation in knockout 
mice (Jiang et al., 2010a; Jiang et al., 2007). 

Another candidate for this unknown factor is vitamin K (Borst et al., 2008). Patients 
with PXE have reduced levels of serum vitamin K (Vanakker et al., 2010), a cofactor 
required by the enzyme GGCX to convert glutamic acid into gamma-carboxyglutamate 
(Gla) in certain proteins, conferring a high affinity for calcium. Three Gla proteins are 
directly implicated in bone or soft-tissue mineralisation: osteocalcin (OC), matrix Gla 
protein (MGP), and Gla-rich protein (GRP) (Theuwissen et al., 2012; Viegas et al., 
2008). Functional loss of GGCX results in symptoms very similar to PXE (Vanakker et 
al., 2006), and in mice the pathological mineralisation phenotype of the Abcc6-/- geno-
type is accelerated by the concomitant knockout of Ggcx (Li and Uitto, 2010). Arterial 
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calcification has been reported in patients using vitamin K antagonists such as warfarin, 
probably due to under-carboxylation of OC, GRP and especially MGP (Chatrou et al., 
2012; Theuwissen et al., 2012). Similar results were obtained in Abcc6−/− mice (Li et al., 
2013). However, ectopic mineralisation in Abcc6−/− mice was not reduced by dietary 
administration of vitamin K1 or K2 (Brampton et al., 2011; Gorgels et al., 2011; Jiang 
et al., 2011) despite successfully raising the vitamin K concentration in tissues and 
serum; interestingly this increase was significantly subdued in knockout mice and was 
accompanied by hepatic lesions, suggesting Abcc6−/− mice have an impaired ability to 
absorb, metabolise or distribute vitamin K (Brampton et al., 2011). 

Here we describe a zebrafish mutant gräte (grt), identified in a forward genetic screen, 
with a mutation in the abcc6a gene. Gräte fish show signs of excessive mineralisation in 
the craniofacial and axial skeleton but appear otherwise normal. A transgenic reporter 
revealed unexpected abcc6a expression at craniofacial bone elements and in the noto-
chord, but not in the liver. Significantly, administration of vitamin K counteracted the 
hypermineralisation phenotype of abcc6a-/- and enpp1-/- embryos, while administration 
of warfarin exacerbated the phenotype in both lines. 

Results and Discussion
Characterisation of the gräte phenotype as a model for PXE
Zebrafish homozygous for the gräte allele featured hypermineralisation of the axial skel-
eton resulting in mineralised structures appearing in the intervertebral space, mostly 
on the dorsal side, which gave embryos the appearance of fused vertebrae at 8 days 
post-fertilization (d.p.f.) (Fig. 1A). The craniofacial bone elements appeared to be more 

Vitamin K is a cofactor required for the carboxylation of 
specific proteins, known as Gla proteins, giving them an 
unusually high affinity for calcium. Most of the sixteen 
known Gla proteins are involved in blood coagulation, 
but several are involved in the regulation of mineralisa-
tion processes (see page 18). 
Vitamin K1 (phylloquinone), the active form of the vita-
min, is also essential for photosynthesis so it is readily 
obtained from green leafy plants in the diet. Vitamin K2 
(menaquinone) is the storage form used by in animals. 
A third form, K3 (menadione) is notable because it lacks 
a hydrophobic side chain making it water-soluble. This 
form is produced industrially as a livestock supplement, 
but it is toxic in high doses, unlike K1 and K2.

Vitamin K1

Vitamin K2

Vitamin K3
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mineralised (Fig. 1B). Elsewhere, ectopic mineralisation is infrequently present in skin 
on the ventral side; interestingly, this is more common in grt+/- than grt-/- embryos (Fig. 
1C). Quantifying alizarin red staining in the vertebral column (Fig. 1D) revealed that 
mineralisation was significantly more advanced in grt-/- embryos as early as 6 d.p.f. and 
that heterozygous embryos had an intermediate phenotype (Fig. 1E,F). Compared to 
siblings, juveniles at 6 weeks featured an undulating spine and vertebrae were shorter 
(mutant 162 µm ± 2.1 s.e.m., sibling 174 µm ± 1.8 s.e.m.; p<0.001) and thicker (mutant 
106 µm ± 6.0 s.e.m., sibling 85 µm ± 3.8 s.e.m.; p=0.01) than those in siblings, with 
large mineralised nodules developing on the margins of the intervertebral space (Fig. 
1H-J). Adult mutants survived for at least one year and were shorter than siblings (Fig. 
1G). 

Figure 1: The gräte mutant phenotype is characterised by hypermineralisation. (A) Alizarin 
stain of embryos at 8 days post-fertilization (d.p.f.) demonstrating hypermineralisation along 
the vertebral column (arrowheads). Scale bar = 1mm. (B) The ventral side of grt-/- embryos 
reveals enhanced mineralisation in craniofacial elements (arrowheads). (C) Skin mineralisation 
is sometimes seen in grt+/- and grt-/- embryos (C’, ventral view). (D) Representative images show-
ing the area quantified by the mineralisation assay used in this and subsequent figures. (E) Ver-
tebral mineralisation in grt-/- embryos proceeds faster than wild-types, leading to (F) vertebral 
fusion from 6 d.p.f. onwards. (G) Adult fish are viable, but feature a curved spine and reduced 
length. Scale bar = 1cm. (H) Alizarin staining at 6 w.p.f reveals a thickened, curved spine in grt-

/- fish; confocal images of the boxed regions reveal (I,J) mineralised nodules on the margins of 
the inter-vertebral space (arrowheads). Scale bar = 0.1mm.
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Using whole-genome sequencing on pooled DNA from siblings and mutants as 
described in chapter 3, a T->G mutation was detected at chr6:10974761 in the abcc6a 
gene (Fig. 2A). This gene encodes a putative efflux transporter of the ATP-Binding 
Cassette (ABC) superfamily. Proteins in this superfamily all contain at least two trans-
membrane domains and two catalytic nucleotide-binding domains (NBD) (Fig. 2B). 
The identified mutation results in the substitution L1429R in a highly-conserved region 
of NBD-2 containing the Walker B motif (Fig. 2C). This motif of four hydrophobic 
residues is essential for binding to ATP (Geourjon et al., 2001; Walker et al., 1982), 
hence this substitution seems highly likely to affect Abcc6a function. Most of the known 
human PXE-causing mutations are in the second ABC or NBD domains (Le Saux et al., 
2001) (Fig. 2B) including an I1424T substitution immediately preceding the human 
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Figure 2: Gräte encodes an allele of abcc6a. (A) Diagram of the genomic region linked to the 
grt-/- phenotype. The number of recombinant embryos (out of the total tested) is shown above 
the three closest markers used in meiotic mapping. Candidate gene abcc6a is shown in blue. 
(B) Structure of the Abcc6a protein. Transmembrane helices (dark green) are organised into 
two transmembrane domains (TM; green). Two nucleotide-binding domains (NBD; light blue) 
each contain a highly-conserved ABC signature motif (blue) and two Walker motifs (yellow). 
Known PXE-causing mutations in ABCC6 are shown in their relative locations on the zebraf-
ish sequence (white triangles) along with the common mutation R1141* (black triangle), the 
common deletion of exons 23-29 (horizontal line), and the gräte L1429R substitution (red tri-
angle). Shaded boxes represent alternating exons. The conservation score for each residue was 
calculated from a multiple alignment across different vertebrates and shown on an area plot 
(grey). (C) Multiple alignment of ABCC6 genes across different vertebrate; colours represent 
amino acid classes. The Walker B motif (underlined) contains four hydrophobic residues. Leu-
cine-1429 (red triangle) is substituted with a hydrophilic arginine in the gräte allele.
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equivalent of zebrafish L1429 (L1425). Without a full understanding of the protein’s 
function it is somewhat difficult to determine how much of the function is lost as a 
result of the L1429R mutation, but the detectable phenotype in heterozygous embryos 
(not reported in human patients or the mouse model) suggests L1429R to be highly 
deleterious. It is important to note that the phenotype was considerably variable from 
clutch to clutch, indicating that external factors can influence the extent of ectopic min-
eralisation. This is congruent with the variable human symptoms of PXE even among 
families with the same genetic lesion in ABCC6 (Uitto et al., 2014).

In contrast to the above phenotype, morpholino knock-down of abcc6a has previously 
been reported to cause edemas and high mortality in embryonic zebrafish (Li et al., 
2010), even though expression was reduced by only 54-81%. The discrepancy between 
morpholino and grt-/- phenotypes may be attributed to off-target effects of the morpho-
linos, even though co-injection of morpholino with wild-type mouse Abcc6 mRNA 
caused a complete rescue of the phenotype (Li et al., 2010). We note that the two 
morpholinos used by Li et al. targeted the first and seventh exons, in both cases truncat-
ing the protein before the first ABC domain, raising the somewhat counter-intuitive 
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possibility that the N-terminus of Abcc6a is more essential than the ATP-catalytic func-
tion of the C-terminus, at least in early zebrafish development.

Superficially, the gräte phenotype does not match that of human patients with PXE, 
who experience mineralisation of the skin and angioid streaks in the retina (Finger et 
al., 2009), with no reported vertebral abnormalities. Knockout mice mirror the human 
symptoms (Klement et al., 2005). A possible cause of this discrepancy is the greater 
propensity for mineralisation to occur in the fibrillar collagen of the notochord sheath. 
Similarly, the enpp1-/- zebrafish (dragonfish) features extensive hypermineralisation of the 
axial skeleton unlike human patients with GACI (Apschner et al., 2014). However, the 
absence of reported vertebral abnormalities in human GACI patients may simply be 
because most do not survive beyond infancy. Enpp1-/- zebrafish show signs of arterial 
calcification, like GACI, but they survive to adulthood.

Abcc6a is expressed in osteoblasts and not the liver
To determine the spatial expression pattern of abcc6a, in situ hybridization (ISH) was 
performed on embryos fixed at 5 d.p.f. Staining was visible in regions of developing 
bone such as the lateral-ventral edge of the operculum (Fig. 3A). No expression was 
observed in the liver. Fetuin-A (alpha-2-HS-glycoprotein, ahsg) was highly expressed in 
the liver (Fig. 3B). Expression of either abcc6a or ahsg was not altered by the gräte allele 
(data not shown). 

To facilitate further analysis of abcc6a expression, a reporter construct was prepared 
by introducing the GAL4 element into the start codon of the abcc6a gene via BAC 
recombineering (Bussmann and Schulte-Merker, 2011) and injecting this construct into 
embryos expressing UAS:GFP. The mosaic expression of Tg(abcc6a:gal4; uas:gfp) in 7 
d.p.f. embryos revealed GFP in the notochord and in cells near the operculum and 
cleithrum (Fig. 3C-F). Injecting the construct into embryos expressing osterix:mCherry 
(Spoorendonk et al., 2008) confirmed that abcc6a is expressed in at least a subset of 
osterix-positive osteoblasts in the operculum and cleithrum (Fig. 3G). GFP expression 
in these bone elements appeared at 4 d.p.f, about one day after the onset of mineralisa-
tion, but in the notochord GFP preceded mineralisation (not shown). In older fish (20 
d.p.f.) the strongest expression is observed in the intervertebral spaces (Fig. 3G). We 
note that these structures are those most affected by the gräte allele (Fig. 1I,J). Based on 
these observations we believe abcc6a labels a population of cells associated with bone, 
including some osteoblasts.

No expression was seen in the liver or kidney. This is in agreement with the ISH data 
above, and contrasts with mammals where ABCC6 is predominantly expressed in these 
organs. ABCC6 expression in mammalian osteoblasts, or other cells at the site of min-
eralisation, has not been reported in the literature.  
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As noted in the introduction, it has been hypothesised that Abcc6 has an endocrine role, 
exporting a ligand from the liver into the circulation. Our results show that zebrafish 
Abcc6a functions locally at the site of mineralisation, suggesting that the transported 
ligand is not liver-derived. Jansen et al recently reported that ABCC6 overexpression 
induces nucleotide release in vitro (Jansen et al., 2013). These nucleotides are rapidly 
converted by ENPP1 into pyrophosphate (PPi), a potent inhibitor of mineralisation 
(Jansen et al., 2013; Nitschke et al., 2012). In a follow-up study Jansen (2014) showed 
that PPi secretion from the livers of Abcc6-/- mice was dramatically lower than that of 
wild-type mice and suggested that ABCC6 is itself an ATP efflux transporter. In line 
with this compelling hypothesis, we postulate that zebrafish Abcc6a secretes ATP from 
cells at the site of mineralisation (including, but not restricted to, osteoblasts), increas-
ing PPi locally, and in contrast with the hepatically-derived PPi in mammals. 

We have recently described a zebrafish allele, dragonfish (dgf), with a nonsense mutation 
in enpp1 resulting in ectopic mineralisation of the skin and axial skeleton in embryos, 
and the eyes and bulbus arteriosus of the heart in adults similar to the symptoms of 
GACI but without the high mortality (Apschner et al., 2014). The axial phenotype 
of dgf mutants is considerably more severe than grt mutants, but dgf+/- embryos are 

Figure 3: Abcc6a is expressed at sites of mineralisation, but not the liver. (A) Transcripts 
of abcc6a are detected near the opercula and branchiostegal ray 3 (bsr3) bones of 5 d.p.f. 
embryos. Expression is not detected in the liver, in contrast to fetuin-A (ahsg, arrowhead in (B)). 
(C) A transgenic reporter for abcc6a in a 7 d.p.f. embryo stained with alizarin. GFP is seen in 
the notochord sheath cells (arrowhead in (D)), operculum (E) and cleithrum (F). (G) The same 
transgenic reporter in an embryo also expressing the osteoblast marker osterix:mCherry, dem-
onstrating abcc6a expression in osteoblasts. (H) The transgenic reporter in a juvenile fish (20 
d.p.f.), showing expression in the intervertebral spaces.
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phenotypically normal. We did not observe an additive effect from these two alleles: 
grt+/-; dgf+/- embryos were indistinguishable from grt+/-; dgf+/+ and the axial hyperminerali-
sation phenotype of dgf mutants was not exacerbated by the grt genotype (not shown). 
This suggests zebrafish Abcc6a may be one of several sources of nucleotides for Enpp1, 
and in particular another source may be present in the skin and vasculature. 

Vitamin K reduces hypermineralisation
Patients with PXE are reported to have low serum concentrations of vitamin K (Vana-
kker et al., 2010), but vitamin K was not effective in treating PXE in mouse models. 
We set out to test the effect of vitamin K on gräte embryos by supplementing the media 
from 4-8 d.p.f. with 80 µM phylloquinone (vitamin K1). Mineralisation was quantified 
by alizarin red staining at 8 d.p.f. Vitamin K1 reduced hypermineralisation in grt-/- and 
grt+/- embryos; resulting in significant rescue of the gräte phenotype (Fig. 4A,B). 
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Warfarin is a potent antagonist of vitamin K, reducing serum levels by inhibiting its 
recycling. Given that warfarin has been reported to accelerate the mineralisation phe-
notype of ABCC6-/- mice (Li et al., 2013) we raised grt-/- embryos in the presence of 
sodium warfarin from 4-8 d.p.f. Mortality was observed at concentrations of 120 µM 
or higher. At 60 µM, warfarin stimulated an increase in mineralisation in embryos of all 
genotypes, and mineralisation was particularly exacerbated in grt-/- embryos (Fig. 4A,C). 

To test whether the observed activity of vitamin K is specific to that of abcc6a we admin-
istered phylloquinone (80 µM) to dragonfish (enpp1-/-) embryos, which feature extensive 
axial hypermineralisation due to an inability to produce PPi (Apschner et al., 2014; 
Huitema et al., 2012). In these embryos vitamin K1 administration from 4-8 d.p.f. 
provided the same protective effect as seen in gräte, and warfarin similarly exacerbated 
the phenotype (Fig. 4D-F). Dragonfish embryos exhibit ectopic mineralisation in the 
skin much more frequently than gräte embryos, enabling the effect of vitamin K to be 
tested on this phenotype. Curiously, vitamin K did not reduce the incidence or extent 
of skin mineralisation, which affected about half of the dgf-/- embryos regardless of treat-
ment (Fig. 4G-I). 

These results show for the first time that vitamin K supplementation reduces hypermin-
eralisation caused by mutations in either of the genes implicated in PXE and GACI. We 
propose that the reduced serum vitamin K seen in PXE patients is a consequence of its 
utilization by GGCX in an attempt to restrict mineralisation and not a consequence 
of the loss of ABCC6; subsequent administration of vitamin K could increase MGP 
carboxylation by GGCX, preventing hypermineralisation. This could also explain why 
Abcc6−/− mice were more resistant to increases in serum levels caused by a high-vitamin 
K diet (Brampton et al., 2011). One prediction of this model is that serum vitamin K 
would also be depleted in GACI patients (ENPP1-/-); to the best of our knowledge this 
has not been investigated. 

The potential of vitamin K as a treatment for PXE or GACI is of enormous clinical 
significance, but the positive results here contrast with negative results seen in mice 
from three separate research groups. We believe this contrast is unlikely to be simply a 
matter of bioavailability. Possibly it is related to the difference in affected tissues; vitamin 
K-dependent anti-mineralisation factors such as MGP may have a bigger impact in the 
axial skeleton than the skin. In any case, the near-identical response of abcc6a and enpp1 
mutants to vitamin K and warfarin treatment renders strong support for the notion that 
the human PXE and GACI syndromes are closely-related clinical entities. Finally, the 
expression of abcc6a in non-hepatic organs which we report here sheds new light on the 
cellular source of the ABCC6 ligand.
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Figure 4: Vitamin K reduces hypermineralisation in gräte and dragonfish mutants. (A) Represen-
tative images of grt-/- embryos after treatment with vitamin K or warfarin from 4-8 d.p.f, showing 
that vitamin K reduces hypermineralisation and warfarin exacerbates it. (B and C) Quantifica-
tion of the alizarin red staining seen in (A) reveals significant rescue of the phenotype by vitamin 
K. (D) Dgf-/- embryos treated with vitamin K or warfarin from 4-8 d.p.f. (E,F) Quantification of 
alizarin staining seen in (D) reveals a significant beneficial effect of vitamin K; results are similar 
to those seen in grt-/- embryos. (G) Alizarin red stain of dgf-/- embryos exhibiting ectopic miner-
alisation in the ventral skin. Administration of vitamin K did not affect the frequency (H) or the 
extent (I) of this mineralisation.
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Materials and Methods
Zebrafish husbandry
Zebrafish were maintained in standard husbandry conditions (Nusslein-Volhard and 
Dahm, 2002) according to Dutch guidelines. Embryos were raised in E3 media (5 mM 
NaCl, 17 µM KCl, 330 µM CaCl2, 330 µM MgSO4) at 28°C.

Identification of the gräte mutation
A forward-genetic screen using ethylnitrosourea (ENU)-induced mutagenesis and aliza-
rin red to examine bone development was performed as described previously (Spooren-
donk et al., 2010). The mutation in abcc6a was detected using whole genome sequencing 
as reported in chapter 3. Subsequent genotyping of adult fin-clips or whole embryos was 
performed using the KASP SNP detection assay mix (LGC Genomics, Hoddesdon UK) 
with the following primers: 

Wildtype: 5’-GAAGGTGACCAAGTTCATGCTAGACAAAAGTTCTGGTGCT-3’, 
Mutant: 5’-GAAGGTCGGAGTCAACGGATTGACAAAAGTTCTGGTGCG-3’, 
Common reverse: 5’-GTCCAGTGCAGCTGTTGCCTCAT-3’.

The alizarin stain in Fig. 1I,J was imaged with a spinning-disk confocal (Perkin-
Elmer).

Whole-mount in situ hybridization
In situ hybridization was performed as described (Schulte-Merker, 2002; Thisse and 
Thisse, 2008). The templates for abcc6a and ahsg were amplified from zebrafish cDNA 
using primer pairs with the SP6 promoter on the reverse strand. Probes were detected 
with HRP anti-Dig Fab (Roche). 

Abcc6a_f: 5’-ACCCCTTCAACGCCTATTCT-3’, 
Abcc6a_r: 5’-ttacagacatacgatttaggtgacactatagTCCCTCTGTGTTCTGCACTG-3’, 
Ahsg_f: 5’-CAGCTCACAGTGGATGCCTA-3’, 
Ahsg_r: 5’-ttacagacatacgatttaggtgacactatagAGGATGACCCTCATGACCAG-3’. 
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BAC transgenesis
To generate the abcc6a:gal4 transgene, the GAL4FF transcriptional activator was recom-
bined in place of the ATG site of abcc6a in bacterial artificial chromosome (BAC) 
#DKEY-252I22, as described previously (Bussmann and Schulte-Merker, 2011). The 
following primers were used:

Abcc6a_gal4_f; 5’-gaagcaggatacacagcagggatagagacagcctcaggaccagacgagtgACCAT-
GAAGCTACTGTCTTCTATCGAAC-3’, 
 Abcc6_neo_r; 5’-gaaatgtttgctcacccatagagggtcaagtccacttagactgcaaaaggT-
CAGAAGAACTCGTCAAGAAGGCG-3’.

Vitamin K / warfarin treatment and mineralisation assay
Vitamin K1 or sodium warfarin (Sigma-Aldrich) was dissolved in 1:1 DMSO:ethanol 
to a working stock of 40 or 60 mM, respectively. Embryos (4 d.p.f ) were incubated 
with compounds in E3 media in the dark until 8 d.p.f. Embryos were fixed, bleached 
with H2O2, stained with alizarin red 0.005% in 1% KOH and 0.2% Triton X-100 
(Sigma-Aldrich), and imaged using an Olympus SZX16 stereomicroscope. To quantify 
alizarin staining, images were processed using ImageJ. Mineralisation in each genotype-
treatment group was compared with a two-tailed T test.
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Abstract
Zinc is an essential metal cofactor for many cellular processes, including gene transcrip-
tion, insulin secretion and retinal function. Excessive free Zn2+ is highly toxic, so intra-
cellular zinc must be tightly controlled by a system of transporters, metallothioneins 
(MTs) and storage vesicles. The Znt family of efflux transporters delivers Zn2+ from the 
cytoplasm to various organelles, such as insulin secretory vesicles in the case of Znt8. 
Here we describe a zebrafish allele, zwarte piet, with a missense mutation in the znt8 
gene. Unlike Znt8-/- mice which are healthy, zwp-/- fish have severe visual and motor 
impairments, an almost complete absence of mineralised bone, and do not survive 
beyond larval stage. Histological methods revealed large amounts of zinc in the brain 
and bone elements while zinc was absent from the eye. Expression of znt8 and MT2 
was dramatically increased in the brain, eyes and gut of zwp-/- embryos. Additionally, we 
observed zinc uptake into rapidly-moving sub-cellular organelles, similar to the “zinco-
somes” observed by others in vitro but not yet in vivo. These data suggest that teleost 
Znt8 plays a much wider role in zinc homeostasis than mammalian Znt8, particularly 
in the brain and eye. The pleiotropic phenotype underscores the importance of zinc 
transporters to maintain homeostasis during development and physiological processes.
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Introduction
Zinc is an essential metal found in all domains of life. Approximately ten percent of 
the human proteome utilises zinc, including over 1,000 transcription factors (for recent 
reviews, see (Maret, 2013; Roohani et al., 2013)). Intracellular zinc levels are tightly 
regulated by a system of influx transporters (the ZIP family), exporters (the Znt fam-
ily) and sequestering proteins (metallothioneins). Free Zn2+ is maintained at a very low 
concentration since it a potent inhibitor of mitochondrial respiration and is particularly 
toxic to neurons (Capasso et al., 2005; Dineley et al., 2003).

Fourteen proteins in the ZIP family transport zinc into the cytoplasm and nine mem-
bers of the Znt family perform the reverse function (Jeong and Eide, 2013). Znt1 
is ubiquitously expressed on plasma membranes, exporting Zn2+ to the extracellular 
milieu, while Znt members 2-9 are localised to internal membranes and direct Zn2+ into 
organelles or vesicles to effect specific functions (Huang and Tepaamorndech, 2013). 
For example, mice with the lethal milk allele (Znt4-/-) are unable to secrete zinc into 
breast milk (Huang and Gitschier, 1997), while Znt2 fulfils this function in humans 
(Chowanadisai et al., 2006). Mammalian Znt8 is largely restricted to the beta cells of 
the pancreas where it provides Zn2+ to insulin secretory granules. Znt8-/- mice are predis-
posed to developing diabetes but are otherwise healthy (Chimienti et al., 2004; Lemaire 
et al., 2009). In addition to the known ZIP/Znt transporters, a putative reversible Na+/
Zn2+ exchanger is thought to drive Zn2+ efflux from cells even against very high gradi-
ents (Ohana et al., 2004). Intracellular zinc is sequestered and delivered to enzymes by 
metallothioneins (MTs), small redox-sensitive proteins with extraordinarily high affinity 
for Zn2+. Recently it has been suggested that MTs exchange Zn2+ with storage vesicles in 
a process termed muffling (Colvin et al., 2010), expanding the buffering range by several 
orders of magnitude compared to buffering by MTs alone.

Phylogenetic comparison of the Znt family between mammals and teleosts uncovered 
orthologues of all but mammalian Znt3 and Znt10 (Feeney et al., 2005). Mammalian 
Znt10 has since been identified as a manganese transporter (Tuschl et al., 2012). Znt3 
is the predominant transporter found in the mammalian brain, transporting Zn2+ into 
presynaptic vesicles in glutamatergic neurons (Frederickson et al., 2005). Znt3 also 
maintains zinc homeostasis in the retina (Ugarte and Osborne, 2014). The absence of 
a direct orthologue of Znt3 in teleosts raises the question of whether another member 
of the Znt family provides these important functions. The metallothionein family is 
also reduced in teleosts: four mammalian MTs are known, while two zebrafish MT 
transcripts have been found (Chen et al., 2004; Hiu-Mei Yan and Chan, 2002). These 
align to the same genomic location and as a result only one gene, mt2, is described in 
the Zebrafish Information Network (zfin.org). 
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Here we describe a zebrafish allele, zwarte piet (zwp) identified by positional cloning 
as a mutation in the slc30a8 gene, encoding Znt8. Homozygous zwp mutants have 
visual and locomotor defects and dramatically altered zinc distribution as revealed by 
histological methods. Total zinc content within embryos as determined by ICP-MS is 
unchanged. Interestingly, zwp-/- embryos are almost entirely devoid of mineralised bone, 
while large deposits of zinc are observed in the bone structure. Both slc30a8 and mt2 are 
strongly up-regulated in the brain and gut of zwp-/- embryos. Based on these phenotypes 
and expression patterns we propose that zebrafish Znt8 is essential for zinc homeostasis 
in multiple organs, in contrast to the rather specific known role of the mammalian 
orthologue in insulin secretion. 

Results
Zwarte piet mutants have reduced bone 
calcification and extra pigment
The zwp phenotype was first identified in a forward genetic screen for bone defects using 
alizarin red, a bright-field and fluorescent histological stain for calcium (Puchtler et al., 
1969). Zwp-/- embryos contained substantially less alizarin red staining at 5 days post-
fertilisation (d.p.f.) (Fig. 1A). The operculum and cleithrum were under-calcified and no 
staining was visible in the notochord or vertebrae. Otoliths appeared smaller, and most 
zwp-/- embryos did not inflate the swim bladder. Mutant embryos appear darker than 
siblings due to expansion of pigmented melanosomes across the cytoplasm of the dorsal 
melanophores (Fig. 1B), a behaviour associated with background adaptation (Logan 
et al., 2006). This difference was enhanced if embryos were incubated overnight under 
bright light and eliminated if incubated in total darkness. Mutant embryos exhibited 
an altered swimming behaviour, with rapid muscle contractions that translated to slow 
locomotion. High mortality was observed from 8 d.p.f. onwards.

Visualisation of zinc in embryos can be achieved through 
a variety of histochemical means, most of which involve 
reactions with sulfur ligands. Dithizone forms an orange 
precipitate in the presence of zinc and is routinely used to 
examine pancreatic beta cells before transplantation, but it is not very 
sensitive. The Timm’s stain is a two-step process where tissue is first 
treated with sodium sulfide (Na2S), converting endogenous zinc into 
zinc sulfide, which then acts as a catalyst for the reduction of silver 
acetate to black deposits of metallic silver. This stain is very sensitive 
but cannot be used on live embryos. Finally, the cell-permeable TSQ is 
strongly fluorescent (blue-cyan) when bound to zinc and can be used 
in live embryos, so it is used extensively in this chapter. 

Dithizone

TSQ



84

Figure 1: Zwarte piet mutant embryos are characterized by reduced alizarin red staining and 
increased dorsal pigmentation. (A) Alizarin red stain of embryos at 5 days post-fertilisation 
(d.p.f) reveals that zwp-/- bone elements are undermineralised, particularly the operculum, 
notochord and vertebrae (arrowheads). (B) Dorsal view showing enlarged pigment cells in zwp-

/- mutants. (C) Genomic region linked to the mutation by positional cloning; numbers indicate 
the frequency of recombinant embryos found at each marker. (D, E) Gene slc30a8 contains a 
H239Q missense mutation in the 4th transmembrane domain (green boxes). Other histidines 
are marked orange. ClustalX conservation score is plotted in grey. Note that some teleosts 
contain an extra His-rich loop. (F) Whole-mount ISH reveals increasing expression of slc30a8 
in the gut, brain, eye and neural tube of zwp-/- embryos while it declines in wild type embryos. 
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Zwarte piet corresponds to a mutation in slc30a8
Using standard positional cloning approaches and bulk segregant analysis, the zwp allele 
was mapped to a region on chromosome 19 containing two genes, rprd1a and slc30a8 
(Fig. 1C). The exons of both genes were sequenced, revealing an A-T substitution in 
mutant embryos at base 48276566, corresponding to exon 5 of slc30a8. This gene 
encodes the zinc transporter Znt8. The resulting substitution, H239Q, affects a strictly-
conserved residue in a histidine-rich region (Fig. 1D). Interestingly, teleosts appear to 
have a larger His-rich intracellular loop between transmembrane helices 4-5 compared 
to other vertebrates (Fig. 1D,E). 

The expression pattern of zebrafish slc30a8 was determined by whole-mount in situ 
hybridization (ISH) (Fig. 1F). Expression was visible in the yolk extension at 1 d.p.f. 
and rapidly declined in wild-type embryos, while mutants developed strong expression 
in the gut, brain, eye and neural tube. No expression was seen in the bone elements, nor 
in the beta cells of the pancreas.

Histochemistry reveals altered zinc distribution in zwp embryos
Incubation of embryos with the zinc stain dithizone (Danscher et al., 1985) resulted in 
an intense orange-red colour in the brain and craniofacial bone elements of homozygous 
zwp-/- embryos from 4 d.p.f onwards, while siblings featured little or no staining (Fig. 
2A). To help understand the bone mineral composition, we utilised the von Kossa stain 
for phosphate (Rungby et al., 1993). Phosphate was reduced or absent in the bone 
elements (Fig. 2B) in a manner consistent with the reduction in alizarin red staining 
shown in Fig. 1A. Together these indicate a lack of calcium phosphate (hydroxyapatite) 
mineral in the bone. 

The fluorescent sensor, TSQ (6-methoxy-8-p-toluenesulfonamido-quinoline) (Freder-
ickson et al., 1987) also demonstrated zinc in the bone elements of zwp-/- embryos, as 
well as the brain and neural tube in some mutant embryos (Fig. 2C). To examine the 
relationship between zinc and the under-calcified bone phenotype of zwp-/- embryos, we 
crossed the zwp allele with the osteoblast transgenic marker osterix:GFP (Spoorendonk 
et al., 2008) and stained embryos with TSQ and alizarin red. GFP was clearly visible 
in osteoblasts adjacent to mineralising craniofacial elements such as the operculum and 
cleithrum (Fig. 2E,F). The operculum was smaller in mutant embryos and alizarin red 
staining was diminished and poorly defined while TSQ stained the mineral matrix and 
not the osteoblasts themselves (Fig. 2F). Interestingly, round deposits of TSQ fluores-
cence were observed near the operculum, and these deposits appeared smaller than the 
GFP-positive cells nearby; these are discussed later in the paper. 
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Figure 2: Distribution of zinc is altered in zwp-/- embryos. (A) Dithizone stain reveals zinc is con-
centrated in craniofacial bone elements and the brain of zwp-/- embryos. (B) The von Kossa stain 
shows a reduction of phosphate in zwp-/- embryos.  (C) TSQ fluorescence confirms increased 
zinc in bone elements of mutant embryos (white arrowheads). This staining pattern varied 
across individuals, with fluorescence frequently observed in the neural tube (green arrowhead) 
and glomerulus of the kidney (yellow arrowhead). (D) Dorsal view showing a lack of TSQ-Zn in 
melanophores and eyes of mutant embryos compared to wild-type embryos. 
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with the bone mineral and not the osterix-pos-
itive osteoblasts. Scale bar = 10 um. (G) Total 
zinc content, as determined by ICP-MS, is unaltered in zwp-/- embryos. Columns show relative 
changes compared to siblings, n=3 groups of 15 embryos each.
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Total zinc content is unchanged in zwp-/- embryos
To examine whether the mutation in Znt8 creates an excess of zinc in zwp-/- embryos, as 
suggested by the dithizone and TSQ staining, we determined whole-embryo composi-
tion by ICP-MS. There was no significant difference in zinc content between siblings and 
mutants (Fig. 2G). Calcium and barium were dramatically reduced in zwp-/- embryos, 
while potassium and sodium were increased. 

TSQ-Zn fluorescence is undetectable in the 
skin and eye of zwp-/- embryos
TSQ fluorescence was observed in the skin of sibling embryos in a pattern similar to that 
of the melanophores (Fig. 2D). Raising embryos in phenylthiourea (PTU) to inhibit 
melanin synthesis did not reveal hidden fluorescence in zwp-/- embryos, but did reveal 
extensive TSQ fluorescence in the eye of sibling embryos (Fig. 2C vs 2E). PTU disrupted 
the pattern of TSQ staining in melanophores and caused it to become dramatically 
more intense (Fig. 3A,B). Wild-type embryos incubated under bright light contained 
more dermal TSQ than embryos incubated in complete darkness (Fig. 3C), but even 
when raised in darkness, wild-type embryos had more dermal TSQ than mutants (Fig. 
3D). The skin of casper embryos, which contain no melanophores (White et al., 2008), 
was entirely devoid of TSQ staining (Fig. 3A). These results indicate that melanophore 
pigment granules contain large amounts of zinc, akin to the melanin in the iris of mam-
malian eyes (Kokkinou et al., 2004), and that Znt8 is involved in this accumulation.

Visual function is severely impaired in zwarte piet mutants
The absence of zinc in the eyes of zwp-/- embryos, together with the increased pigmen-
tation (suggesting a failure of background adaptation) led us to consider that zwp-/- 
embryos are blind. We first tested this hypothesis by measuring the optokinetic response 
(OKR) in 6 d.p.f. embryos. This uncovered oculomotor movements in zwp-/- mutants 
to be nearly absent under diverse conditions, such as varying contrasts, or spatial or 
temporal frequencies (Fig. 4A-C, repeated-measures ANOVA, P< 0.001).  

In order to directly test the involvement of the outer retina in this visual defect, we mea-
sured the electroretinogram (ERG), a sum field recording of the eye. Fig. 4D presents 
ERG traces recorded from sibling and mutant larvae. In wild-type animals, the small 
negative a-wave which represents the photoreceptor response is often masked by the 
large positive b-wave which represents the on-bipolar cell hyperpolarization. The b-wave 
amplitude is proportional to stimulus intensity before saturation and hence a reliable 
read-out of outer retina function (Fig. 4E). In mutants, although the b-wave amplitude 
was still intensity dependent, the amplitude was dramatically and statistically signifi-
cantly reduced (repeated-measures ANOVA, P<0.001) compared to siblings. Since the 
b-wave amplitude was reduced by more than 90% in zwp-/- larvae and there was still no 
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Figure 3: TSQ-Zn detected in the dorsal skin of embryos. (A) TSQ fluorescence was increased 
by raising embryos in the presence of 0.003% PTU to inhibit melanin production. Casper zebraf-
ish, which feature no melanophores, contained no TSQ in the skin. Scale bar = 100 um. (B) 
Magnification of dorsal melanophores. PTU altered the staining pattern of Zn-TSQ, perhaps 
indicating a disruption of melanophore morphology. Scale bar = 100 um. (C) TSQ staining of 
the dorsal side of 6 d.p.f. embryos, as in figure 2C. More TSQ-Zn is visible in embryos raised in 
bright light compared to embryos raised in total darkness. (D) Raising embryos in total dark-
ness did not eliminate the differential TSQ-Zn staining between siblings and zwp-/- mutants. 

sib zwp-/-

no lightD

wt (PTU)

bright light no lightC

wt

wt (PTU)

casper

A B

wt

wt (PTU)

measurable a-wave, the defect is likely connected to light perception in the photorecep-
tors. To test this hypothesis, we performed Richardson staining to exam eye morphology 
(Fig. 4F). All the retinal layers were present in the zwp-/- retina, but photoreceptor outer 
segments were largely reduced.

Metallothionein levels are up-regulated in zwp-/- embryos
Expression of the intracellular zinc-sequestering protein metallothionein (MT; in 
zebrafish this gene is annotated as mt2) was detected by ISH in the brain, eyes, neural 
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tube and gut of 3 d.p.f. zwp-/- embryos and undetectable in siblings (Fig. 5A). To facili-
tate further study of MT expression we produced a transgenic line using the mt2 pro-
moter previously shown to be zinc-responsive (Chen et al., 2004) upstream of GFP. In 
mt2:gfp;zwp-/- embryos GFP was expressed in the same tissues as detected by ISH in 
mutants, while in siblings GFP was restricted to a few isolated cells in the skin (Fig. 
5B). GFP was most strongly expressed in the brain from 4 d.p.f onwards, preceding 
the appearance of TSQ-Zn at 6-7 d.p.f (Fig. 5C). TSQ staining in the brain was most 
intense and frequent in a rostral region corresponding to the olfactory bulb (A. Barth, 
University College London, personal communication). GFP was visible in the eyes of 
zwp-/- embryos despite the total lack of TSQ-Zn fluorescence (Figs. 5B,C). Conversely, 
GFP was not present near the zinc-rich craniofacial bone elements of zwp-/- mutants. 
This spatial separation between mt2:gfp and TSQ-Zn is most clearly seen in the neural 
tube (Fig. 5D), where GFP-positive cells resembling neurons are adjacent to (but never 
co-located with) many smaller TSQ-Zn bodies.

TSQ fluorescence suggests zinc uptake into organelles
Outside the bone elements, TSQ fluorescence did not appear to stain entire cell bodies; 
instead we observed small, isolated bodies (such as near the operculum, Fig. 2E) or a 
combination of isolated bodies and punctate subcellular structures (particularly in the 
neural tube, Fig. 5D,E). These structures were seen to move rapidly inside some cells.

Discussion
Impact of the H239Q mutation on zinc homeostasis
The mutation identified in zwp-/- embryos of a strictly-conserved residue, H239Q (Fig. 
1D), can be expected to have serious consequences for the function of the Znt8 trans-
porter. Histidines can form complexes with transition metals such as zinc, and the bacte-
rial counterpart of this particular residue (H153 of E. coli YiiP) is known to be essential 
for Zn2+ binding (Lu and Fu, 2007). 

Figure 4: Mutant embryos have altered eye morphology and visual impairments. (A) Eye veloc-
ity was measured at different contrast (5%, 10%, 20%, 40%, 70% and 100% of full illumination) 
with a spatial frequency of 20 cycles/360° and an angular velocity of 7.5 deg/s. (B) Eye veloc-
ity was measured at different spatial frequency (7, 14, 21,28,42,56 cycles/360°) with contrast 
of 70% and an angular velocity of 7.5/s. (C) Eye velocity was measured at different temporal 
frequency (5, 10, 15, 20, 25, 30 deg/s) with contrast of 100% and a spatial frequency of 20 
cycles/360°. (D) Sample electroretinogram (ERG) recordings of a sibling and mutant larvae (6 
d.p.f.) in response to flashes at different light intensity (100%, 10%, 1%, 0.1% and 0.01% of maxi-
mum intensity). Flash duration was 100 ms and the interval was 10 s. Each trace is the average 
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of two responses. (E) Averaged data collected from sibling and zwp-/- larvae (n=5 each) showing 
the dependence of ERG b-wave amplitude on the relative light intensity. (F) Histological sec-
tions stained by Richardson’s solution of sibling and zwp-/- larvae (8 d.p.f). Scale bar=25 μm. 
GCL: Ganglia cell layer. IPL: Inner plexiform layer. INL: Inner nuclear layer. OPL: Outer plaxiform 
layer. ONL: Outer nuclear Layer. OS: outer segment.
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Figure 5: Metallothionein (mt2) expression is up-regulated in zwp-/- embryos. (A) Whole mount 
ISH showing high expression of mt2 in the brain, eye, gut and neural tube of a zwp-/- embryo. 
(B) A transgenic reporter mt2:gfp is expressed in the same tissues as (A), spatially distinct from 
TSQ-Zn staining in the bone elements. A box indicates the neural tube magnified in (D). (C) 
Dorsal view of a zwp-/- embryo, illustrating mt2:gfp expression in neurons and TSQ-Zn staining 
in the olfactory bulb (arrowhead), optic tectum and myelencephalon. Scale bar = 100 um. 
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(D) Magnification of the neural tube of a zwp-/- embryo, showing clear spatial separation 
between cells expressing mt2:gfp and cells containing round deposits of TSQ-Zn. Scale bar = 
10 μm. (E) high magnification of TSQ-positive bodies in the neural tube; these punctate objects 
resembling zincosomes were observed moving rapidly within the cytoplasm. Scale bar = 10 μm.
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The extended His-rich intracellular loop in teleost versions of Znt8 (Fig. 1E) may influ-
ence the efflux rate of this transporter; evidence from Arabipdopsis zinc transporters 
which feature a similar loop indicates that it acts as a cytoplasmic Zn2+ buffer or sensor, 
allowing efflux only when intracellular Zn is high (Kawachi et al., 2008). This suggests 
a different kinetic profile of the teleost version of Znt8 compared to higher vertebrates.

Total zinc content in embryos, as determined by ICP-MS (Fig. 2G), was unchanged 
by the Znt8 mutation, showing that zwp-/- embryos do not have a problem with zinc 
uptake or excretion (note that uptake is probably not relevant at this stage, as embryo 
media does not contain zinc). The reduced calcium and barium (a trace mineral in 
bone) content corresponds with the lack of alizarin red staining in zwp-/- embryos. Other 
changes in elemental composition are more difficult to explain, but high intracellular 
Zn2+ could result in an accumulation of K+ and Na+ via exchange mechanisms such as 
Znt1 or the Na+/Zn2+ antiporter (Guffanti et al., 2002; MacDiarmid et al., 2002; Ohana 
et al., 2004).

Zinc as a mineralisation inhibitor
Dietary zinc is positively correlated with bone density in humans and rodents (Hosea et 
al., 2004; Nielsen et al., 2011), and several studies have identified zinc as an important 
factor in osteoblast activity (reviewed in Yamaguchi, 1998). Specifically, zinc deficiency 
reduces production of bone proteins such as collagen type-I, osteopontin and alkaline 
phosphatase (Kwun et al., 2010). The under-mineralised status of zwp-/- bone elements 
might, therefore, be explained by zinc-deprived osteoblasts – but a mechanism linking 
this to Znt8 function is difficult to explain given that slc30a8 does not appear to be 
expressed near the bone elements. Furthermore, this hypothesis does not address the 
dramatic accumulation of Zn2+ seen in the bone of zwp-/- embryos (Figs. 2B-D), which 
suggests zinc is directly interacting with the bone in addition to (or instead of ) influenc-
ing osteoblast activity.

Zn2+ has an affinity for bone mineral (hydroxyapatite) where it has been shown to replace 
Ca2+ under in vitro conditions (Hayakawa et al., 2007), and it is a powerful inhibitor of 
hydroxyapatite formation: in an in vitro crystallisation model, the presence of 1.5 uM 
Zn2+ (less than 0.1 mol% of Ca) decreased lattice growth rate by 70%, probably via 
crystal poisoning (Kanzaki et al., 2000). The reduced mineralisation observed in zwp-

/- embryos could thus be a direct consequence of the high concentration of Zn2+ present 
in the bone elements. This scenario is intriguing but difficult to examine experimentally. 
Incubating embryos with the intracellular zinc-specific chelator, TPEN (N,N,N′,N′-
tetrakis(2-pyridylmethyl)ethylenediamine) did not rescue the zwp phenotype: low doses 
failed to elicit an effect and higher doses or incubation times were lethal regardless of 
genotype (data not shown). This is not surprising given that TPEN readily enters cells 
and has been shown to induce apoptosis in neuronal cultures (Ahn et al., 1998), so a 
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method to specifically chelate extracellular zinc would be required to test the hypothesis 
that excessive accumulated Zn2+ directly prevents mineralisation.

Zinc deficiency in the eye causes visual impairment
The absence of TSQ fluorescence in the eyes of zwp-/- embryos (Fig. 2C,D) is particu-
larly interesting. It has long been recognized that zinc is enriched in the eye, with a 
particularly high concentration in the outer retina (reviewed in Ugarte and Osborne, 
2014). Correspondingly, we found that the outer retina of zwp-/- embryos was most 
affected by the absence of zinc. Although the role of zinc in the outer retina is still not 
completely resolved, it is tempting to speculate that the lack of zinc may affect the visual 
transduction cascade and the recycling of visual pigment. Zebrafish, as other vertebrates, 
have two functional visual cycles, the canonical involving the retinal pigment epithe-
lium (RPE) and a cone specific alternative cycle involving Muller glia cells (reviewed in 
Fleisch and Neuhauss, 2010).

Several Znt members are expressed in the retina. Znt3 is active in the Muller glia cells 
(Redenti and Chappell, 2007), inner segments (RIS) and outer limiting membrane 
(OLM), but not the outer segments (ROS) or outer nuclear layer (ONL) (Redenti and 
Chappell, 2004). Znt7 is expressed in the ROS and ganglion cell layer (GCL) (Wang 
et al., 2006). Interestingly, mouse Znt8 has been detected in the ONL, GCL and outer 
plexiform layer (OPL) (DeNiro and Al-Mohanna, 2012). The RPE contains the highest 
concentration of zinc in the retina and most ZIP and Znt transporters (including Znt8) 
are present in these cells (Leung et al., 2008).

Zinc influences the function of a number of proteins in the visual transduction cascade 
and the visual cycle (Ugarte and Osborne, 2014). Furthermore mutations in most of the 
genes coding for components of both pathways are linked to outer retinal dystrophies 
(reviewed in Berger et al., 2010), providing a rationale for the observed phenotype. Zinc 
deficiency is linked to caspase-dependent apoptosis of cultured retinal cells, including 
RPE, photoreceptor and retinal ganglia cells (Hyun et al., 2000; Shindler et al., 2000; 
Tamada et al., 2007). In rats kept on a zinc-deficit diet for several weeks, rod photo-
receptor outer segment degeneration has been reported (Leure-duPree and McClain, 
1982). In humans, zinc deficiency has been shown to lead to defects in the scotopic 
(dark adapted) ERG (Mochizuki et al., 2006), but had less effect on the phototopic 
(light adapted) ERG, indicating a more prominent role of Zn2+ for rod function than 
for cone function. In our experiments, we observed missing photoreceptor outer seg-
ments, severely reduced ERG b-waves, and eyes which cannot follow moving targets in 
zwp-/- larvae. Since rod photoreceptors do not functionally contribute to vision at the 
larval stage analysed, we conclude that Zn2+ deficiency in the eyes of zebrafish severely 
affects cone function, likely via photoreceptor outer segment degeneration. In future 
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experiments, it will become important to exam retina morphology at different stages 
with cell type and stage specific markers.

Metallothionein, TSQ, and zincosomes 
The discrepancy between the location of zinc-driven GFP expression and of TSQ-Zn 
fluorescence can be explained by the high affinity of MT for zinc. TSQ is unable to 
compete with MT for Zn2+ and thus it only labels free Zn2+ or Zn bound to other pro-
teins; these proportions were estimated (in vitro) by Meeusen et al. (2011) to comprise 
<1% and ~24% of cellular zinc, respectively, so virtually all of the TSQ fluorescence 
inside cells is predicted to represent TSQ-Zn-protein adducts. Most cytoplasmic Zn2+ 
is sequestered by MT, undetectable by histochemical staining, and thus an increase of 
intracellular Zn2+ will be undetectable if a cell responds by overexpressing MT. Hence, 
the TSQ-Zn that is visible in zwp-/- embryos represents zinc that has avoided sequestra-
tion by MT, perhaps by being released into the extracellular milieu. This appears to be 
the case for the TSQ-Zn visible in the bone elements, which has a morphology resem-
bling bone mineral rather than cellular structures. 

The punctate TSQ-Zn fluorescence seen in the neural tube (Fig. 5D,E) is reminiscent 
of the zincosomes identified in vitro by Colvin et al. (2006), who also noted their intra-
cellular movement, and is strikingly similar to the TSQ images of Wellenreuther et al. 
(2009). Spectroscopic analysis of isolated zincosomes by Wellenreuther et al. (2009) 
suggested that the Zn2+ contained in these vesicles is loosely coordinated to histidine 
ligands, not the tightly-binding cysteine residues of MT, consistent with the concept 
of zincosomes as storage compartments. Additionally, TSQ fluorescence in zincosomes 
was only visible when cells were incubated with high levels (100 uM) of Zn2+. We pro-
pose that the punctate staining seen in zwp-/- embryos are zincosomes, containing large 
amounts of Zn2+ due to a failure of Znt8-mediated homeostasis. To the best of our 
knowledge this is the first time zincosomes have been observed in vivo. 
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Conclusion
We note three cellular responses to the loss of Znt8 function in zwp-/- embryos: that MT 
is up-regulated in some cells (mostly neurons); that TSQ-Zn fluorescence is visible in a 
different population of cells; and that endogenous zinc is absent from yet another popu-
lation of cells (in the eye and skin). We will here attempt to rationalise these observations 
in order to form a model of Znt8 function. Firstly, we note that both metallothionein 
and slc30a8 are up-regulated in the brain and neural tube of zwp-/- embryos. This implies 
that Znt8 is required for the maintenance of low intracellular Zn2+ levels in these cells. 
As noted in the introduction, intracellular Zn2+ is thought to be buffered by MTs as well 
as by exchange between the cytoplasm and storage vesicles (Colvin et al., 2010). The 
transporters used to deliver Zn2+ into these vesicles have not been identified. We propose 
that Znt8 is used to sequester Zn2+ in (at least some) neurons; loss-of-function results 
in an increase of cytoplasmic Zn2+ with a subsequent up-regulation of the compensatory 
proteins, MT and Znt8.

High intracellular Zn2+ can also be expelled by cells using Znt1 or the Na+/Zn2+ 
exchanger (Ohana et al., 2004), resulting in an enrichment of Zn2+ in the extracel-
lular fluid (as described above, we believe this is responsible for the zinc-enriched and 
calcium-depleted bone structures in zwp-/- embryos). In vitro, cells will take up excess 
Zn2+ from the media and store it in histochemically-labile zincosomes (Colvin et al., 
2006). The same behaviour occurring in vivo would explain the TSQ-labelled objects in 
the vicinity of MT:GFP-positive cells. These zincosomes presumably use a transporter 
other than Znt8 for Zn2+ intake. We anticipate analysis of the other Znt transporters will 
yield further insights into the machinery of zinc sequestration. The zwp-/- zebrafish thus 
provides an excellent opportunity to examine zincosomes in vivo. 

In contrast to the enrichment of zinc in the brain and bone elements, the eyes and skin 
of zwp-/- embryos have greatly reduced TSQ-Zn fluorescence compared to siblings. To 
help understand this phenomenon we refer to the literature on mammalian Znt3, a 
transporter located on synaptic vesicles in the zinc-rich glutamatergic neurons of the 
hippocampus (Wenzel et al., 1997). The loss of this transporter would be expected to 
increase cytoplasmic zinc while decreasing vesicular zinc, but interestingly, histochemi-
cal and X-ray spectroscopic measurements show the hippocampus of Znt3-/- mice is 
completely devoid of the zinc enrichment seen in wild type animals (Cole et al., 1999; 
Linkous et al., 2008). This suggests that vesicular Znt3 acts as a sink, encouraging cel-
lular uptake of Zn2+ in quantities far greater than that of Znt3-negative cells. We predict 
that the same mechanism is present in melanophores and the zinc-utilising cells of the 
zebrafish retina. Znt8 probably plays a role in the specialised function of these cells, 
distinct from the sequestration activity it has in other tissues.
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Materials and Methods
Zebrafish husbandry and positional cloning
Zebrafish were maintained under standard husbandry conditions (Brand et al., 2002) 
in accordance with ethical guidelines of the DEC. Embryos were raised in E3 media (5 
mM NaCl, 17 µM KCl, 330 µM CaCl2, 330 µM MgSO4) at 28°C. A forward genetic 
screen using ethylnitrosourea (ENU)-induced mutagenesis and alizarin red to examine 
bone development was performed as described previously (Spoorendonk et al., 2010). 
The mutation in slc30a8 was mapped using positional cloning (Geisler, 2002) and con-
firmed by Sanger-sequencing. Subsequent genotyping of the zwp allele was performed 
using the KASP assay mix (LGC Genomics, Hoddesdon UK) with the following prim-
ers: 

Wildtype: 5’-GAAGGTGACCAAGTTCATGCTCAGCAGATCTCCAATCACA-3’, 
Mutant: 5’-GAAGGTCGGAGTCAACGGATTAGCAGATCTCCAATCACT-3’, 
Common reverse: 5’-GCTAGTGTCCGGGCGGCGTT-3’.

Whole-mount in situ hybridization
ISH was performed as described (Schulte-Merker, 2002; Thisse and Thisse, 2008). The 
templates for slc30a8 and mt2 were amplified from zebrafish cDNA using the following 
primer pairs. Probes were detected with HRP anti-Dig Fab (Roche). 

Slc30a8_f: 5’-TCAGTCTGTGTTCGCTCTGG-3’, 
Slc30a8_r: 5’-TTTCTCGAAGCACCTCCTGT-3’, 
Mt2_f: 5’-ATTTCTAAGGAACTTTCAAGC-3’, 
Mt2_r: 5’-TTACAGACATACGATTTAGGTGACACT-3’. 

Dithizone and TSQ histochemistry
Dithizone (Sigma-Aldrich) (20 mg/mL) was dissolved in DMSO with 0.1 M Tris 
base (Yuan, 2011) and used 1:1000 in E3. TSQ (6-methoxy-8-p-toluenesulfonamido-
quinoline, Sigma-Aldrich) was dissolved in DMSO to 2 mg/mL and used 1:200 in 
E3. Embryos were stained for at least one hour and imaged directly with an Olympus 
SZX16 stereomicroscope (dithizone) or Leica SPE confocal (TSQ).

Metallothionein:GFP construct
The 1428-bp metallothionein promoter was cloned with the following primers into a 
vector containing EGFP and Tol2 sites for stable transgenesis (Kawakami, 2004):

Mt_promoter_f: 5’-AGAGACACTGCACACGTTAC-3’, 
Mt_promoter_r: 5’-CAGAGAGTATCCACAA-3’.
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Injected embryos were sorted based on GFP expression, raised to adulthood, and 
outcrossed to establish a stable line. 

Metal determination
Embryos (5 d.p.f ) were anaesthetized in MS-222 and sorted based on dithizone staining 
and pigmentation. Groups of 15 embryos were collected in 10 mL tubes, rinsed with 
MilliQ water and dried at 80°C. Samples were digested in 10N HNO3 overnight at 
90°C and diluted 10-fold with MilliQ water. Determination was performed by ICP-
MS.

Electroretinography  
Electroretinograms were recorded on isolated eyes from 6 d.p.f. zebrafish larvae as previ-
ously described (Sirisi et al., 2014). Briefly, siblings and mutants were dark adapted for 
half an hour in Ringer’s solution (111 mM NaCl, 2.5 mM KCl, 1 mM CaCl2, 1.6 mM 
MgCl2, 10 µm EDTA, 10 mM glucose, and 3 mM HEPES buffer, adjusted to pH 7.7–
7.8 with NaOH). Afterwards larvae were placed in the centre of the recording chamber 
which was filled with 1% agarose. Eyes were removed by pulling the body with a forceps 
while cutting the optic nerve by a Tungsten wire loop. The eye was then repositioned to 
allow the cornea to face the light source (ZEISS XBO 75W).  The recording pipette (1.0 
mm O.D. *0.58 mm I.D., GC100F-10, Harvard Apparatus) with diameter around 20 
μm was filled with Ringer’s solution and positioned on the centre of the cornea. 100% 
light intensity was 591 lux, flash duration was 100 ms with stimulus intervals of 10 s. 
The stimulus started from 100% intensity and decreased to 0.01% and then went up 
again to 100%. The b-wave amplitude was calculated as the average of two responses.  

Psychophysics
The optokinetic response (OKR) was performed as described (Huber-Reggi et al., 2012; 
Rinner et al., 2005). The larva was immobilized by being embedded dorsal-up in a 
35mm petri dish filled with prewarmed (28°C) 3% methylcellulose. In this condition 
the eyes can move freely while body movemnets are restrained. The petri dish was then 
placed in the centre of a drum with black and white gratings projected by computer 
generated stimulus via an LCD projector (PLV-Z3000; Sanyo).  Both eyes were stimu-
lated at a maximal illumination of 400 lux.  To determine contrast sensitivity, a spatial 
frequency of 20 cycles/360° and an angular velocity of 7.5 deg/s was used with varying 
contrast (5%, 10%, 20%, 40%, 70% and 100%). To determine spatial sensitivity, an 
angular velocity of 7.5/s and 70% of the maximum illumination was used with vary 
spatial frequency (7, 14, 21,28,42,56 cycles/360°). To determine temporal sensitivity, 
maximum illumination and 20 cycles/360° were used with varying temporal frequency 
(5, 10, 15, 20, 25, 30 deg/s). 



100

Statistical analysis 
Statistical analysis was performed by SPSS (IBM) using repeated-measures ANOVA. 
The ERG graphs were generated by Excel and OKR graphs were generated by SPSS. 

Histology
Larvae were fixed overnight at 4C° in 4% PFA and then embedded in Technovit 7100 
(Kulzer Histotechnik, Wehrheim, Germany). Sections were cut at 3μm thickness by a 
Leica RM2145 microtome, mounted, and stained with Richardson (Bromeis) solution 
(1% methylene blue: 1% Borax: 1% Azur II, 1:1:2) for one minute. 
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Zebrafish as a model for 
pseudoxanthoma elasticum
In chapter 4 I described the gräte zebrafish allele (abcc6a-/-). Embryos homozygous for 
this mutation feature hypermineralization of the axial skeleton resulting in fused ver-
tebrae, a phenotype very similar to the dragonfish allele (enpp1-/-) characterised by my 
colleague Alex Apschner (Apschner et al., 2014). Zebrafish carrying these alleles were 
described as models for the human diseases, pseudoxanthoma elasticum (PXE, caused 
by mutations in human ABCC6) and generalised arterial calcification of infancy (GACI; 
from mutations in ENPP1) respectively. How faithfully do the fish reproduce the etiol-
ogy and symptoms of these diseases?

The genetic basis of gräte and PXE are almost identical: the structure of zebrafish Abcc6a 
is highly conserved when compared with its mammalian orthologue, including the two 
nucleotide-binding domains (NDBs). Like most of the known PXE-causing substitu-
tions, the gräte mutation L1429R is in the last NBD; furthermore it is in a Walker motif 
essential for ATP catalysis. The phenotype, however, is notably different: PXE manifests 
as mineralised lesions in the human skin and eye with no reported skeletal abnormali-
ties; if human patients suffered the same vertebral deformation as adult grt-/- zebrafish, 
PXE would be a severely debilitating disease. 

What is the reason for the difference in affected tissues? A key finding in chapter 4 was 
the local expression of abcc6a, in contrast with the liver-specific expression of the mam-
malian gene. Abcc6a is expressed wherever bones, teeth or scales are developing. Most 
strikingly, the strong expression in the intervertebral space of juvenile fish correlates with 
the ectopic mineralisation seen in these regions in gräte fish. Hence, it seems that zebraf-
ish Abcc6a works locally to protect against ectopic mineralisation, while the mammalian 
version acts systemically.

In early 2013, when the gräte allele was first mapped to the abcc6a locus, the nature of 
the ligand transported by mammalian Abcc6 was unknown but assumed to be a liver-
derived circulating factor. Very recently, work by Jensen et al. has provided convincing 
evidence that Abcc6 transports ATP (Jansen et al., 2014), making it an ATP-dependent 
ATP transporter (a concept not without precedence in the ABC family (Abraham et 
al., 1993; Lohman et al., 2012)). ATP has a half-life of mere seconds in serum in part 
because it is rapidly converted to pyrophosphate (PPi) by ENPP1. PPi is a stable, circu-
lating mineralisation inhibitor, and PPi levels are much reduced in human PXE patients. 
Unlike ABCC6, ENPP1 expression is widespread (Apschner et al., 2014) and therefore 
is able to produce PPi from local sources of ATP.

I hypothesise that this same system is in place in the zebrafish with one significant differ-
ent: Abcc6a is a local source of ATP in the bone elements, and another gene (or genes) 
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provides the substrate for Enpp1 in the skin and eye, and probably the vasculature. 
Thus, when Enpp1 function is lost in the case of the dragonfish, ectopic mineralisation 
is observed in tissues distinct from Abcc6a expression sites. Indeed, the notochord of 
dgf-/- embryos is almost entirely mineralised compared to just the anterior region in grt-

/- embryos, suggesting that Abcc6a is not  the sole supplier of ATP in the axial skeleton. 
Like many genes in the teleost genome, abcc6a has undergone a duplication event and 
it will be interesting to see if abcc6b has a different, complementary tissue expression. 
If we assume that a source of ATP is still present in the skin and eye of grt-/- zebrafish, 
then PPi levels in these tissues will be similar to wild-type animals, and the gräte allele is 
therefore not an accurate model of human PXE. However, since the mechanism is the 
same and the difference is simply due to tissue distribution, it serves as a model for the 
ABCC6-ENPP1 anti-mineralisation pathway. The dragonfish allele is a better model for 
PXE (as well as GACI) because it does lead to reduced PPi levels in peripheral tissues.

Does a loss of PPi result in vertebral hypermineralisation in mammals? This phenotype 
has been observed in mice with disruption in the Npps gene, the murine orthologue of 
ENPP1 (Okawa et al., 1998), where it bears a strikingly resemblance to that seen in gräte 
fish (Fig. 1). A similar phenotype is seen in a human disorder common among elderly 
Japanese people, termed ossification of the posterior longitudinal ligament of the spine 
(OPLL). Indeed Okawa et al. found an association between OPLL and a polymorphism 
in ENPP1 (Okawa et al., 1998). This link has been called into question by studies show-
ing links instead to collagen type-XI (Maeda et al., 2001), collagen type-VI (Tanaka et 
al., 2003) and TGF-β3 (Horikoshi et al., 2006). Human patients with loss-of-function 
mutations in ENPP1 (i.e., GACI) die in infancy, possibly too early for vertebral abnor-
malities to develop. 

Zinc as a mineralisation inhibitor
In chapter 5 I demonstrated high levels of zinc in the craniofacial bone elements of 
embryos homozygous for the zwarte piet allele, encoding a mutation in a zinc trans-
porter, znt8. These embryos are also characterised by a reduction in bone mineralisation, 
as detected by alizarin red (for calcium cations) and silver nitrate (phosphate anions). 
I proposed that the zinc itself is preventing the deposition of mineralisation, by act-
ing as a “crystal poison”. This somewhat obscure term describes the interference of lat-
tice formation by molecules which resemble lattice components and has considerable 
precedence in the bone field (Simkiss, 1964); specifically, PPi and synthetic analogues 
(bisphosphonates) are crystal poisons of hydroxyapatite (HA) through homology with 
phosphate. As mentioned in chapter 1, magnesium also inhibits HA crystallisation. Bigi 
et al. reported that increasing the Mg content in a calcium/phosphate solution from 0% 
up to 30% resulted in up to 30% Mg content in the solid precipitate, as expected;  yet, 
the Mg content of the crystals themselves was only 7% (Bigi et al., 1993). The crystals 
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were also considerably smaller: the presence of 5% Mg reduced the size by 90%. These 
observations suggest that Mg2+ stabilises the amorphous phase with respect to the crys-
talline phase by acting as a crystal poison through homology with Ca2+. It is important 
to note that bone naturally contains traces of magnesium and that biological HA crystals 
are smaller than ones grown in vitro. In fact, osteoporotic women with magnesium defi-
ciency have larger HA crystals in trabecular bone, making bone more rigid and brittle 
(Cohen and Kitzes, 1981). 

Zinc appears to have a similar effect on bone to magnesium, but is much more potent. 
Zn2+ inhibits HA crystallisation at concentrations 3 orders of magnitude smaller than 
Mg2+, also by crystal poisoning (Kanzaki et al., 2000). Two explanations are given by 
Kanzaki et al. for this increased potency over magnesium. Zinc readily forms a tetrahe-
dral coordinate, while magnesium and calcium form octahedral coordinations - hence, 
the presence of Zn2+ would distort the lattice more drastically than Mg2+. Alternatively 
(or additionally), the lower solubility of Zn2+ means that a greater proportion of it will 
exist as a phosphate salt, Zn3(PO4)2·4H2O (hopeite), and that this large molecule is 
able to poison the lattice more effectively than single Mg2+ ions (Fuierer et al., 1994). 
In vivo, however, zinc is a normal component of bone and zinc deficiency is associated 
with low bone mass in rats (Eberle et al., 1999) and humans (Hyun et al., 2004; Relea 
et al., 1995). Zinc supplementation increases bone growth in rats (Seco et al., 1998) and 
healthy humans (Peretz et al., 2001). 

The effect of zinc on bone development stems from more than simple physico-chemical 
interaction with the HA crystal: depriving osteoblasts of zinc in vitro resulted in down-
regulation of Runx2, a key transcription factor which controls expression of collagen 

Figure 1: Similarities in ectopic mineralisation between abcc6a-/- zebrafish, Enpp1-/- mice, and 
human OPLL. (A) Alizarin red stain of the spine from 6 week old zebrafish, from chapter 4. (B) 
Microradiogram of cervical spine from 4 month old mice, from (Okawa et al., 1998). (C) Mag-
netic resonance image showing the cervical spine of a 56 year old patient with OPLL between 
vertebrae C3-4 and below C5, from Koyanagi et al. (1998).
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type-I, osteopontin and alkaline phosphatase (Kwun et al., 2010). Runx2 is itself 
regulated in part by MITF, a zinc-dependent transcription factor (Hie et al., 2011). 
Furthermore, zinc appears to be essential for alkaline phosphatase activity. Bacterial 
alkaline phosphatase contains two atoms of Zn and one of Mg in the catalytic site of 
each of the two monomers (Fig. 2; Plocke et al., 1962; Simpson and Vallee, 1968; Kim 
and Wyckoff, 1991). Both Zn atoms coordinate with the phosphate ligand and work 
with the Mg atom to provide nucleophiles for the hydrolysis of ester bonds (such as that 
in the PPi molecule) (Stec et al., 2000). This catalytic site including the metal atoms is 
conserved in the mammalian isozyme implicated in mineralisation, tissue-nonspecific 
alkaline phosphatase (TNAP) (Le Du and Millán, 2002). 

In mammals, the construction of the zinc-containing holoenzyme depends on zinc traf-
ficking into the Golgi lumen by transporters Znt5 and Znt7 (Suzuki et al., 2005). 
Disruption of the Znt5 or Znt7 genes in vitro reduced TNAP activity by 55% and 
20%, respectively, and 95% when both genes were disrupted. Znt5-/- mice show very 

Figure 2: Crystal structure of an alkaline phosphatase monomer from Escherichia coli, indicat-
ing the three metal atoms in the catalytic site. From Kim and Wyckoff (1991).
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poor growth, low bone density, and curiously, sudden cardiac death in males (Inoue et 
al., 2002). 

Interestingly, zinc appears to inhibit the activity of matrix vesicles (MVs): the addi-
tion of Zn2+ to a culture of hypertrophic chondrocytes resulted in MVs without active 
Ca-PO4 phospholipids and annexin calcium channels – both essential for the ability of 
MVs to initiate mineralisation (Kirsch et al., 2000). Alkaline phosphatase activity was 
unchanged. Those experiments did not examine whether Zn2+ impacts MVs before or 
after they are released from the cell.

Clearly, tight regulation of zinc is crucial for bone formation. Too little zinc will result 
in inactive TNAP and down-regulation of collagen synthesis, while too much zinc could 
disrupt mineralisation by crystal poisoning and inhibition of MV activity. These are not 
mutually exclusive conditions: consider the scenario where zinc is excluded from the 
cytoplasm of osteoblasts and simultaneously accumulates in the extracellular matrix. In 
chapter 5 I demonstrated that the function of znt8 in zebrafish appears to be consider-
ably different to the mammalian orthologue and suggested that it is involved in the 
regulation of intracellular zinc levels in certain cell populations, with loss of function 
resulting in a build-up of zinc and a subsequent release into the extracellular matrix. 
This theory adequately explains the accumulation of zinc seen in the bone elements, 
and if the crystal poison mechanism applies in vivo, then it also explains the lack of 
mineralisation. Znt8 does not appear to be expressed in osteoblasts so it is not clear how 
disruption of Znt8 could result in zinc deficiency in these cells (if that is the case). Nev-
ertheless, the connection between zinc and TNAP activity is intriguing and warrants 
further investigation in the zwarte piet zebrafish. This is somewhat complicated by the 
apparent absence of TNAP activity in zebrafish osteoblasts (A. Apschner, unpublished), 
and hence another enzyme must be used to hydrolyse PPi.
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The nature of TSQ-Zn fluorescence 
in zwarte piet bone
The striking fluorescent images of zinc accumulation in the bone of zwp-/- embryos raise 
another question: what is the chemical nature of these bone elements? If they are under-
mineralised osteoid, as suggested by the reduced alizarin and von Kossa staining levels, 
what forces are keeping the zinc atoms in place? Zinc may be incorporated into the min-
eral lattice (what little there is), or it may be interacting with matrix proteins. Meeusen 
et al. demonstrated that the fluorescent zinc marker, TSQ, can form complexes with 
Zn2+ resulting in Zn(TSQ)2, but it can also form ternary adducts with zinc proteins, 
i.e., TSQ-Zn-protein (Meeusen et al., 2011). These two compounds can be identified 
by their fluorescent profiles: Zn(TSQ)2 has an emission maxima of 490 nm, while the 
protein adduct is blue-shifted to 470 nm due to differences in the coordination geom-
etry. The protein adduct is by far the predominant source of TSQ fluorescence in the 
cell (Fig. 3A). Using a confocal microscope (somewhat less precise than a fluorometer) I 
measured the emission maxima from TSQ in the bone elements at around 490 nm (Fig. 
3B), suggesting that the zinc in the bone elements is not coordinated with a protein.

The fluorescent zinc label NBD-TPEA (Qian et al., 2009) is considerably more sensitive 
to zinc than TSQ (i.e., it has a higher binding affinity and lower dissociation constant), 
but it does not form ternary adducts with proteins, so it primarily labels picomolar 
levels of free Zn2+. In zwp-/- embryos I observed punctate fluorescence in the brain with 
NBD-TPEA, similar to TSQ, but no fluorescence in the bone elements (Fig. 3C). This 
differential staining suggests that Zn2+ in the bone is firmly bound to ligands in a way 
that prevents NBD-TPEA coordination, but allows access to TSQ. Together with the 
emission spectra I believe that this points to a Zn-substituted hydroxyapatite crystal as 
the mineralised component in zwarte piet embryos. It would be fascinating to use X-ray 
spectroscopic methods to investigate the chemical makeup of this remarkable mineral.



116

Figure 3: Evidence for zinc incorporation into the mineral. (A) Emission spectra of TSQ when 
coordinated with Zn2+, the zinc enzyme carbonic anhydrase, protein isolate or whole cells, 
from (Meeusen et al., 2011). Note the emission peak is normally 490 nm but shifts to 470 nm 
when Zn is bound to proteins. (B) Emission spectra of the operculum from a TSQ-stained zwp-

/- embryo showing the emission peak at 490 nm, measured with the lambda function of a Leica 
SP8 microscope at 3 nm increments (5 nm sample width). Circles indicate measurements at 
470 and 490 nm. The fitted curve is a second-degree polynomial with R2 = 0.958. (C) NBD-TPEA 
labels zinc in the brain of zwp-/- embryos but not the bone, unlike TSQ which labels both. 
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English summary
A mineralised skeleton is a defining characteristic of most vertebrates, and is essential 
for human health. Bones are made up of a calcium-phosphate mineral, called hydroxy-
apatite, combined with long fibres of collagen protein. The collagen provides flexibility 
while the mineral ensures bones are rigid enough to support muscles. The process by 
which collagen is mineralised must be tightly regulated: the chemical reaction between 
calcium and phosphate is highly favourable, so without a control system, mineralisation 
can occur in other collagenous tissues such as the skin and blood vessels, causing disease. 
The central topic of this book is the factors that control this mineralisation process and 
the consequences arising from mutations in key genes.

In chapter 1 I provide a background for the role mineralisation plays in vertebrate 
development, beginning with the evolution of bone in early fish, followed by a detailed 
description of the nanoscale structure of bone: mineral crystals neatly arrayed along 
collagen fibres. Finally, chapter 1 also contains an extensive overview of the biochemical 
factors that regulate mineralisation, such as pyrophosphate and the vitamin K-depen-
dent genes. 

The experimental work in this thesis uses zebrafish as a model for bone development. 
Zebrafish are small making them easy to examine with a microscope, and grow rapidly, 
developing bones at about 4 days old. Crucially, many genes are conserved between 
humans and fish, making the zebrafish an excellent model to study human genetic dis-
orders affecting bone. Chapter 2 reviews several cases where zebrafish have been used to 
model such diseases.

Many zebrafish models have been found by the process of “forward genetics”, where 
mutations are randomly introduced, and the resulting fish are screened for interest-
ing phenotypes; in the case of a screen performed here at the Hubrecht Institute, we 
searched for bone-related phenotypes. Once a mutant line is identified, the specific 
mutation must be found in the genome. In the past this was a very time-consuming 
operation but it can be accelerated immensely thanks to advances in next-generation 
sequencing. This requires a considerable amount of data processing (bioinformatics). 
Chapter 3 describes a method I developed to analyse this sequencing data to identify 
the mutation underlying one mutant, the gräte fish. 

In chapter 4 I describe the gräte fish in detail. This allele corresponds to a mutation in 
the gene abcc6a, which is associated with a human mineralisation disorder, pseudox-
anthoma elasticum (PXE). Gräte zebrafish contain extra bone in the vertebrae, while 
human PXE patients have mineralisation in the skin and eye. These differences are prob-
ably due to differences between human and fish physiology, while the function of the 
abcc6a gene is probably conserved. Interestingly, treating mutant zebrafish with vitamin 
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K prevented this excessive bone growth, but importantly, the same effect was seen in 
another fish line, dragonfish, which contains a mutation in a different gene (enpp1). This 
shows that vitamin K helps regulate mineralisation independent of abcc6a.

In chapter 5 I investigate another zebrafish line, zwarte piet, which carries a mutation 
in a zinc transporter, znt8. The loss of this zinc transporter causes a range of interest-
ing phenotypes: the fish are darker, have difficulty swimming, and produce very little 
bone. I observed deposits of zinc in the bones of these fish, while zinc is absent from 
the eye. I propose a mechanism by which the loss of znt8 causes zinc to accumulate in 
the bone, preventing further mineralisation. The absence of zinc in the eye causes blind-
ness, leading to the dark appearance since zebrafish regulate their pigment based on the 
environment.  

Chapter 6 contains an extended discussion of some of the topics covered in this thesis. 
Specifically, I examine the concept of the gräte fish as a model for PXE, the potential for 
zinc to inhibit mineralisation, and the chemical composition of the zinc-rich bone seen 
in zwarte piet zebrafish.

Nederlandse samenvatting
Een gemineraliseerd skelet is een kenmerk van de meeste vertebraten en is essentieel 
voor de menselijke gezondheid. Botten zijn gemaakt van calciumfosfaat mineralen, 
hydroxyapatite genaamd, gecombineerd met lange vezels van het eiwit collageen. Colla-
geen zorgt voor flexibiliteit, terwijl de mineralen ervoor zorgen dat botten stevig genoeg 
zijn om de spieren te ondersteunen. Het proces waarbij collageen gemineraliseerd wordt 
moet sterk gereguleerd zijn: de chemische reactie tussen calcium en fosfaat is erg gunstig, 
dus zonder een controle systeem kan de mineralisatie ook in ander collageenrijke weef-
sels zoals de huid en bloedvaten ontstaan met ziekten tot gevolg. Het centrale onderwerp 
van dit proefschrift zijn de factoren die het mineralisatieproces reguleren en de conse-
quenties die kunnen ontstaan door mutaties in voor dit proces belangrijke genen.

In hoofdstuk 1 geef ik achtergrond informatie over de rol van mineralisatie in de 
ontwikkeling van vertebraten, beginnend bij de evolutie van bot in vissen, gevolgd door 
een gedetailleerde beschrijving van de nanostructuur van bot: mineraalkristallen keurig 
georganiseerd langs collageenvezels. Ook bevat hoofdstuk 1 een uitgebreide uitleg over 
de biochemische factoren die mineralisatie reguleren, zoals pyrofosfaat en de vitamine-
K-afhankelijke genen.

Het experimentele werk in dit proefschrift maakt gebruik van zebravissen als een mod-
elsysteem voor botontwikkeling. Zebravissen zijn klein waardoor ze makkelijk te bestu-
deren zijn met een microscoop en ze ontwikkelen zich snel, de botten zijn al aanwezig na 
4 dagen. Tevens zijn veel genen bewaard gebleven gedurende de evolutie tussen zebravis 
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en de mens, waardoor de zebravis een goed model is voor het bestuderen van menselijke 
genetische afwijkingen in de ontwikkeling van botten. Hoofdstuk 2 beschrijft verschil-
lende vraagstukken waar zebravissen zijn gebruikt om deze ziekten te onderzoeken.

Velen zebravis modellen zijn gevonden door het proces ‘forward genetics’, waarbij 
mutaties willekeurig zijn geïntroduceerd en waarbij deze vissen onderzocht worden voor 
interessante fenotypen; in de screen die hier in het Hubrecht Instituut is gedaan, hebben 
we gezocht naar bot-gerelateerde fenotypen. Nadat de mutanten zijn geïdentificeerd, 
moet de specifieke mutatie in het genoom worden gevonden. Vroeger was dit een zeer 
tijd consumerende bezigheid, maar dit proces kan immens versneld worden met dank 
aan de voordelen van next-generation sequencing. Echter, dit heeft een grote hoeveel-
heid aan data verwerking nodig (bioinformatica). Hoofstuk 3 beschrijft een methode 
die ik ontwikkelt heb om de sequencing data te analyseren en de mutatie te identificeren 
die verantwoordelijk is voor een mutant, de gräte vis. 

In hoofdstuk 4 beschrijf ik de gräte vissen in detail. Dit allel komt overeen met een 
mutatie in het abcc6a gen dat geassocieerd wordt met een humaan mineralisatie defect, 
pseudoxanthoma elasticum (PXE). Gräte zebravissen bevatten extra bot in de wervels, 
terwijl PXE patiënten mineralisatie in de huid en ogen hebben. Deze verschillen komen 
mogelijk door de verschillen tussen de mens en vis fysiologie, terwijl de functie van 
abcc6 waarschijnlijk evolutionair bewaard is gebleven. Interessant is dat het behandelen 
van mutant zebravissen met vitamine K de extra botgroei tegengaat, maar belangrijk is 
dat hetzelfde effect gezien is in een andere vissenlijn, dragonfish, die een mutatie in een 
ander gen bevat (enpp1). Dit laat zien dat vitamine K mineralisatie reguleert onafhan-
kelijk van abcc6a. 

In hoofdstuk 5 heb ik een andere zebravislijn onderzocht, zwarte piet, die een mutatie 
in een zink transporter bevat. Het verlies van deze zink transporter zorgt voor verschil-
lende fenotypen: de vissen zijn donkerder, hebben problemen met zwemmen en pro-
duceren zeer weinig bot. Ik heb opslagplaatsen van zink in de botten van deze vissen 
geobserveerd, resulterend in de mineralisatie deficiëntie in deze vissen. Tevens heb ik 
gevonden dat er in deze vissen geen zink in de ogen aanwezig is, met blindheid tot 
gevolg. Dit verklaart ook het donkere uiterlijk omdat zebravissen hun pigment reguleren 
gebaseerd op hun omgeving. 

Hoofstuk 6 bevat een uitgebreide discussie over enkele onderwerpen in dit proefschrift. 
Meer specifiek onderzoek ik het concept van de gräte vissen als model voor PXE, de 
mogelijkheid van zink om mineralisatie te remmen, en de chemische compositie van de 
zink-rijke botten gezien in zwarte piet zebravissen.

Hartelijk bedankt naar Dorien Hermkens voor de vertaling.
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