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ABSTRACT
In recent years it has become clear that, mechanistically,
biomineralization is a process that has to be actively inhibited as a
default state. This inhibition must be released in a rigidly controlled
manner in order for mineralization to occur in skeletal elements 
and teeth. A central aspect of this concept is the tightly controlled
balance between phosphate, a constituent of the biomineral
hydroxyapatite, and pyrophosphate, a physiochemical inhibitor of
mineralization. Here, we provide a detailed analysis of a zebrafish
mutant, dragonfish (dgf), which is mutant for ectonucleoside
pyrophosphatase/phosphodiesterase 1 (Enpp1), a protein that is
crucial for supplying extracellular pyrophosphate. Generalized arterial
calcification of infancy (GACI) is a fatal human disease, and the
majority of cases are thought to be caused by mutations in ENPP1.
Furthermore, some cases of pseudoxanthoma elasticum (PXE) have
recently been linked to ENPP1. Similar to humans, we show here that
zebrafish enpp1 mutants can develop ectopic calcifications in a
variety of soft tissues – most notably in the skin, cartilage elements,
the heart, intracranial space and the notochord sheet. Using
transgenic reporter lines, we demonstrate that ectopic mineralizations
in these tissues occur independently of the expression of typical
osteoblast or cartilage markers. Intriguingly, we detect cells
expressing the osteoclast markers Trap and CathepsinK at sites of
ectopic calcification at time points when osteoclasts are not yet
present in wild-type siblings. Treatment with the bisphosphonate
etidronate rescues aspects of the dgf phenotype, and we detected
deregulated expression of genes that are involved in phosphate
homeostasis and mineralization, such as fgf23, npt2a, entpd5 and
spp1 (also known as osteopontin). Employing a UAS-GalFF
approach, we show that forced expression of enpp1 in blood vessels
or the floorplate of mutant embryos is sufficient to rescue the
notochord mineralization phenotype. This indicates that enpp1 can
exert its function in tissues that are remote from its site of expression.
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INTRODUCTION
Calcium and phosphate are the main elements in hydroxyapatite, the
mineral that constitutes the vertebral skeleton and teeth.
Hydroxyapatite also occurs in the form of ectopic calcifications, which
can result from disease, injury or aging in a wide variety of organs and
tissues. Ectopic calcifications are also often a result of imbalanced ion
levels, again, specifically calcium and phosphate (in chronic kidney
disease, for example) (Giachelli, 1999). Particularly when occurring
in vascular tissues, ectopic calcification has been associated with
increased mortality (Goodman et al., 2000; Ganesh et al., 2001).

Two key concepts have emerged from human genetic studies and
animal experimental data on the control of biomineralization over
the past few years. First, calcium and phosphate, which readily form
an insoluble precipitate, are present in virtually all tissues and body
fluids; therefore, crystallization has to be actively inhibited. Second,
the balance between phosphate and pyrophosphate is a crucial
determinant in the regulation of this crystallization process
(Giachelli, 2008; Kirsch, 2012). Phosphate is an element that
enables the formation of hydroxyapatite, whereas pyrophosphate is
a strong chemical inhibitor of crystal formation (Terkeltaub, 2001).

Generalized arterial calcification of infancy (GACI; OMIM
208000) is an autosomal-recessive disorder that is characterized by
the calcification of medium and large arteries in humans. It often
leads to demise because of arterial stenosis and, consequently, heart
failure within the first months of life. Mutations in ectonucleotide
pyrophosphatase/phosphodiesterase-1 (ENPP1; formerly known as
PC-1) have been identified as being causative in the majority of
GACI cases investigated (Rutsch et al., 2003; Nitschke et al., 2012).
Mouse models and in vitro data have confirmed that ENPP1
function is crucial in the regulation of biomineralization (Johnson et
al., 2003; Mackenzie et al., 2012a) because ENPP1 generates
extracellular pyrophosphate through the hydrolysis of extracellular
ATP (Kato et al., 2012). Recently it has become clear that the
spectrum of human phenotypes that are caused by mutations in
ENPP1 is variable, and less severe cases present themselves with
symptoms of hypophosphatemic rickets or pseudoxanthoma
elasticum (PXE; OMIM 264800). PXE is predominantly
characterized by mineralization in the skin and eye, as well as the
vasculature, although it has a later onset than GACI (Li et al., 2012;
Nitschke et al., 2012). Most cases of PXE have been associated with
mutations in ABCC6 and not ENPP1; however, recently a
mechanistic link between ABCC6 mutations and reduced amounts
of pyrophosphate has been established (Jansen et al., 2013).

Zebrafish share many of the basic features of chondrogenesis and
osteogenesis with higher vertebrates (Apschner et al., 2011; Mackay
et al., 2013), and offer the opportunity to perform genetic and
chemical screens (Spoorendonk et al., 2010), as well as to examine
osteoblasts and osteoclasts in an in vivo setting. We have recently

Zebrafish enpp1 mutants exhibit pathological mineralization,
mimicking features of generalized arterial calcification of infancy
(GACI) and pseudoxanthoma elasticum (PXE)
Alexander Apschner1, Leonie F. A. Huitema1, Bas Ponsioen1, Josi Peterson-Maduro1 and 
Stefan Schulte-Merker1,2,3,*

D
is

ea
se

 M
od

el
s 

&
 M

ec
ha

ni
sm

s



812

described the catalytic activity of Ectonucleoside triphosphate
diphosphohydrolase 5 (Entpd5) as an essential provider of
phosphate for mineralization of the zebrafish skeleton (Huitema et
al., 2012). Here, we provide a detailed analysis of the dragonfish
(dgf) mutant, which displays features that are found in both GACI
and PXE. Furthermore, we demonstrate the suitability of the dgf
mutant for chemical screening of drugs that inhibit mineralization
and provide evidence that Enpp1 can act at areas that are distal from
its site of expression. Finally, we show that ectopic mineralizations
can lead to the generation of osteoclasts, a finding that has possible
consequences for the treatment of GACI.

RESULTS
dgfhu4581 mutants show decreased phosphodiesterase
activity and multiple ectopic calcifications
In a forward genetic screen, we have previously identified a mutant
that exhibited distinct patterns of increased mineralization;

furthermore, we described the positional cloning and molecular
characterization of this allele, called dgfhu4581 (Huitema et al., 2012).
The allele harbors a splice acceptor mutation leading to a predicted
frame shift and a subsequent early stop codon within the
phosphodiesterase-like catalytic domain of Enpp1 (Fig. 1A). Here,
to evaluate the contribution of Enpp1 towards overall
phosphodiesterase activity, we performed phosphodiesterase
measurements on the lysates of dgf-mutant embryos. The results
showed a reduction of phosphodiesterase activity by over 60%,
indicating that Enpp1 accounts for the majority of phosphodiesterase
activity in zebrafish embryos at this stage (Fig. 1B).

Histological examination by Alcian Blue and Alizarin Red, and
van Kossa and van Gieson staining revealed multiple sites of ectopic
mineralizations in dgf embryos. The most prominent phenotypic
consequence of the dgf mutation was the mineralization of the
notochord sheet (Fig. 1C,D; supplementary material Fig. S1A,B),
which becomes apparent in all dgf-mutant embryos, to a variable
degree, between 6 and 9 days post-fertilization (dpf). We also
observed ectopic mineralization of the neural tube (Fig. 1C,D;
supplementary material Fig. S1C,D), on the ceratohyal cartilage
(Fig. 1E,F) and on cartilage elements of the pectoral fin
(supplementary material Fig. S1E,F). Furthermore, we observed
early onset of perichondral ossification in 90% of the mutants
(n=20) (Fig. 1E,F). The first manifestation of the phenotype was
detectable at 4 dpf in some dgf mutants. At this stage, the embryos
showed calcifications in the inter-cranial space (Fig. 1G,H;
supplementary material Fig. S1G,H) and within the myocardium
(Fig. 1I,J), as well as calcifications in the area surrounding the
myocardium (Fig. 1I,J, red arrowhead) and in the skin beneath the
yolk sac and heart (Fig. 1K,L; supplementary material Fig. S1G,H).
Occasionally, mutants survived to juvenile and young-adulthood
stages; however, these showed reduced growth compared with their
wild-type siblings (supplementary material Fig. S1I) and fusion in
their axial skeleton, not only of vertebral bodies but also of neural
and haemal arches (Fig. 1M,N). Furthermore, we saw ectopic
calcifications in the eye (Fig. 1O,P,Q) and the ethmoid plate
cartilage (Fig. 1O,P), as well as patchy mineralization of craniofacial
bone elements (Fig. 1O-Pʹ) and mineralization of the bulbus
arteriosus – the outflow tract of the heart (Fig. 1R,S; supplementary
material Fig. S1J,K).

In summary, dgf mutants display ectopic mineralizations in a
number of different soft tissues, with some variability depending on
developmental timing and the site of mineralization. Ectopic
mineralizations of the notochord sheath and of the pectoral fin
cartilage were found relatively consistently, whereas ectopic
mineralization in other tissues, such as the skin and the heart,
demonstrated a higher degree of variation between clutches. Part of
this variation can probably be attributed to genetic variation because
zebrafish, in contrast with mice, are not maintained as inbred lines.

Soft tissue calcifications in dgf mutants probably represent
passive calcium depositions
Arterial calcification, a particularly well-studied form of soft tissue
calcification, has been shown to be associated with the ectopic
expression of bone and cartilage markers in mouse and human,
respectively (Johnson et al., 2005; Neven et al., 2007). This has been
investigated less intensively in other tissues. To examine whether
the dgf phenotype is caused by ectopic differentiation of bone or
cartilage cells, we used transgenic reporter lines for the cartilage
marker collagen2a1a (Mitchell et al., 2013), as well as for
collagen10a1 (Mitchell et al., 2013) and osteocalcin (Vanoevelen et
al., 2011); the latter two represent osteoblast markers in zebrafish.
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TRANSLATIONAL IMPACT
Clinical issue
Ectopic calcifications (abnormal deposition of calcium) can occur in most
soft tissues of the human body. They commonly occur in individuals with
uremia who experience systemic mineral imbalance; however, they are
also seen in certain rare autosomal recessive disorders, such as
generalized arterial calcification of infancy (GACI) or pseudoxanthoma
elasticum (PXE). Although individuals with GACI develop severe
calcifications in arteries and often die during the first months of life,
progression in PXE is usually slower, and mineralization is more
prevalent in the skin and eyes than in the vasculature. In the majority of
GACI cases and some PXE cases, mutations in ENPP1 have been
implicated as the cause of the disease. ENPP1 is an ectoenzyme that
metabolizes extracellular ATP to generate pyrophosphate, a chemical
inhibitor of mineralization. This study sought to explore the pathological
effects of ENPP1 mutation in detail by using zebrafish. 

Results
The recently described zebrafish dragonfish (dgf) mutant carries a
mutation in enpp1. The present study reveals that the dragonfish mutant
displays canonical features of human GACI and PXE, such as
mineralization in the blood vasculature, skin and eye. The authors show
that ectopic calcifications in dgf mutants appear independently of
osteogenic cell marker expression, suggesting that calcifications are a
result of passive calcium deposition. Furthermore, they show that
treatment with etidronate, a bisphosphonate that is used to treat human
GACI, is able to alleviate ectopic calcifications. This confirms that
decreased pyrophosphate levels underlie the phenotype in dgf mutants,
which is supported by the detection of deregulated expression of genes
involved in phosphate homeostasis and mineralization. The authors also
demonstrate that Enpp1 can act in areas that are remote from its
expression site and that ectopic mineralization of soft tissue results in the
accumulation of cells displaying osteoclastic features, suggesting that
osteoclasts might promote regression at these sites. 

Implications and future directions
Even though the chemical mechanism by which ENPP1 regulates
biomineralization is relatively well understood, there are still no
established treatments for GACI. Here, the authors demonstrate the utility
of zebrafish for comparative drug screening for GACI, with a proof-of-
principle experiment using etidronate. Their investigation of the zebrafish
dgf mutant suggests that osteoclast-like cells are present at sites of
ectopic mineralization, a phenomenon that has so far not been
investigated in mammalian systems in any detail. The finding could have
important implications for the treatment of human GACI: bisphosphonates
might inhibit further mineralization but could also elicit an undesirable side
effect by inhibiting the regression of soft tissue calcifications through
inhibition of osteoclast function. The use of transgenic zebrafish reporter
lines and in vivo imaging will permit a better understanding of the cellular
response to ectopic mineralization in soft tissues. 
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Fig. 1. dgfhu4581 mutants show decreased phosphodiesterase activity and multiple ectopic calcifications. (A) Depiction of the Enpp1 protein structure;
the dgfhu4581 allele represents a frame shift at amino acid 331, leading to a premature stop codon. (B) Phosphodiesterase I activity is significantly reduced in the
lysate of dgf embryos. Means±1 s.d. are shown. Sib(s), wild-type sibling(s). Alizarin-Red (staining mineralized tissue) and Alcian-Blue (staining cartilage)
staining of a sibling embryo (C) and dgf mutant (D) at 8 dpf showing extensive ectopic calcification of the notochord, as well as calcification of the neural tube
(D, arrowhead). (E) Ventral view of ceratohyal cartilage element of sibling embryo; in mutant embryos, early onset of perichondral ossification (F, red
arrowhead), as well as spots of ectopic cartilage calcification (F, black arrowhead), were observed. van Kossa (brown, staining mineralized tissue) and van
Gieson (red, staining osteoid) staining on transverse sections of the brain of a sibling (G) and a dgf mutant with intracranial calcification (H). Transverse section
through the heart region of sibling (I) and mutant (J) embryos, both displaying mineralized cleithra (cl) and basobranchial (bb). Mutants (J) in addition display
ectopic mineralization between myocard and epicard (red arrowhead) and within the heart (blue arrowhead). (K) Transverse section at the level of the yolk sac
of a sibling; (L) the mutant displays ectopic mineralization of the skin. Axial skeleton at the level of the dorsal fin of a sibling (M) and mutant (N) 4-week-old
(4wk) fish. Mutants display not only fusion of vertebral bodies but also of neural and haemal arches (N). Alizarin-Red staining of juvenile sibling (O) and mutant
(P and enlarged image of the indicated area in P′). Note the ectopic mineralization at the ethmoid plate cartilage element (green arrowhead in P) and nodules
of mineralization at the dentary (black arrowheads in P,P′). (Q) Alizarin-Red staining showing ectopic mineralization (black arrowheads) surrounding the eye of
a dgf adult mutant (also green arrowhead in P). (R) In the heart of adult zebrafish, no mineralization was visible in siblings. (S) In mutants extensive ectopic
calcification was found upon Alizarin-Red staining in the bulbus arteriosus (black arrowhead) but not in the ventral aorta (green arrowhead). Bb, basobranchial;
Cl, cleithrum; y, yolk. D
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Importantly, these genes have been shown to be expressed in
calcified arteries of Enpp1-knockout mice (Johnson et al., 2005). In
brief, we could not detect any ectopic expression of these markers
at the loci of ectopic calcifications in dgf mutants. Examples are
shown for collagen10a1 (Fig. 2A,B) and osteocalcin in the heart
region (Fig. 2C,D), as well as for collagen2a1a in the cranium
(Fig. 2E,F). Within the axial skeleton of wild-type embryos,
collagen10a1 expression colocalized with mineralized vertebral
bodies (Fig. 2G). Ectopically mineralized areas of the notochord,
however, were devoid of collagen10a1 expression (Fig. 2H).

Although we were unable to detect changes in any of the above
markers for chondrocytes or osteoblasts, we did see changes in the
appearance of secreted phosphoprotein 1 (spp1; also known as
Osteopontin), a calcium-binding regulator of mineralization, which
is regularly detected in conjunction with ectopic calcifications
(Giachelli and Steitz, 2000). Performing in situ hybridizations, we
detected a pattern of spp1 expression in dgf mutants, which
correlated with loci that often develop ectopic mineralizations, such

as the cranium and the skin covering the yolk sack (Fig. 2I-L,
compare supplementary material Fig. S1J,K). Moreover, spp1
showed increased expression in the skeletal elements of dgf embryos
when compared with siblings (Fig. 2I-L).

Spp1 is known to be expressed by mature osteoblasts, but
inflammatory cells and osteoclasts are also known to express high
levels of spp1 (Sodek et al., 2000). Given the absence of other
typical osteoblast or cartilage markers at loci of ectopic
calcifications, it is probable that the ectopic mineralizations we find
in mutants are formed in a passive process that does not involve any
osteogenic cell fate change and that expression of spp1 is a
consequence of ectopic calcification.

Treatment with the bisphosphonate etidronate is sufficient
to rescue aspects of the dgf phenotype
We have previously shown by generation of double mutants that
Enpp1 and Entpd5 are crucial proteins in establishing phosphate
homeostasis in zebrafish (Huitema et al., 2012). Here, we wanted to

RESEARCH ARTICLE Disease Models & Mechanisms (2014) doi:10.1242/dmm.015693

Fig. 2. Soft tissue calcifications in dgf mutants probably represent passive calcium depositions. collagen10a1:YFP (col10) transgene in sibling (A) and
mutant (B). Note that no expression of collagen10a1 was detected at sites of ectopic mineralization (Alizarin Red) at the heart (B, blue arrow). osteocalcin:GFP
(osc) combined with Alizarin staining in siblings (C) and dgf mutants (D), no ectopic expression of osc was observed to colocalize with ectopic mineralization in
the heart region and pectoral fin (D, blue arrows). Calcein staining marks calcifications in collagen2a1a:mCherry (col2) transgenic line in wild-type siblings (E)
and dgf mutants (F). The dgf mutant shows ectopic calcifications in the cranium (F, white arrows), however no ectopic expression of collagen2a1a was
observed. Alizarin staining and collagen10a1:YFP transgene expression in the axial skeleton of a sibling (G) and dgf embryo (H), ectopic mineralization of the
notochord sheet occurs independently of collagen10a1 expression (white arrows, H). In situ hybridization for spp1 (blue) in siblings (I,K) and dgf mutants (J,L).
Note upregulation of spp1 in mutant bone elements. Further ectopic expression occurs at loci that are frequently affected by ectopic mineralization in mutants
(arrowheads in J,L; compare with supplementary material Fig. S1H). cl, cleithrum; ps, parasphenoid; sib, sibling.
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test whether putatively reduced pyrophosphate levels in dgf mutants
can be rescued by treatment with etidronate, a non-hydrolysable
pyrophosphate analog, which has been used previously as a
treatment for GACI in humans (Edouard et al., 2011). We applied
the compound from 4 to 8 dpf, the time when vertebral bodies start
to mineralize and when ectopic mineralizations around the
notochord become apparent for the first time in dgf mutants. At 8
dpf, we measured the mineralized area in the notochord in treated
and untreated embryos (Fig. 3Aʹ). No significant difference was
detected between the treated and untreated siblings (Fig. 3A,B), but
we found a significant reduction of the mineralized area in dgf
mutants that had been treated with 100 μM etidronate as compared
with that of the untreated population (Fig. 3A,B). This experiment
indirectly confirms that the phenotype of dgf mutants is the result of
decreased pyrophosphate levels. Furthermore, it underscores the
suitability of the mutant for comparative testing of compounds that
have putative inhibitory effects on mineralization.

Regulators of phosphate homeostasis and mineralization
show altered expression levels in dgf mutants
It is known that Enpp1 loss-of-function leads to the deregulation of
genes that are involved in the regulation of phosphate levels and
mineralization, particularly FGF23 (Lorenz-Depiereux et al., 2010;
Mackenzie et al., 2012b) and Spp1 (Johnson et al., 2003; Aiba et al.,
2009). We performed quantitative (q)PCR analysis on RNA that had

been isolated from siblings and dgf mutants at 7 dpf. We could
indeed detect a fourfold upregulation of fgf23 and, in concordance
with this, downregulation of npt2a, which encodes a phosphate
channel in the kidney and is negatively controlled by FGF23 (Hori
et al., 2011) (Fig. 4). Furthermore, we could detect upregulation of
entpd5 and spp1 (Fig. 4; also compare in situ hybridization in
Fig. 2I-L), whereas phex and phospho1 transcript levels remained
unchanged.

Restricted expression of enpp1 is sufficient to rescue
ectopic mineralizations in the notochord sheet
In mouse, it has been shown that Enpp1 is expressed in a wide array
of tissues, and high expression levels occur in bone, liver, kidney
and skin (Murshed et al., 2005). Similarly, performing in situ
hybridization for enpp1 on zebrafish embryos revealed a ubiquitous
expression pattern, and bone elements showed pronounced levels of
enpp1 expression (supplementary material Fig. S2). To our
knowledge, no in vivo experiments have addressed whether the
ubiquitous expression of enpp1 indicates a general requirement in
tissues for the protein to prevent ectopic calcification, or whether
Enpp1 acts in a spatially restricted manner. To clarify this, we
employed a UAS-galFF overexpression system. For this, we
generated a UAS:enpp1-ires-TagRFP transgenic line; functionality
of the Enpp1 protein was confirmed by the phosphodiesterase assay
(supplementary material Fig. S3), and expression of red fluorescent
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Fig. 3. Treatment with the pyrophosphate analog etidronate rescues aspects of the dgf phenotype. (A) Measurements (in pixel area) of the mineralized
area in the axial skeleton of Alizarin-Red- and Alcian-Blue-stained siblings (sibs; left panel) and mutants (right panel), which were either untreated (blue) or
treated with 100 μM Etidronate (green). A′ indicates the region of interest that was measured for the analysis. No significant difference (ns) occurs in siblings
(A,B left panels); in treated dgf mutants, the mineralized area was significantly reduced when compared with untreated dgf mutants (A,B right panels). n=50
(dgf 100 μM Etidronate); n=48 (dgf control); n= 24 (siblings 100 μM Etidronate); n=24 (siblings control).
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protein (RFP) allowed us to identify enpp1-expressing cells.
Because mineralization of the notochord sheet provided a reliable
readout, we combined our UAS:enpp1-ires-TagRFP line with galFF
lines that expressed enpp1 within, or in the vicinity of, the
notochord. It has recently been shown that cells within the
notochord sheet contribute to the initial mineralization of vertebral
centra in teleosts (Grotmol et al., 2005; Bensimon-Brito et al., 2012;
Wang et al., 2013). We therefore expected that enpp1 expression
inside the notochord, driven by a transgenic col2a1a promoter
(col2a1a:galFF line; Dale and Topczewski, 2011), would be
sufficient to rescue the notochord phenotype of dgf mutants.
Because the col2a1a promoter is also active in vacuolated notochord
cells and, to a lower level, in the floorplate and hypochord, we also
made use of lines that expressed enpp1 either exclusively in
vacuolated notochord cells (sagff214a:galFF) (Yamamoto et al.,
2010) or in the floorplate (shh:galFF) (Ertzer et al., 2007). In
addition, we tested whether expression from blood-vessel
endothelial cells (kdrl:galFF; formerly known as flk1) (Beis et al.,
2005) was sufficient to rescue the notochord mineralization. Fig. 5A
depicts a scheme of the lines and promoters that were used. Of note,
transgenic embryos were indistinguishable in length and
morphology from their non-transgenic wild-type siblings. At 9 dpf,
we performed Alizarin-Red staining of bone and scored for the
presence of ectopic mineralizations in the notochord sheet.

We found that expression not only from the col2a1a promoter
(Fig. 5B,C) but also solely from blood vessels (Fig. 5B,Cʹʹʹ) and the
floorplate (Fig. 5B,Cʹ) was sufficient to completely prohibit ectopic
mineralizations in the notochord sheet in dgf mutants. Given that the
expression of enpp1 in notochord sheath cells showed substantial
rescue, we were surprised to find that enpp1 expression in
vacuolated notochord cells did not prohibit ectopic mineralization
of the notochord sheath (Fig. 5B,Cʹʹ).

These experiments indicate that enpp1 can act at locations that are
remote from its site of expression; however, it remains to be
established whether a secreted form of the protein or the diffusion
of pyrophosphate are the main contributors to this effect.

Cells that express osteoclastic markers appear at ectopic
mineralization sites in dgf mutants
The ectopic expression of spp1 in the absence of other bone markers
at sites of ectopic mineralization prompted us to address the
possibility that osteoclasts or macrophages are present at those sites.
It has been demonstrated that Spp1 is expressed by osteoclasts

(Merry et al., 1993) and macrophages (Giachelli et al., 1998) and is
of importance in the cellular response to ectopic calcifications
(Steitz et al., 2002).

Staining of Tartrate resistant acid phosphatase (Trap) and the
expression of cathepsinK have previously been shown to be suitable
markers for osteoclasts in teleosts (Witten et al., 2001; Chatani et al.,
2011; To et al., 2012). We therefore made use of Trap staining and a
cathepsinK:YFP reporter line to investigate the presence of osteoclasts
in dgf mutants. Trap-positive cells have only been reported to appear
in zebrafish after 12 dpf (Hammond and Schulte-Merker, 2009). In
dgf mutants, however, we found Trap staining as early as 4 dpf
(Fig. 6A,B). This is the timepoint at which ectopic calcifications first
became detectable in mutants, and Trap staining indeed appeared at
loci that were associated with ectopic calcifications in embryos of this
stage (compare supplementary material Fig. S1K). To establish a
direct connection between ectopic calcifications and osteoclasts, we
made use of the cathepsinK:YFP reporter (which was generated in our
laboratory and is described in Bussmann and Schulte-Merker, 2011).
Using this line, we confirmed that cells expressing cathepsinK
colocalized with ectopic calcification sites in dgf-mutant embryos
(Fig. 6C,D). We could not observe any cells that expressed high levels
of cathepsinK or stained positive for Trap in sibling embryos
(Fig. 6A-D). In contrast to the association of ectopic
mineralizations and osteoclasts, we could hardly  find any Trap-
or cathepsinK-positive cells associated with skeletal elements,
such as the cleithrum (Fig. 6B,D). This indicates that the expression
of spp1 in those loci is not derived from osteoclasts but probably
osteoblasts, which are associated with these skeletal elements
(compare Fig. 2A). To correlate Trap staining and cathepsinK
expression, we combined Trap staining with the subsequent staining
of YFP (using an antibody against green fluorescent protein) in
cathepsinK:YFP-positive embryos. Indeed, we found Trap staining in
close association with a subset of cathepsinK-positive cells (Fig. 6E-
G). The lack of complete congruency of the staining patterns of
cathepsinK:YFP and Trap can probably be attributed to the fact that
YFP is active in the cytosol, whereas Trap accumulates in
secretory compartments of the cell (Ljusberg et al., 2005). From 9
dpf onwards, we also found cathepsinK-positive cells appearing in
association with vertebral elements in dgf mutants but, again, not in
siblings (Fig. 6H,I). Of note, for reasons of comparability, we focused
on observations in the skin of the heart and yolk sac area; we could,
however, also observe soft tissue calcification, which was associated
with cathepsinK-positive cells, in other loci, such as the brain and the

RESEARCH ARTICLE Disease Models & Mechanisms (2014) doi:10.1242/dmm.015693

Fig. 4. Expression of regulators of phosphate and
biomineralization is perturbed in dgf mutants. qPCR analysis
showing the relative gene expression levels of genes involved in
phosphate homeostasis and biomineralization in siblings (sib)
compared with those in dgf mutants, normalized to the
expression of ef2a. *P≤0.05, **P≤0.01. Means±s.e.m. are
shown.
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heart itself (not shown). To further validate that these cells were
osteoclasts, we combined the cathepsinK:YFP line with a reporter line
for the macrophage marker mpeg1 (Ellett et al., 2011) (mpeg1:gal4,
UAS:RFP). We found that cathepsinK-positive cells in dgf mutants
expressed comparable levels of RFP to macrophages, for which we
could not detect any cathepsinK:YFP expression (Fig. 6J). The
presence of this macrophage-associated marker on osteoclasts is
consistent with their origin from cells of the mononuclear phagocyte
lineage. Finally, we tested whether treatment with the inflammatory

inhibitors ibuprofen or sulindac, between day 3 and day 6, would have
an effect on the severity of the ectopic mineralization phenotype;
however, we could not detect any significant results (supplementary
material Fig. S4).

DISCUSSION
Here, we provide analysis of the zebrafish mutant dgf, which shows
ectopic mineralizations in a number of tissues. The dgfhu4581 allele
represents a mutation that leads to an early stop codon within the
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Fig. 5. Distal expression of enpp1 is sufficient to prevent ectopic calcifications in the notochord. (A) Overview of the tissue-specific lines that were used
in the different rescue experiments. (B) Analysis and quantification of dgf embryos and dgf transgenic lines with respect to the notochord phenotype (shown as
percentages of the total number of embryos examined). Sibs, siblings; transg, transgenic line. (C-C‴) Representative examples of non-transgenic dgf embryos
and their transgenic dgf siblings for the respective constructs after Alizarin-Red staining.
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catalytic domain of the Enpp1 protein (Huitema et al., 2012). This
is reflected by a strong reduction of phosphodiesterase activity in the
lysate of dgf mutants. Similarly, mutations in the phosphodiesterase
domain, which have been detected in a number of GACI individuals,
have been shown to cause loss of ENPP1 activity (Rutsch et al.,
2003).

The zebrafish dgf phenotype shows many of the features that have
been described in the clinic as a consequence of ENPP1 mutation in
the human syndromes GACI and PXE (Rutsch et al., 2003; Li et al.,
2012; Nitschke et al., 2012), and that are observed in mouse upon
mutation of Enpp1 (Johnson et al., 2003; Murshed et al., 2005;
Mackenzie et al., 2012b; Li et al., 2013) – most notably, ectopic
calcifications in the skin and cartilaginous elements of embryos, as
well as in the eye and bulbus arteriosus of juvenile to adult fish. The
absence of arterial calcifications in zebrafish embryos can probably
be attributed to the morphological differences in the arteries of
zebrafish embryos when compared with the medium and large
arteries of human and mouse, which have multiple layers of vascular
smooth muscle cells. We did, however, find ectopic calcifications in
the bulbus arteriosus, which is the outflow tract of the heart in
juvenile and adult fish. This structure shows histological similarities

to arteries, including a thick circumferential layer of smooth muscles
(Hu et al., 2001). The intracranial calcifications along the midline
that we observe in zebrafish embryos have, so far, not been reported
in individuals with ENPP1 mutations; however, an individual
suffering from hypophosphatasia due to a KLOTHO mutation has
been diagnosed with calcifications along the midline of the brain
(Ichikawa et al., 2007).

Arterial calcification due to loss of ENPP1 function has been
demonstrated to be associated with the expression of bone and
cartilage markers in Enpp1−/− mice (Johnson et al., 2005). By contrast,
no expression of bone markers has been observed in the calcified
arteries of Mgp knockout mice (Luo et al., 1997). Using transgenic
marker lines, which allow in vivo expression analysis at high
resolution, we could not observe such events in any of the ectopically
mineralized tissues of dgf-mutant embryos. This is in line with
findings by Murshed et al. (Murshed et al., 2005) who postulated that
the presence of fibrillar collagen and the removal or absence of
pyrophosphate are sufficient for the occurrence of calcifications
(Murshed et al., 2005). Indeed, a number of tissues where we
observed ectopic calcifications, such as the skin (Le Guellec et al.,
2004), cartilage elements and the notochord (Fang et al., 2010; Dale
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Fig. 6. Cells expressing osteoclastic markers appear at ectopic mineralization sites in dgf mutants. Staining of Trap in a wild-type sibling (A) and dgf
embryo (B). Trap staining (red) was visible in a dgf embryo at the region of the heart and yolk sac (B, arrowhead). Ventral view of sibling (C) and mutant (D)
embryo with ectopic mineralization in the heart and yolk sac region. (C) No cathepsinK-positive cells were visible in siblings at this timepoint; (D) mutants
showed colocalization of ectopic soft tissue mineralization and cathepsinK-positive cells, but no cathepsinK-positive cells were aligned to skeletal elements,
such as the cleithrum (cl). (E,F) Ventral view of the yolk sac area of embryos that had been stained for Trap and with an antibody against GFP (α GFP).
(F) Trap staining appeared in association with cathepsinK-positive cells. White arrows indicate loci of osteoclasts with high Trap activity. (G) Higher-
magnification image of cathepsinK and Trap colocalization in a dgf mutant. Scale bar: 20μm. The staining of Trap in E-G is pseudo-colored for improved
visibility. In the axial skeleton, cathepsinK-positive cells were not visible in siblings (H); however, in dgf mutants (I), cathepsinK-positive cells appeared from 9
dpf onwards and colocalized with mineralized vertebral bodies. White arrows indicate osteoclasts aligning with vertebral elements. (J) Ventral view of
accumulating cathepsinK-positive cells in the skin of the heart region. These cells also express the macrophage marker mpeg1.
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and Topczewski, 2011; Mitchell et al., 2013), as well as the bulbus
arteriosus (Hu et al., 2001), are known to be rich in fibrillar collagen.
Although we cannot exclude that cellular changes at the level of
matrix vesicles play a role in the mineral nucleation at those loci, it is
probable that the reduced levels of pyrophosphate and the presence of
fibrillar collagen are the main determinants for the induction of
ectopic mineralizations. In conclusion, we believe that the correlation
of ectopic calcifications with the ectopic appearance of bone and/or
cartilage markers might be a common event in the (mammalian)
vasculature, but not necessarily other tissues. In line with these
findings, Murshed et al. have also reported the absence of osteoblast
markers upon the induction of calcification in the dermis of mice
(Murshed et al., 2005).

The ability of the bisphosphonate etidronate to rescue the
notochord mineralization of dgf mutants not only further supports
the notion that loss of pyrophosphate is likely to be the determining
factor for the dgf phenotype but also demonstrates the suitability of
this zebrafish model to screen and evaluate other mineralization
inhibitors, such as other bisphosphonates or thiosulfate.

Human genetic studies linking ENPP1 mutations to increased
FGF23 levels and subsequent hypophosphatemia (Lorenz-Depiereux
et al., 2010) have recently been confirmed in an Enpp1−/− mouse
model (Mackenzie et al., 2012b). In zebrafish, we observed a similar
situation with strong upregulation of fgf23 and downregulation of
npt2a, a transporter responsible for phosphate resorption in the
kidney under the control of fgf23 (Hori et al., 2011). By contrast, we
could not find differential expression of phex1, a regulator of fgf23
(Rowe, 2012).

Although we cannot provide direct proof in the form of serum
phosphate levels, which is a limitation inherent to the zebrafish
model, it is likely that dgf mutants are hypophosphatemic, a notion
that is supported by upregulation of entpd5, which we believe
complements alkaline phosphatase as a local source of phosphate in
the microenvironment of osteoblasts in zebrafish (Huitema et al.,
2012). Upregulation of spp1 in bone elements of dgf zebrafish is
contradictory to observations that have been made in osteoblast
cultures derived from Enpp1 knockout mice, where Spp1 expression
was decreased (Johnson et al., 2003). Conversely, Spp1 has been
reported to be upregulated in spinal hyperostosis of twy mice, which
represent another Enpp1 allele (Aiba et al., 2009). Mechanistically,
the upregulation of spp1 in mutants could derive from the premature
maturation of osteoblasts or a negative feedback response.

Using a UAS and galFF-based approach, we provide evidence
that enpp1 expression is crucial in the vicinity of sites of ectopic
mineralizations, but does not need to be expressed in the affected
tissue directly, as demonstrated by the rescue of ectopic notochord
mineralization by the expression of enpp1 in the floorplate or blood
vessels. It is possible that although enpp1 is widely expressed, it
does not need to be provided locally, but can act across tissue
boundaries because pyrophosphate and/or a secreted form of Enpp1
can act at loci remote from their site of expression. These factors
must be readily diffusible in vivo, which is particularly evident from
the observation that expression from the floorplate, a single line of
cells dorsal to the notochord, is sufficient to completely rescue
ectopic mineralizations of the notochord in embryos at 9 dpf.
Surprisingly, expression from vacuolated notochord cells alone was
not sufficient to rescue the phenotype. This might be explained by
the epithelial nature of notochord sheath cells (Dale and
Topczewski, 2011), which enclose the vacuolated notochord cells
and probably function as a diffusion barrier.

Additionally, we show that early zebrafish embryos do have the
potential to generate cells that express the typical osteoclast markers

Trap and cathepsinK, which are normally only found much later in
development (Hammond and Schulte-Merker, 2009). These cells
colocalize with ectopic mineralizations in dgf embryos and represent
a subpopulation of cells that express the macrophage marker mpeg1,
indicating they are derived from the monocyte-macrophage lineage.
The combination of these features strongly suggests that these cells
represent a type of osteoclast that develops as a response to ectopic
calcifications. In a few other instances, it has been shown previously
that ectopic bone and hydroxyapatite fragments can induce
osteoclast-like multinucleated giant cells (Krukowski and Kahn,
1982). Arterial calcification has previously been associated with the
presence of osteoclasts (Min et al., 2000) and, more recently, Bas
and colleagues have suggested an active process of mineral
resorption that is mediated by CD68+ cells in a rat model for medial
artery calcification (Bas et al., 2006). Furthermore, osteoclast-like
cells have been described to be associated with calcified
atherosclerotic plaques (Jeziorska et al., 1998; Doherty et al., 2002).
Although it is difficult to compare these findings directly, we believe
it will be important to consider the existence of these soft tissue
calcification-associated osteoclasts in humans because they could
have important consequences for the treatment of GACI.
Bisphosphonates, which are currently being used in the treatment of
GACI (Rutsch et al., 2008), might not only prevent further
progression of calcifications but, at the same time, also hinder their
regression because bisphosphonates are widely known for their
capacity to inhibit osteoclast function.

Here, we introduced the dgf zebrafish mutant, which represents a
valuable model for investigating Enpp1 function and ectopic
mineralization, and extend, through the present analysis, our
understanding of Enpp1 function in vivo. dgf mutants show a
number of features that are also found in GACI and PXE individuals
with ENPP1 mutations; most importantly, mineralization in cartilage
elements, skin and the circulatory system. Our data underline the
crucial function of phosphate and pyrophosphate homeostasis in the
regulation of biomineralization across species, and we demonstrate
the potential of Enpp1 to exert its function across tissues. Lastly, we
show that ectopic mineralizations in soft tissue lead to a rapid
osteoclastic cellular response, something which has not been fully
explored in a murine or human setting.

MATERIALS AND METHODS
Zebrafish maintenance
Fish were maintained and raised under standard husbandry conditions
(Brand, 2002) and according to Dutch guidelines for the care and housing
of laboratory animals.

Phosphodiesterase assay
Mutants and siblings (n=10) were sorted based on Alizarin live-staining (see
below) or transgene expression. Embryos were sonicated to a homogenous
suspension in purified water. The protein concentration was measured (by
using a Thermo Scientific Pierce BCA Protein Assay Kit) and diluted to 600
μg/ml. The phosphodiesterase assay was scaled down to a microplate reader
format (Biochrom Asys Expert 96) but essentially performed as described
previously (Hynie et al., 1975). Results are shown for three independent
biological replicates.

Skeletal stainings
Alcian-Blue and Alizarin-Red staining (Walker and Kimmel, 2007) and in
vivo skeletal staining (Spoorendonk et al., 2008) were performed with minor
modifications as previously described.

For sectioning, embryos or juvenile fish were embedded in plastic and
sections at 6 μm were cut on a microtome. van Kossa (Bancroft, 1996b) and
van Gieson staining (Bancroft, 1996a) was performed as described elsewhere.
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Trap staining
Trap staining on zebrafish embryos was performed as described previously
(Witten et al., 1997; Edsall and Franz-Odendaal, 2010). Briefly, embryos
were fixed in 4% paraformaldehyde, washed in H20 and incubated for 2
hours at room temperature in tartrate buffer [0.2 M acetate buffer (pH 5.5)
with 50 mM sodium tartrate dibasic dehydrate]. Embryos were then
incubated in Trap staining solution {6% substrate solution [2 mM
naphthol-AS-TR-phosphate (N6000 Sigma) in N,N-dimethylformamide],
90.89% 0.2 M acetate buffer with 100 mM tartaric acid, 3% hexazotized
pararosaniline (P3750 Sigma) and 0.01% of 0.1 M MgCl2} for 2 hours.

Imaging
In situ hybridization and whole-mount bone staining was imaged on an
Olympus SZX 16 microscope. Sections were imaged on a Zeiss Axioplan
microscope. For laser confocal imaging, embryos were embedded in 0.5%
low-melting-point agarose and, where applicable, anesthetized with 1.5%
Tricaine mesylate. Confocal imaging was performed on a Leica SPE live-
cell imaging confocal microscope using ×10 and ×20 objectives. Images
were analyzed by using Leica LAS AF lite software.

In situ hybridization and immunohistochemistry
In situ hybridization and immunohistochemistry were performed as described
previously (Schulte-Merker, 2002). Templates for in vitro transcription of
enpp1 and spp1 were generated from cDNA. For enpp1, a combination of two
probes was used for improved detection. Primer sequences are shown in
supplementary material Table S1. Antisense digoxygenin-labeled mRNA
probes were generated according to standard protocol (Promega SP6, RNA
polymerase). Digoxygenin was purchased from Roche.

For detection of YFP on embryos that had been stained for Trap, a rabbit
antibody against GFP (1:300, Torrey Pines TP401) and an Alexa-Fluor-488-
conjugated antibody against rabbit IgG were used (1:500, Molecular Probes
A11034). Embryos were fixed in 4% paraformaldehyde and permeabilized
with proteinase K (Promega, 15 μg/ml) for 3 minutes.

Treatment with etidronate
Etidronate (Sigma-Aldrich, P5248) was dissolved in E3 medium (Brand,
2002). Embryos were placed into 100 μM etidronate in E3 medium at 4 dpf.
The control group was placed in fresh E3 medium. At 8 dpf, embryos were
analyzed by skeletal staining, as described above. Embryos were imaged and
the mineralized area in the axial skeleton was measured by using ImageJ.
Box plots summarize the results of three independent biological replicates.
Groups were compared by using Student’s t-test.

qPCR
Siblings were separated from dgf mutants at 7 dpf by using Alizarin live-
staining. RNA was isolated by using the Qiagen RNeasy Kit, and a DNaseI
(Promega) digest was performed on the column. RNA quality was checked
on an agarose gel and measured with a Nanodrop photospectrometer
(Thermo Scientific). Random hexamers were used for reverse transcription
(M-MLV reverse transcriptase, Promega). The Primer 3 program was used
for primer design. The primers spanned at least one intron to avoid
amplification from genomic DNA. Melting temperatures and PCR
efficiency were tested, and qPCR was performed using the Bio-Rad MyIQ
single-color real-time PCR detection system and software. Reactions
contained 12.5 μl Sybr Green (Bio-Rad), 3 μl primer mix (at 1.5 μM), 5 μl
cDNA at 10 ng/μl, and 4.5 μl Millipore water. qPCR program: 3 minutes
at 95°C, 10 seconds at 95°C followed by 45 seconds at the optimal primer
temperature (40 cycles); 1 minute at 95°C and 1 minute at 65°C. cDNA
was analyzed from three pooled clutches of embryos for the siblings and
mutants. ef1a was used as an internal control. Groups were compared by
Student’s t-test.

Treatment with inflammatory inhibitors
Sulindac (Santa Cruz, sc-202823) and ibuprofen (Sigma-Aldrich, I4883)
were dissolved in dimethylsulfoxide. From 3 dpf to 6 dpf, embryos were
raised in E3 medium with DMSO only or E3 medium with either 5 μM
ibuprofen or 10 μM sulindac. These compounds and concentrations have

been shown previously to effectively inhibit inflammation in zebrafish
embryos (d’Alencon et al., 2010).

Transgenic lines
The transgenic lines used are described in brief. Details are available upon
request.

col2a1a:galFF
We recapitulated cloning of the R2 collagen type 2a1a enhancer element and
R3 (−116 bp) promoter region, as described previously (Dale and Topczewski,
2011), and the enhancer element was placed upstream of a galFF element
(Asakawa et al., 2008) in a miniTol2 vector (Balciunas et al., 2006).

shh:galFF
The sonic hedgehog (shh) floorplate-specific promoter construct ar-B has
been described previously (Ertzer et al., 2007), and has been cloned into a
miniTol2 vector (Gordon et al., 2013). A galFF element (Asakawa et al.,
2008) was inserted into this vector.

sagff214a:galFF
sagff214a and its specific expression in vacuolated notochord cells has been
described previously (Yamamoto et al., 2010). The line was kindly provided
by the laboratory of Koichi Kawakami (National Institute of Genetics,
Shizuoka, Japan).

kdrl:galFF
A galFF element was cloned in front of a 7 kb kdrl promoter fragment (Beis
et al., 2005) within a miniTol2 vector.

UAS:enpp1-ires-tagRFP cmlc2-CFP
A cDNA clone of enpp1 was generated by using PCR and then sequenced
and placed downstream of a 5×UAS element within a Tol2 vector, described
previously (Asakawa et al., 2008). An ires-tagRFP element was placed
downstream of enpp1 to enable the assessment of expression levels. Further,
a cmlc2 (Huang et al., 2003) mTurquoise (cyan fluorescent protein) cassette
was included for selection purposes.

cathepsinK:YFP
cathepsinK:YFP was generated previously using a BAC CH73-114M20
(Bussmann and Schulte-Merker, 2011).

osteocalcin:GFP, col2a1a:mCherry, col10a1:YFP, mpeg1:gal4
osteocalcin:GFP (osc:GFP) (Vanoevelen et al., 2011), col2a1aBAC:mcherry
(col2:mCherry) (Mitchell et al., 2013), col10a1BAC:mCitrine (col10:YFP)
(Mitchell et al., 2013), mpeg1:gal4 (Ellett et al., 2011) have been described
elsewhere.

This article is part of a Special Issue, Spotlight on Zebrafish: Translational Impact.
See all the articles in the issue at http://dmm.biologists.org/content/7/7.toc.

Acknowledgements
Members of the S.S.-M. laboratory, past and present, are acknowledged,
particularly E. Mackay, I. Logister, K. Spoorendonk and A. van Impel. We thank the
Hubrecht Imaging Center and Histology unit for expert help; G. Lieschke for the
mpeg1:gal4 line; K. Kawakami for the Sagff214:galFF line; and L. Braccioli and D.
Barcena for comments on the manuscript.

Competing interests
The authors declare no competing financial interests. 

Author contributions
A.A. and S.S.-M. conceived and designed the experiments. A.A. performed the
experiments. L.H., B.P. and J.P.-M. generated essential reagents, contributed to
the acquisition of data and approved the final version of the manuscript. A.A. and
S.S.-M. wrote the paper.

Funding
S.S.-M. acknowledges support from the Smart Mix Programme of the Netherlands
Ministry of Economic Affairs; the European Space Agency; TreatOA (Translational
Research in Europe Applied Technologies for OsteoArthritis, FP7); and the
Netherlands Organisation for Scientific Research [ALW2PJ/11107]. A.A. is a
recipient of a DOC Fellowship (Austrian Academy of Sciences).

RESEARCH ARTICLE Disease Models & Mechanisms (2014) doi:10.1242/dmm.015693

D
is

ea
se

 M
od

el
s 

&
 M

ec
ha

ni
sm

s



Supplementary material
Supplementary material available online at
http://dmm.biologists.org/lookup/suppl/doi:10.1242/dmm.015693/-/DC1

References
Aiba, A., Nakajima, A., Okawa, A., Koda, M. and Yamazaki, M. (2009). Evidence of

enhanced expression of osteopontin in spinal hyperostosis of the twy mouse. Spine
34, 1644-1649. 

Apschner, A., Schulte-Merker, S. and Witten, P. E. (2011). Chapter 10 – Not all
bones are created equal – using zebrafish and other teleost species in osteogenesis
research. In Methods in Cell Biology, Vol. 105 (ed. M. Westerfield, H. William Dietrich
and L. I. Zon). Waltham, MA: Academic Press.

Asakawa, K., Suster, M. L., Mizusawa, K., Nagayoshi, S., Kotani, T., Urasaki, A.,
Kishimoto, Y., Hibi, M. and Kawakami, K. (2008). Genetic dissection of neural
circuits by Tol2 transposon-mediated Gal4 gene and enhancer trapping in zebrafish.
Proc. Natl. Acad. Sci. USA 105, 1255-1260. 

Balciunas, D., Wangensteen, K. J., Wilber, A., Bell, J., Geurts, A., Sivasubbu, S.,
Wang, X., Hackett, P. B., Largaespada, D. A., McIvor, R. S. et al. (2006).
Harnessing a high cargo-capacity transposon for genetic applications in vertebrates.
PLoS Genet. 2, e169. 

Bancroft, J. S. A. (1996a). van Gieson Theory and Practice of Histological
Techniques. pp. 127-188. New York, NY: Churchill Livingstone.

Bancroft, J. S. A. (1996b). von Kossa Theory and Practice of Histological Techniques.
p. 332. New York, NY: Churchill Livingstone.

Bas, A., Lopez, I., Perez, J., Rodriguez, M. and Aguilera-Tejero, E. (2006).
Reversibility of calcitriol-induced medial artery calcification in rats with intact renal
function. J. Bone Miner. Res. 21, 484-490. 

Beis, D., Bartman, T., Jin, S. W., Scott, I. C., D’Amico, L. A., Ober, E. A., Verkade,
H., Frantsve, J., Field, H. A., Wehman, A. et al. (2005). Genetic and cellular
analyses of zebrafish atrioventricular cushion and valve development. Development
132, 4193-4204. 

Bensimon-Brito, A., Cardeira, J., Cancela, M. L., Huysseune, A. and Witten, P. E.
(2012). Distinct patterns of notochord mineralization in zebrafish coincide with the
localization of Osteocalcin isoform 1 during early vertebral centra formation. BMC
Dev. Biol. 12, 28. 

Brand, M. G. M. and Nuesslein-Vollhard, C. (2002). Keeping and raising zebrafish. In
Zebrafish, A Practical Approach (ed. C. Nüsslein-Volhard and R. Dahm), pp. 7-37
New York, NY: Oxford University Press.

Bussmann, J. and Schulte-Merker, S. (2011). Rapid BAC selection for tol2-mediated
transgenesis in zebrafish. Development 138, 4327-4332. 

Chatani, M., Takano, Y. and Kudo, A. (2011). Osteoclasts in bone modeling, as
revealed by in vivo imaging, are essential for organogenesis in fish. Dev. Biol. 360,
96-109.

d’Alençon, C. A., Peña, O. A., Wittmann, C., Gallardo, V. E., Jones, R. A., Loosli,
F., Liebel, U., Grabher, C. and Allende, M. L. (2010). A high-throughput chemically
induced inflammation assay in zebrafish. BMC Biol. 8, 151. 

Dale, R. M. and Topczewski, J. (2011). Identification of an evolutionarily conserved
regulatory element of the zebrafish col2a1a gene. Dev. Biol. 357, 518-531. 

Doherty, T. M., Uzui, H., Fitzpatrick, L. A., Tripathi, P. V., Dunstan, C. R., Asotra, K.
and Rajavashisth, T. B. (2002). Rationale for the role of osteoclast-like cells in
arterial calcification. FASEB J. 16, 577-582. 

Edouard, T., Chabot, G., Miro, J., Buhas, D. C., Nitschke, Y., Lapierre, C., Rutsch,
F. and Alos, N. (2011). Efficacy and safety of 2-year etidronate treatment in a child
with generalized arterial calcification of infancy. Eur. J. Pediatr. 170, 1585-1590. 

Edsall, S. C. and Franz-Odendaal, T. A. (2010). A quick whole-mount staining
protocol for bone deposition and resorption. Zebrafish 7, 275-280. 

Ellett, F., Pase, L., Hayman, J. W., Andrianopoulos, A. and Lieschke, G. J. (2011).
mpeg1 promoter transgenes direct macrophage-lineage expression in zebrafish.
Blood 117, e49-e56. 

Ertzer, R., Müller, F., Hadzhiev, Y., Rathnam, S., Fischer, N., Rastegar, S. and
Strähle, U. (2007). Cooperation of sonic hedgehog enhancers in midline expression.
Dev. Biol. 301, 578-589. 

Fang, M., Adams, J. S., McMahan, B. L., Brown, R. J. and Oxford, J. T. (2010). The
expression patterns of minor fibrillar collagens during development in zebrafish.
Gene Expr. Patterns 10, 315-322. 

Ganesh, S. K., Stack, A. G., Levin, N. W., Hulbert-Shearon, T. and Port, F. K.
(2001). Association of elevated serum PO(4), Ca x PO(4) product, and parathyroid
hormone with cardiac mortality risk in chronic hemodialysis patients. J. Am. Soc.
Nephrol. 12, 2131-2138.

Giachelli, C. M. (1999). Ectopic calcification: gathering hard facts about soft tissue
mineralization. Am. J. Pathol. 154, 671-675. 

Giachelli, C. M. (2008). Ectopic Mineralization: New Concepts in Etiology and
Regulation. Weinheim, Germany: Wiley-VCH Verlag GmbH.

Giachelli, C. M. and Steitz, S. (2000). Osteopontin: a versatile regulator of
inflammation and biomineralization. Matrix Biol. 19, 615-622. 

Giachelli, C. M., Lombardi, D., Johnson, R. J., Murry, C. E. and Almeida, M. (1998).
Evidence for a role of osteopontin in macrophage infiltration in response to
pathological stimuli in vivo. Am. J. Pathol. 152, 353-358.

Goodman, W. G., Goldin, J., Kuizon, B. D., Yoon, C., Gales, B., Sider, D., Wang, Y.,
Chung, J., Emerick, A., Greaser, L. et al. (2000). Coronary-artery calcification in
young adults with end-stage renal disease who are undergoing dialysis. N. Engl. J.
Med. 342, 1478-1483. 

Gordon, K., Schulte, D., Brice, G., Simpson, M. A., Roukens, M. G., van Impel, A.,
Connell, F., Kalidas, K., Jeffery, S., Mortimer, P. S. et al. (2013). Mutation in

vascular endothelial growth factor-C, a ligand for vascular endothelial growth factor
receptor-3, is associated with autosomal dominant milroy-like primary lymphedema.
Circ. Res. 112, 956-960. 

Grotmol, S., Nordvik, K., Kryvi, H. and Totland, G. K. (2005). A segmental pattern of
alkaline phosphatase activity within the notochord coincides with the initial formation
of the vertebral bodies. J. Anat. 206, 427-436. 

Hammond, C. L. and Schulte-Merker, S. (2009). Two populations of endochondral
osteoblasts with differential sensitivity to Hedgehog signalling. Development 136,
3991-4000. 

Hori, M., Shimizu, Y. and Fukumoto, S. (2011). Minireview: fibroblast growth factor 23
in phosphate homeostasis and bone metabolism. Endocrinology 152, 4-10. 

Hu, N., Yost, H. J. and Clark, E. B. (2001). Cardiac morphology and blood pressure in
the adult zebrafish. Anat. Rec. 264, 1-12. 

Huang, C. J., Tu, C. T., Hsiao, C. D., Hsieh, F. J. and Tsai, H. J. (2003). Germ-line
transmission of a myocardium-specific GFP transgene reveals critical regulatory
elements in the cardiac myosin light chain 2 promoter of zebrafish. Dev. Dyn. 228,
30-40. 

Huitema, L. F., Apschner, A., Logister, I., Spoorendonk, K. M., Bussmann, J.,
Hammond, C. L. and Schulte-Merker, S. (2012). Entpd5 is essential for skeletal
mineralization and regulates phosphate homeostasis in zebrafish. Proc. Natl. Acad.
Sci. USA 109, 21372-21377. 

Hynie, I., Meuffels, M. and Poznanski, W. J. (1975). Determination of
phosphodiesterase I activity in human blood serum. Clin. Chem. 21, 1383-1387.

Ichikawa, S., Imel, E. A., Kreiter, M. L., Yu, X., Mackenzie, D. S., Sorenson, A. H.,
Goetz, R., Mohammadi, M., White, K. E. and Econs, M. J. (2007). A homozygous
missense mutation in human KLOTHO causes severe tumoral calcinosis. J. Clin.
Invest. 117, 2684-2691. 

Jansen, R. S., Küçükosmanoglu, A., de Haas, M., Sapthu, S., Otero, J. A.,
Hegman, I. E. M., Bergen, A. A. B., Gorgels, T. G. M. F., Borst, P. and van de
Wetering, K. (2013). ABCC6 prevents ectopic mineralization seen in
pseudoxanthoma elasticum by inducing cellular nucleotide release. Proc. Natl. Acad.
Sci. USA 110, 20206-20211. 

Jeziorska, M., McCollum, C. and Wooley, D. E. (1998). Observations on bone
formation and remodelling in advanced atherosclerotic lesions of human carotid
arteries. Virchows Arch. 433, 559-565. 

Johnson, K., Goding, J., van Etten, D., Sali, A., Hu, S. I., Farley, D., Krug, H.,
Hessle, L., Millán, J. L. and Terkeltaub, R. (2003). Linked deficiencies in
extracellular PP(i) and osteopontin mediate pathologic calcification associated with
defective PC-1 and ANK expression. J. Bone Miner. Res. 18, 994-1004. 

Johnson, K., Polewski, M., van Etten, D. and Terkeltaub, R. (2005).
Chondrogenesis mediated by PPi depletion promotes spontaneous aortic
calcification in NPP1-/- mice. Arterioscler. Thromb. Vasc. Biol. 25, 686-691. 

Kato, K., Nishimasu, H., Okudaira, S., Mihara, E., Ishitani, R., Takagi, J., Aoki, J.
and Nureki, O. (2012). Crystal structure of Enpp1, an extracellular glycoprotein
involved in bone mineralization and insulin signaling. Proc. Natl. Acad. Sci. USA 109,
16876-16881. 

Kirsch, T. (2012). Biomineralization – an active or passive process? Connect. Tissue
Res. 53, 438-445. 

Krukowski, M. and Kahn, A. J. (1982). Inductive specificity of mineralized bone matrix
in ectopic osteoclast differentiation. Calcif. Tissue Int. 34, 474-479. 

Le Guellec, D., Morvan-Dubois, G. and Sire, J. Y. (2004). Skin development in bony
fish with particular emphasis on collagen deposition in the dermis of the zebrafish
(Danio rerio). Int. J. Dev. Biol. 48, 217-231. 

Li, Q., Schumacher, W., Jablonski, D., Siegel, D. and Uitto, J. (2012). Cutaneous
features of pseudoxanthoma elasticum in a patient with generalized arterial
calcification of infancy due to a homozygous missense mutation in the ENPP1 gene.
Br. J. Dermatol. 166, 1107-1111. 

Li, Q., Guo, H., Chou, D. W., Berndt, A., Sundberg, J. P. and Uitto, J. (2013). Mutant
Enpp1asj mice as a model for generalized arterial calcification of infancy. Dis. Model.
Mech. 6, 1227-1235. 

Ljusberg, J., Wang, Y., Lång, P., Norgård, M., Dodds, R., Hultenby, K., Ek-
Rylander, B. and Andersson, G. (2005). Proteolytic excision of a repressive loop
domain in tartrate-resistant acid phosphatase by cathepsin K in osteoclasts. J. Biol.
Chem. 280, 28370-28381. 

Lorenz-Depiereux, B., Schnabel, D., Tiosano, D., Häusler, G. and Strom, T. M.
(2010). Loss-of-function ENPP1 mutations cause both generalized arterial
calcification of infancy and autosomal-recessive hypophosphatemic rickets. Am. J.
Hum. Genet. 86, 267-272. 

Luo, G., Ducy, P., McKee, M. D., Pinero, G. J., Loyer, E., Behringer, R. R. and
Karsenty, G. (1997). Spontaneous calcification of arteries and cartilage in mice
lacking matrix GLA protein. Nature 386, 78-81. 

Mackay, E. W., Apschner, A. and Schulte-Merker, S. (2013). A bone to pick with
zebrafish. Bonekey Rep. 2, 445. 

Mackenzie, N. C., Huesa, C., Rutsch, F. and MacRae, V. E. (2012a). New insights
into NPP1 function: lessons from clinical and animal studies. Bone 51, 961-968. 

Mackenzie, N. C., Zhu, D., Milne, E. M., van ’t Hof, R., Martin, A., Darryl Quarles, L.,
Millán, J. L., Farquharson, C. and MacRae, V. E. (2012b). Altered bone development
and an increase in FGF-23 expression in Enpp1(-/-) mice. PLoS ONE 7, e32177. 

Merry, K., Dodds, R., Littlewood, A. and Gowen, M. (1993). Expression of
osteopontin mRNA by osteoclasts and osteoblasts in modelling adult human bone. J.
Cell Sci. 104, 1013-1020.

Min, H., Morony, S., Sarosi, I., Dunstan, C. R., Capparelli, C., Scully, S., Van, G.,
Kaufman, S., Kostenuik, P. J., Lacey, D. L. et al. (2000). Osteoprotegerin reverses
osteoporosis by inhibiting endosteal osteoclasts and prevents vascular calcification
by blocking a process resembling osteoclastogenesis. J. Exp. Med. 192, 463-474. 

821

RESEARCH ARTICLE Disease Models & Mechanisms (2014) doi:10.1242/dmm.015693

D
is

ea
se

 M
od

el
s 

&
 M

ec
ha

ni
sm

s



822

Mitchell, R. E., Huitema, L. F., Skinner, R. E., Brunt, L. H., Severn, C., Schulte-
Merker, S. and Hammond, C. L. (2013). New tools for studying osteoarthritis
genetics in zebrafish. Osteoarthritis Cartilage 21, 269-278. 

Murshed, M., Harmey, D., Millán, J. L., McKee, M. D. and Karsenty, G. (2005).
Unique coexpression in osteoblasts of broadly expressed genes accounts for the
spatial restriction of ECM mineralization to bone. Genes Dev. 19, 1093-1104. 

Neven, E., Dauwe, S., De Broe, M. E., D’Haese, P. C. and Persy, V. (2007).
Endochondral bone formation is involved in media calcification in rats and in men.
Kidney Int. 72, 574-581. 

Nitschke, Y., Baujat, G., Botschen, U., Wittkampf, T., du Moulin, M., Stella, J., Le
Merrer, M., Guest, G., Lambot, K., Tazarourte-Pinturier, M. F. et al. (2012).
Generalized arterial calcification of infancy and pseudoxanthoma elasticum can be
caused by mutations in either ENPP1 or ABCC6. Am. J. Hum. Genet. 90, 25-39. 

Rowe, P. S. (2012). The chicken or the egg: PHEX, FGF23 and SIBLINGs
unscrambled. Cell Biochem. Funct. 30, 355-375. 

Rutsch, F., Ruf, N., Vaingankar, S., Toliat, M. R., Suk, A., Höhne, W., Schauer, G.,
Lehmann, M., Roscioli, T., Schnabel, D. et al. (2003). Mutations in ENPP1 are
associated with ‘idiopathic’ infantile arterial calcification. Nat. Genet. 34, 379-381. 

Rutsch, F., Böyer, P., Nitschke, Y., Ruf, N., Lorenz-Depierieux, B., Wittkampf, T.,
Weissen-Plenz, G., Fischer, R. J., Mughal, Z., Gregory, J. W. et al.; GACI Study
Group (2008). Hypophosphatemia, hyperphosphaturia, and bisphosphonate
treatment are associated with survival beyond infancy in generalized arterial
calcification of infancy. Circ Cardiovasc Genet 1, 133-140. 

Schulte-Merker, S. (2002). Looking at embryos. In Zebrafish, A Practical Approach
(ed. C. Nüsslein-Volhard and R. Dahm), pp. 41-43. New York, NY: Oxford University
Press.

Sodek, J., Ganss, B. and McKee, M. D. (2000). Osteopontin. Crit. Rev. Oral Biol.
Med. 11, 279-303. 

Spoorendonk, K. M., Hammond, C. L., Huitema, L. F. A., Vanoevelen, J. and
Schulte-Merker, S. (2010). Zebrafish as a unique model system in bone research:
the power of genetics and in vivo imaging. J. Applied Ichthyology 26, 219-224. 

Spoorendonk, K. M., Peterson-Maduro, J., Renn, J., Trowe, T., Kranenbarg, S.,
Winkler, C. and Schulte-Merker, S. (2008). Retinoic acid and Cyp26b1 are 
critical regulators of osteogenesis in the axial skeleton. Development 135, 3765-
3774. 

Steitz, S. A., Speer, M. Y., McKee, M. D., Liaw, L., Almeida, M., Yang, H. and
Giachelli, C. M. (2002). Osteopontin inhibits mineral deposition and promotes
regression of ectopic calcification. Am. J. Pathol. 161, 2035-2046. 

Terkeltaub, R. A. (2001). Inorganic pyrophosphate generation and disposition in
pathophysiology. Am. J. Physiol. 281, C1-C11.

To, T. T., Witten, P. E., Renn, J., Bhattacharya, D., Huysseune, A. and Winkler, C.
(2012). Rankl-induced osteoclastogenesis leads to loss of mineralization in a
medaka osteoporosis model. Development 139, 141-150. 

Vanoevelen, J., Janssens, A., Huitema, L. F., Hammond, C. L., Metz, J. R., Flik, G.,
Voets, T. and Schulte-Merker, S. (2011). Trpv5/6 is vital for epithelial calcium
uptake and bone formation. FASEB J. 25, 3197-3207. 

Walker, M. B. and Kimmel, C. B. (2007). A two-color acid-free cartilage and bone
stain for zebrafish larvae. Biotech. Histochem. 82, 23-28. 

Wang, S., Kryvi, H., Grotmol, S., Wargelius, A., Krossøy, C., Epple, M., Neues, F.,
Furmanek, T. and Totland, G. K. (2013). Mineralization of the vertebral bodies in
Atlantic salmon (Salmo salar L.) is initiated segmentally in the form of hydroxyapatite
crystal accretions in the notochord sheath. J. Anat. 223, 159-170. 

Witten, P. E., Bendahmane, M. and Abou-Haila, A. (1997). Enzyme histochemical
characteristics of osteoblasts and mononucleated osteoclasts in a teleost fish with
acellular bone (Oreochromis niloticus, Cichlidae). Cell Tissue Res. 287, 591-599. 

Witten, P. E., Hansen, A. and Hall, B. K. (2001). Features of mono- and multinucleated
bone resorbing cells of the zebrafish Danio rerio and their contribution to skeletal
development, remodeling, and growth. J. Morphol. 250, 197-207. 

Yamamoto, M., Morita, R., Mizoguchi, T., Matsuo, H., Isoda, M., Ishitani, T.,
Chitnis, A. B., Matsumoto, K., Crump, J. G., Hozumi, K. et al. (2010). Mib-Jag1-
Notch signalling regulates patterning and structural roles of the notochord by
controlling cell-fate decisions. Development 137, 2527-2537. 

RESEARCH ARTICLE Disease Models & Mechanisms (2014) doi:10.1242/dmm.015693

D
is

ea
se

 M
od

el
s 

&
 M

ec
ha

ni
sm

s



Supplemental Fig. 1. Van kossa/van Gieson staining shows segmented mineralization of the notochord sheath in siblings (A), in dgf 
mutants show ectopic calcification of the intervertebral spaces (B). Transverse section through the neuraltube of sibling (C) and mutant 
with ectopic calcification (D). Alizarin red/Alcian blue stained cleithrum and pectoral fin cartilage of siblings (E) and dgf mutant (D) 
showing ectopic calcification. Overview of Alizarin red/Alcian blue stained sibling (G) and mutant (H). The black arrowheads indicate 
cranial calcifications, the red arrowheads point at mineralizations of the skin surrounding the yolk sac and heart (H). dgf mutants can 
reach adulthood in rare cases but remain smaller (I). Transverse section of alizarin stained juvenile embryos at the bulbus arteriosos (b. 
a.), no mineralization is visible in silbing (J), circumferential calcification in the dgf mutant (K).
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Supplemental Fig. 2. Lateral (A) and ventral (B) view of in-situ hybridisation showing the expression pattern of enpp1 at 4 dpf. Note: 
expression in bone elements such as cleithrum (cl) (A) and the opercle (op) (B, box in A).
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Supplemental Fig. 3. Phosphodiesterase activity is elevated in uas:enpp1, collagen2a1a:galFF embryos.

Disease Models & Mechanisms | Supplementary Material



Supplemental Fig. 4. Quantification of skin mineralizations in dgf mutants upon treatment with inflammatory inhibitors. Num-
bers summarize 4 biological replicates. No significance difference between the groups could be detected using a 3x3 Chi-squared test 
at α=0,05.
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0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

Supplementary table 1. Primers used in in situ hybridization and qPCR analyses 

Gene Forward (3ʹ-5ʹ) Reverse (3ʹ-5ʹ) 

entpd5 (qPCR) ATATGCCTGAAAAGGGTGGA TACTTCTTTGACCTCATTCAGCAG 

fgf23 (qPCR) CGGGGCTCATACAGTGTAATC TCCAACAGTTTGTGGTGGAA 

spp1 (qPCR) TGTGAAGCGCTCAGCAAG CATCTGCCTCCTCAGTGTCA 

npt2a (qPCR) CAACACAGATTTCCCGTATCC GCGGGCAGCTTCTCTTTG 

ef1a (qPCR) CTTCTCAGGCTGACTGTGC CCGCTAGCATTACCCTCC 

phex (qPCR) CCGTCATCACGGTATCACAA TCTGAGCCATGGGTAAATCC 

phospho1 (qPCR) TGAAAACAGGAGCAGCTGTAAA GGGGCTGGAGATCTGCTT 

spp1 (ish) GGACCAGGCAGCTACAGAAG CACTGCCGTCTGTCGTCTAA 

enpp1-1 (ish) AAGAAGCGGCACTTTTAGCA ACCAGAAGGGGCAGAAAAAC 

enpp1-2 (ish) ACCTACTGGGCACAGGACAG CACAGTCCTCTTGAAGCCAAC 

qPCR, quantitative PCR; ish, in situ hybridization. 
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