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Retinoic acid-induced premature osteoblast-to-preosteocyte
transitioning has multiple effects on calvarial development

Shirine Jeradi' and Matthias Hammerschmidt?-23*

ABSTRACT

We have previously shown that, in human and zebrafish, hypomorphic
mutations of the gene encoding the retinoic acid (RA)-metabolizing
enzyme Cyp26b1 result in coronal craniosynostosis, caused by
an RA-induced premature transitioning of suture osteoblasts to
preosteocytes, inducing ectopic mineralization of the suture’s
osteoid matrix. In addition, we showed that human CYP26B1 null
patients have more severe and seemingly opposite skull defects,
characterized by smaller and fragmented calvaria, but the cellular
basis of these defects remained largely unclear. Here, by treating
juvenile zebrafish with exogenous RA or a chemical Cyp26 inhibitor in
the presence or absence of osteogenic cells or bone-resorbing
osteoclasts, we demonstrate that both reduced calvarial size and
calvarial fragmentation are also caused by RA-induced premature
osteoblast-to-preosteocyte transitioning. During calvarial growth, the
resulting osteoblast deprival leads to decreased osteoid production
and thereby smaller and thinner calvaria, whereas calvarial
fragmentation is caused by increased osteoclast stimulation through
the gained preosteocytes. Together, our data demonstrate that RA-
induced osteoblast-to-preosteocyte transitioning has multiple effects
on developing bone in Cyp26b1 mutants, ranging from gain to loss of
bone, depending on the allelic strength, the developmental stage and
the cellular context.

KEY WORDS: Bone development, Diversity, Retinoic acid, Zebrafish

INTRODUCTION
Retinoic acid (RA) is the active metabolite of vitamin A (retinol)
and has multiple roles during development (Rhinn and Dolle, 2012;
Samarut et al., 2014). It is synthesized from retinol in two successive
oxidation steps catalyzed by alcohol dehydrogenases (ADHs)
and (rate-limiting) retinaldehyde dehydrogenases (RALDHs),
respectively. In target cells, RA binds to its nuclear retinoic acid
(RAR)/retinoid X (RXR) receptors to participate in the
transcriptional regulation of target genes. RA inactivation is
promoted by Cyp26 enzymes (Cyp26al, Cyp26bl and Cyp26¢l),
members of the cytochrome P450 family of monooxygenases that
oxidize RA to its biologically inactive 4-hydroxy- and 4-oxo-
metabolites. This concerted action of RALDHs and Cyp26 enzymes
assures differential RA distribution in vivo.

Exposure to RA during ontogeny has severe teratogenic effects
on bone development (Lammer et al., 1985; Soprano and Soprano,
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1995). Also, in adult animals and humans, an excess of retinoids or
hypervitaminosis A can reduce bone mineral density and cause an
increased risk of spontaneous fractures (Conaway et al., 2013).
Numerous studies have aimed to understand the cellular basis of
these phenomena by investigating the effect of RA on bone-forming
osteoblasts, derivatives of mesenchymal stem cells that can further
differentiate to osteocytes (Dallas and Bonewald, 2010; Franz-
Odendaal et al., 2006), and on bone-resorbing osteoclasts, derivates
of the myeloid cell lineage most closely related to macrophages.

However, the current available data provide a very conflicting
view on the role of RA during bone development and remodeling
(Conaway et al., 2013). In fact, in vitro studies have provided
evidence for both inhibitory and stimulatory effects of RA on both
osteoclast (Balkan et al., 2011; Chiba et al., 1996) and osteoblast
(Cohen-Tanugi and Forest, 1998; Iba et al., 2001; Skillington et al.,
2002; Song et al., 2005) differentiation, depending on the culture
conditions and the cell lines used.

In vivo, where osteogenic cells and osteoclasts co-exist, contrary
effects observed in cell cultures could nevertheless have a net impact
on bone development when one of them is dominant. In addition,
both cell types directly communicate with each other (Kobayashi
et al., 2009; Matsuo and Irie, 2008; Sims and Martin, 2014; Zhao
et al.,, 2006), opening the possibility of additional RA-induced
indirect effects of one cell type on the other. Therefore, to dissect
the relevant cellular targets and mechanisms underlying the RA-
induced bone defects in vivo, it would be desirable to compare the
defects in individuals containing both or lacking either of the two
cell types. Here, we used such an approach to elucidate the cellular
and molecular basis of the bone defects caused by compromised
activity of the RA-catabolizing enzyme Cyp26b1.

Human patients with a partial or complete loss of CYP26B1
function display severe defects in the calvarial plates of the skull
roof, including a premature fusion of the coronal sutures
(craniosynostosis) between the frontal and parietal plates in the
hypomorphs, and calvarial hypoplasia, intercalvarial patencies and
calvarial fragmentation in the amorph (Laue et al., 2011). Further
studies with zebrafish c¢yp26b1 hypomorphic mutants led to the
elaboration of a model, proposing that excess of RA induces a
premature transition of osteoblasts to preosteocytes within the
coronal suture. Whereas osteoblasts ensure bone matrix (osteoid)
production, preosteocytes stimulate its mineralization (Dallas and
Bonewald, 2010; Franz-Odendaal et al., 2006). Accordingly, the
premature accumulation of preosteocytes within the suture of the
hypomorphs leads to ectopic mineralization of the sutural matrix,
hence the seeming hyperossification (Laue et al., 2011). However, it
remains unclear to what extent this mechanism might also
contribute to the calvarial hypoplasia and fragmentation displayed
by the human CYP26B1 amorph.

Comparing juvenile wild-type zebrafish with mutants lacking
osteoclasts and with transgenics after osteoblast ablation, we show
that for both phenotypic traits, osteoblasts are the prime targets of
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increased RA signaling, to which they respond by premature
differentiation to preosteocytes. However, it is the resulting loss of
osteoblasts that causes calvarial hypoplasia, whereas calvarial
fragmentation is due to enhanced activation of osteoclasts by the
gained preosteocytes, which as in mouse (Nakashima et al., 2011;
Xiong et al., 2011) are much more potent osteoclast stimulators than
are osteoblasts. Together, this demonstrates how one and the same
primary cellular effect of RA can cause a plethora of different and
contrary defects during bone development, providing a common
mechanism underlying the complex phenotype caused by Cyp26bl
deficiency in fish and humans.

RESULTS

Exposure to exogenous RA or Cyp26 inhibitor leads to
reduced horizontal and vertical growth of calvaria

At birth, the human brain is already almost completely covered by
bony calvarial plates (Sadler and Langman, 2010). In zebrafish, by
contrast, calvarial development only starts at ~3 weeks of age
(standard length=7 mm/SL7), which by most other criteria
corresponds to much later/postnatal stages in mammals (Parichy
et al., 2009). At SL8, calvaria can be seen at anterior, posterior and
lateral sides of the head from where they grow toward its vertex
(Fig. 1A). At SL10-11 (=4 weeks), the two frontal plates have met
in the midline, and the interfrontal suture has been formed (Fig. 1B).

A o

DMSO, 7dpt 1M RA, 7dpt

DMSO, 7dpt 1uM RA, 7dpt

The coronal sutures between the frontal and parietal plates start to
form at SL12-13 (~6 weeks), but, at this stage, no sagittal suture has
formed yet, with a wide gap between the two parietal plates
(Fig. 1C).

Owing to this relatively late calvarial development, zebrafish
cyp26b1 null mutants (dolphin), which die at ~10 days of age (Laue
et al., 2008; Spoorendonk et al., 2008), could not be used as an
animal model to study the skull defects of human CYP26BI
amorphs. Instead, we treated juvenile wild-type zebrafish with RA
or the Cyp26 inhibitor R115866 (rambazole) to simulate the
elevated endogenous RA levels caused by Cyp26bl deficiency. To
address the calvarial hypoplasia phenotype, SL8 fish were exposed
to the drugs for 7 days, and mineralized bone that was newly formed
during that time was assessed by consecutive in vivo labeling
directly before (with Alizarin Red) and after (with calcein) the
treatments (Fig. 1D-F). At 7 days post treatment (dpt), both RA- and
R115866-treated fish displayed a significant reduction of newly
formed, green-only (calcein labeled) bone at the calvarial
osteogenic fronts compared with their DMSO controls (Fig. 11).
Moreover, sections at comparable levels revealed that calvaria of
RA-treated fish were significantly thinner (Fig. 1G,H.,J). Together,
these data indicate that RA has a negative, and Cyp26 a positive,
effect on both the horizontal and the vertical growth of calvarial
plates.

Fig. 1. Treatment with RA or the Cyp26 inhibitor
R115866 leads to impaired horizontal and vertical
growth of calvaria. (A-C) Alizarin Red (AR) staining of
calvarial pates of untreated juvenile wild-type zebrafish
at the indicated standard length (SL); dorsal view of
head; anterior to the right. For details, see text.

(D-F) Magnified dorsal view of central head region of
SL8-9 fish treated with DMSO (D), RA (E) or R115866
(rambazole; F) for 7 days, after consecutive in vivo AR
staining (red) before and calcein staining (green) after
the treatment. The width of the green-only region is
indicated by double-headed arrows. Arrowheads in
D,E mark the position of the virtual transverse
projections shown in Fig. S1A,B; asterisks in E,F mark
diffuse and weak green staining in patent regions of the
RA- and R115866-treated fish, but not in the control,
most likely representing ectopic ossification of
col1a2-encoded collagen in the overlying dermis

(Le Guellec et al., 2004; see Fig. S1 and Discussion).
(G,H) Transverse sections through frontal plate of
SL8-9 fish treated with DMSO (G) or RA (H), in vivo
stained with AR before and with DAPI after the
treatment. Positions of osteogenic fronts before the
treatment are indicated by regular arrows (revealed by
the border of the AR-positive stripes); thicknesses of
the frontal plates are indicated by double-headed
arrows. Note the preferential vertical growth at the
inner surface of the calvaria (larger distance between
AR-positive stripe of ‘old’ bone and ventral surface of
calvaria). (I,J) Quantification of reduced horizontal and
vertical growth, expressed as percentage of added
area (I) or width (J) of DMSO-treated controls. DMSO:

whkn n=7; RA: n=6; rambazol: n=4). Mean valuests.d. are

shown. ****P<0.0001. cs, coronal suture; fp, frontal
plate; ifs, interfrontal suture; of, osteogenic front; pp,

parietal plate; ss, sagittal suture.

I Added area at osteogenic front J Calvarial thickness (vertical growth)
120% (horizontal growth)
e e 120%
100% 100%
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cyp26b1 is expressed in bone-lining cells, and the RALDH
gene aldh1a2 in meningeal cells underneath the calvaria

To investigate whether cyp26b1 and RALDH genes are expressed in a
pattern consistent with the calvarial growth impairment caused by the
interference with Cyp26 activity, we carried out in situ hybridization
onuntreated fish (Figs S2, S3). cyp26b 1 was expressed in bone-lining
cells, consistent with its formerly reported expression in osteogenic
cells during larval stages (Laue et al., 2008; Spoorendonk et al.,
2008). However, whereas at the osteogenic fronts, cyp26bl
expression was sparse and confined to only a few cells both at the
inner and outer side of the calvaria (Fig. S2A,C), its expression
pattern in more central parts of the plates was more homogeneous, but
largely restricted to the outer surface of the plates (Fig. S2B,D). Ofthe
three RALDH genes (aldhla2, aldhla3, aldh8al; Begemann et al.,
2001; Liang et al., 2008; Pittlik et al., 2008), only aldhla2 showed
detectable skull expression, which was largely restricted to regions
underneath the calvaria (Fig. S3A,B; data not shown), in line with the
preferential addition of new material to the inner calvarial surface
during vertical growth (Fig. 1G,H). Further analyses of aldhla2:
aldhla2-GFP transgenic fish (Pittlik and Begemann, 2012) with the
osteogenic marker Zns5 (Fig. S3C-G) revealed that the aldhla2-
positive cells are positioned within the meninges, consistent with
results obtained in the mouse (Siegenthaler et al., 2009). In addition,
meningeal aldhla2 expression levels were highest in regions close to
the osteogenic fronts, but lower in regions underlying more central
parts of the calvaria, where plates were already thicker (Fig. S3C-G).
In conclusion, both cyp26b! and aldhla2 displayed differential
expression in their respective cell types, with meningeal
aldhla? expression correlating with ongoing, and osteogenic
cyp26b1 expression with ceased or reduced bone growth.

RA treatment leads to premature osteoblast-to-preosteocyte
transitioning at calvarial osteogenic fronts

To assess whether the observed reduction of calvarial growth upon
interference with Cyp26 function reflects a decreased activity of
osteoblasts, we further analyzed the numbers as well as the
differentiation and activity status of osteogenic cells at the
osteogenic fronts of DMSO- and RA-treated fish. Performing a
series of double stainings, we found that the osx:NTR-mCherry
transgene, using the promoter of the osterix gene (osx; also called
sp7), labels osteogenic cells of all differentiation stages from
osteoblast progenitors to osteocytes (Fig. S4). Accordingly, osx:
NTRmCherry fluorescence, as well as Zns5 immunofluorescence,
revealed unaltered numbers of osteogenic cells at the osteogenic
fronts of RA-treated fish (Fig. 2A-E). However, particularly at the
tip of the calvaria, osteogenic cells had changed their shape, which
was roundish and globular in the DMSO controls, but flat and
elongated after the RA treatment (Fig. 2A,B), similar to the changes
formerly observed for osteogenic cells around the coronal sutures of
zebrafish cyp26b1 hypomorphs (Laue et al., 2011).

Moreover, genes encoding collagenous components of the osteoid
matrix, such as collal (Fig. 2F,G) and col10a (Fig. 2H,I), which in
control fish were expressed in bone-lining osteoblasts at the inner
and outer calvarial surfaces, were downregulated or silenced upon
RA treatment. Similar reductions were observed for the osteoblast
marker Osteocalcin, also called Bone gamma-carboxyglutamate
(gla) protein (Bglap), as assessed in the transgenic line bglap:GFP
(Vanoevelen et al., 2011) (Fig. 2J,K), and as confirmed by qRT-
PCR analyses of isolated calvaria (Fig. 2P).

By contrast, spp! (Laue et al., 2008) and phex (Laue et al., 2011)
expression was upregulated both in the qRT-PCR analyses (Fig. 2P),
and in in situ hybridizations (Fig. 2L-O). Whereas the phosphate-

regulating endopeptidase homolog phex has been reported to be
expressed by mammalian pre-osteocytic cells, regulating phosphate
homeostasis during bone matrix mineralization (Dallas and Bonewald,
2010; Franz-Odendaal et al., 2006), spp I (secreted phosphoprotein 1)
encodes a bone matrix component also known as Osteopontin (Opn),
which has been reported as a product of osteoblasts (Laue et al., 2008;
Weinreb et al., 1990). However, performing spp1/phex double in situ
hybridization, we found them to be co-expressed at the osteogenic
fronts of RA-treated calvaria (Fig. 2Q,R), indicating that spp ] is rather
a marker for preosteocytes (see Discussion).

In summary, these results show that upon RA treatment, osteoblasts
at the osteogenic front undergo premature transition to preosteocytes,
compromising their capability to produce osteoid matrix, and that
genes involved in matrix mineralization are upregulated.

Exposure to exogenous RA or Cyp26 inhibitor leads to
calvarial fragmentation
In addition to reduced calvarial growth, juvenile zebrafish exposed
to RA or the Cyp26 inhibitor R115866 displayed calvarial
fragmentation (Fig. 3). Fragmentation was most prominent in
regions above the cartilaginous epiphyseal bar (Kague et al., 2012)
(Fig. S5A-D), which had been Alizarin Red-positive prior to
the treatment, indicating an active loss of mineralized matrix
(Fig. 3A-C). When calcein staining was performed after the RA
treatment, the regions around the holes appeared more strongly
stained than newly formed ossified bone at the osteogenic fronts
(Fig. 3D,E), pointing to a higher degree of calcification.
Consistent with the loss of formerly present bony material, the
Alizarin Red-negative calvarial holes of RA-treated samples
displayed strong tartrate-resistant acid phosphate (TRAP) activity
and strong expression of the TRAP-encoding gene acpSa, both
indicators of active bone-resorbing osteoclasts that were virtually
absent in the corresponding regions of control fish (Fig. 3F-M).
Ectopic, although slightly weaker, TRAP activity in the same region
was also observed upon R115866 treatment of wild-type fish
(Fig. 3N,0) and in sst”~ mutants (Fig. 3P,Q), which display a
partial loss of Cyp26b1 activity (Laue et al., 2011) and a significant
thinning, rather than a complete resorption, of calvarial plates above
the epiphyseal bar (Fig. SSE,F). Increased osteoclastic activity upon
RA treatment was further confirmed by qRT-PCR analysis,
revealing a significant upregulation of the osteoclast marker genes
acpSa (encoding TRAP), ctsk (encoding the protease Cathepsin K)
and rank (encoding the RANKL receptor; see below) (Fig. 3R).
Together, these data indicate that both exogenous RA application as
well as inhibition of endogenous RA inactivation leads to ectopic,
but spatially confined, osteoclast activation, which temporally and
spatially coincides with calvarial fragmentation.

Both osteoclasts and osteogenic cells are required for RA-
induced calvarial fragmentation
To assess further whether osteoclasts are required for RA-induced
calvarial fragmentation, pfeffer (pfé) mutant fish in the receptor
tyrosine kinase colony stimulating factor 1 receptor a (csflra) gene,
also named c-fins (Maderspacher and Niisslein-Volhard, 2003), which
have been reported to lack osteoclasts (Chatani et al., 2011), were
treated with RA. Upon RA treatment, pfe mutants, in contrast to wild-
type fish, lacked ectopic TRAP-positive areas above the epiphyseal
bar (Fig. 4C-F) and displayed continuous and unfragmented frontal
plates (Fig. 4A,B), demonstrating the requirement of osteoclasts for
RA-induced calvarial fragmentation.

During normal bone remodeling, osteoclasts are under the control
of osteogenic cells (osteoblasts and osteocytes), which can stimulate
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Fig. 2. RA induces premature osteoblast-to-preosteocyte transitioning at osteogenic fronts. (A-D,F-R) Transverse sections through the osteogenic front
region of a frontal calvarial plate of SL8-9 wild-type fish treated as indicated. (A,B) The number of osx-expressing cells assessed in tg(osx:NTR-mCherry) is
unaltered upon RA treatment. However, at the osteogenic front, cells lose their globular shape (see insets for magnification). (C,D) Immunofluorescence with Zns5
antibody, counterstained with DAPI, reveals unaltered numbers and distributions of osteogenic cells upon RA treatment. (E) Quantification of osx- and Zns5-
positive cells in corresponding regions at the osteogenic front. DMSO: n=8; RA: n=10. Mean valuests.d. are shown. (F-I) In situ hybridizations, revealing
strongly impaired expression of the collagen genes col1a7 (F,G) and col10a7 (H,l) in bone-lining cells of RA-treated fish. In F,G, H,O, treatment had been omitted,
leaving the melanocytes (mc) of the meninges (Goldgeier et al., 1984) visible as black cells. (J,K) Expression of bglap as assessed in tg(bglap:GFP) is
downregulated in the RA-treated samples. In K, the borders of the calvarial plate are outlined. (L-O) /n situ hybridizations, revealing increased expression of spp 1
(L,M) and the preosteocyte marker phex (N,O) in bone-lining cells of the RA-treated fish. (P) gRT-PCR analyses of isolated calvaria: the RA-treated sample
displays a highly significant downregulation of the osteoblast markers bglap and col710a1, and a highly significant upregulation of the preosteocyte markers phex
and spp1, whereas ankha and ankhb, other mammalian osteocyte markers (Franz-Odendaal et al., 2006; Laue et al., 2011), were not increased or only
moderately increased. (Q,R) Double fluorescence in situ hybridization revealing coexpression of spp7 (red; single channel in Q) and phex (green; merged image

in R; counterstained with DAPI in white) in bone-lining cells of RA-treated fish. **P<0.01, ***P<0.001, ****P<0.0001, ns, not significant.

the recruitment and/or activation of osteoclasts. One crucial
stimulant produced by osteogenic cells is RANKL (Tnfsfll —
Zebrafish Information Network), a secreted or cell surface-tethered
cytokine that binds to RANK receptors (Tnfrsf1b — ZFIN) at the cell
surface of the osteoclasts (Kobayashi et al., 2009; Matsuo and Irie,
2008). In addition, preosteocytes also produce Sppl (see above), a
component of the bone matrix that can serve as a ligand for specific
integrin receptors at the cell surface of osteoclasts, thereby
promoting ruffled border formation and bone resorption (Reinholt
et al., 1990; Teitelbaum, 2000, 2011).
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To assess whether osteoclast-mediated skull fragmentation requires
osteoclast stimulation by osteogenic cells, the effect of RA was
assessed in the absence of the latter, using transgenic
osx:NTRmCherry fish in which osx-positive osteogenic cells of
all differentiation stages (Fig. S4) were ablated in a temporally
controlled manner by application of the prodrug and nitroreductase
(NTR) substrate metronidazole (MTZ) (Singh et al., 2012) prior to and
during the entire RA/DMSO treatment. In parallel, fish were treated
with DMSO or RA only as a control for the efficiency of the RA
treatment. After MTZ treatment in combination with DMSO, very few
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Fig. 3. Treatment with RA or the Cyp26 inhibitor
R115866 leads to calvarial bone fragmentation and
ectopic osteoclast activation. (A-C) AR staining of SL9-10
fish before treatment (A) and after 7 days of treatment with
RA (B) or R115866 (Ramb; C); dorsal view of head region.
White arrows point to similar areas at the level of the
epiphyseal bar (compare with Fig. S5B), which is continuous
before (A), but fragmented after (B,C) the treatment.

(D,E) Consecutive in vivo AR staining directly before, and
calcein (green) staining after the treatment. The newly
synthesized matrix (green) at the sites of fragmentation in
the RA-treated fish shows signs of hypermineralization

(E; more intense green), in comparison with the newly
synthesized matrix at the osteogenic front (of) of the
DMSO-treated control (D). (F-) /n vivo AR staining (F,G),
followed by enzymatic TRAP staining (H,l); epiphyseal bar
region, anterior to the top. Ectopic TRAP is exclusively
present in fragmented areas of RA-treated sample (G,I).
(J-Q) Transverse sections through epiphyseal bar region
showing in situ hybridization for mMRNA of the TRAP-
encoding gene acp5a (J,K) or enzymatic TRAP staining
(L-Q). (J-M) RA-treated fish display ectopic acp5a
expression and TRAP activity. (N-Q) Increased TRAP
activity is displayed in corresponding regions of fish treated
with the Cyp26 inhibitor R115866 (Ramb; O) and in an sst
mutant, homozygous for a hypomorphic cyp26b1 mutation
(Q). At this level, the calvarial plate of the sst mutant is much
thinner than in the wild-type sibling (see Fig. S5E,F for
magnifications). (R) gRT-PCR analysis of isolated calvarial

1uM RA, 7dpt

plates: the expression of marker genes of active osteoclasts

eI

(acpba, ctsk and rank) is significantly upregulated in
RA-treated samples compared with DMSO controls.

ek ***P<0.001, ****P<0.0001.

FEE

acpba ctsk

(<5%) mCherry-positive cells were detectable (Fig. S6A). In addition,
the expression levels of the osteoblast markers bglap, collal and
coll0al were several-fold reduced in qRT-PCR analyses (Fig. S6B)
and collal expression was undetectable by in sifu hybridization
(Fig. S6C,D). Furthermore, calvarial growth ceased completely (Fig.
S6E,F). Together, these data indicate that osteogenic (osx-positive)
cells had been efficiently ablated. However, this treatment did not lead
to skull fragmentation (Fig. 41), confirming that the fragmentizing
effect of RA on wild-type fish (Fig. 4H) is not due to an inhibition of
de novo bone formation. Moreover, when combined with osteogenic
cell ablation, RA treatment failed to cause calvarial fragmentation
(Fig. 4J), and the osteoblast and preosteocyte markers such as bglap
and phex showed the expected unresponsiveness to RA in qRT-PCR
analyses (Fig. 4K). In addition, the osteoclast stimulants RANKL and
Spp1, which were significantly induced upon RA treatment of wild-
type fish, were unresponsive or showed a much weaker response to
RA when osteogenic cells were absent (Fig. 4K). Together, this
indicates that osteogenic cells are required for RA-induced and
osteoclast-dependent bone resorption and calvarial fragmentation, and
suggests that it might be RA stimulation of osteogenic cells that
initiates osteoclastic bone resportion.

RA treatment leads to premature osteoblast-to-preosteocyte
transitioning at sites of calvarial fragmentation

To study more directly whether, similarly to the RA effect on
osteogenic cells at the osteogenic fronts (Fig. 2), RA treatment leads

rank

to premature osteoblast-to-preosteocyte transitioning at sites of
calvarial fragmentation, osteogenic cells of this region were stained
with the respective markers. The number of cells positive for the
pan-osteogenic cell marker osx appeared unchanged upon RA
treatment (Fig. 5A,B). However, the expression of collal and
bglap, markers of active osteoblasts, was strongly decreased
(Fig. 5C-F), whereas the expression of sppl and phex, markers
for preosteocytes, was strongly increased upon RA treatment
(Fig. 5G-J). Double labeling with osx further confirmed that the
phex upregulation occurred in osteogenic cells (Fig. 5K-N).
Strikingly, this effect of RA was most prominent in regions above
the epiphyseal bar, where calvarial fragmentation occurred, whereas
in more remote regions of the calvaria, osteogenic marker gene
expression was much less affected. Together, these data demonstrate
that both at the osteogenic front, where RA leads to decreased bone
growth, and above the epiphyseal bar, where RA leads to bone
resorption, osteoblasts display a premature transition to
preosteocytes.

RA affects osteogenic cells independently of osteoclasts,
whereas its effect on osteoclasts is dependent on
osteogenic cells

In light of the described dependence of RA-induced calvarial
fragmentation on both osteogenic cells/preosteocytes and
osteoclasts, we next studied the extent to which this
interdependence also applies to the transcriptional RA responses
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Fig. 4. Both osteoclasts and osteogenic cells are required to mediate RA-induced calvarial fragmentation. (A,B) AR staining of SL9-10 wild-type sibling
(A; n=7/7) and pfe mutant (B; n=9/9) after 7 days of RA treatment. Arrows point to calvarial fragmentations in the wild type and corresponding regions in pfe
mutant, which lacks fragmentation. (C-F) TRAP labeling of transverse sections through epiphyseal bar (eb) region, where RA-calvarial fragmentation occurs (see
Fig. S4B). In comparison with wild-type siblings (D; n=3/3), RA treatment fails to induce TRAP activity in pfe mutant (F; n=4/4), with staining comparable to the
untreated WT sibling (C; n=3/3) or mutant (E; n=3/3). (G-J) Calcein staining of osx:NTRmcherry transgenic fish after MTZ treatment (1,J) for osteogenic cell
ablation, and/or RA (H,J) or DMSO (G,|) treatment. After ablation of osteogenic cells (J; n=7/7), RA fails to induce calvarial fragmentation seen in the RA
only-treated transgenic fish (H; n=5/5). Also, pure ablation of osteogenic cells fails to cause calvarial fragmentation (I; n=6/6). Arrows point to calvarial
fragmentations in the RA-treated, non-ablated transgenic, and corresponding regions of the other specimens lacking fragmentation. (K) Comparative qRT-PCR
analysis of isolated calvarial plates from SL11-12 sibling fish containing (—MTZ) or lacking (+MTZ) osteogenic cells, and treated (RA) or not treated (DMSO) with
RA. Columns with same superscript letter (a,b,c) are not significantly different (P>0.05). In the absence of osteogenic cells (MTZ+RA), RA fails to significantly
induce expression of phex and rankl (MTZ+RA versus MTZ+DMSO), whereas spp1 is much more weakly induced (1.8% in MTZ+RA versus MTZ+DMSO,
compared with 6.6% in RA versus DMSO). The remaining spp7 induction most likely reflects expression in other cell types (compare with Fig. 6F and see
Discussion). Furthermore, RA-treated fish containing osteogenic cells (RA) display 5.5-fold higher expression levels of the direct osteoclastogenesis effector rankl!
compared with RA-treated fish lacking osteogenic cells (MTZ+RA). mc, melanocytes.

of the two cell types. In pfe mutants devoid of osteoclasts,
expression of the preosteocyte markers phex, sppl and rankl were
induced by RA as strongly as in wild-type fish, as evident in in situ
hybridizations at the osteogenic front and at sites of calvarial
fragmentation (Fig. 6A,B), and in qRT-PCR analysis of isolated
calvaria (Fig. 6C). By contrast, after osteogenic cell ablation,
calvarial regions above the epiphyseal bar lacked RA-induced
osteoclastic activity (Fig. 6D,E). Furthermore, qRT-PCR analysis
showed that, in contrast to wild-type fish, the osteoclast marker
genes acpSa and rank lacked any significant positive response to
RA in the absence of osteogenic cells (Fig. 6F). This indicates that
the RA-induced responses of osteogenic cells are independent of
osteoclasts, whereas the responses of osteoclasts depend on
osteogenic cells, in line with the proposed indirect stimulation of
osteoclasts by RA-induced preosteocytes.
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Osteoclasts at the inner surface of the calvaria are tightly
associated with RA-induced preosteocytes

Looking more closely at regions above the epiphyseal bar of RA-
treated or cyp26b1 hypomorphic fish in which the calvarial plates
were not fully resorbed, it became evident that osteoclasts were only
present at the inner calvarial surface (Fig. S5E). Furthermore,
whereas the response of the preosteocyte marker phex was rather
similar on the inner and outer surface, RA-induced spp! expression
was much stronger on the inner surface of the calvarial plate
(compare Fig. SH with 5J). This, together with the described
expression of Sppl in mammalian osteoclasts (Merry et al., 1993;
Yamate et al., 1997), suggested that spp/ might mark both
preosteocytes and activated osteoclasts. Indeed, performing
double in situ hybridization, we found sppl to be expressed
both in some of the osx-positive cells of the osteogenic lineage
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Fig. 5. RA induces premature osteoblast-to-preosteocyte
transitioning at calvarial fragmentation sites. A,B,G-N show
sagittal, and C-F show transverse sections through the
fragmentation sites above the epiphyseal bar (eb; outlined) of the
frontal plate of SL9-10 wild-type fish treated as indicated. (A,B) The
number of osx-expressing cells, as assessed in tg(0sx:NTR-
mCherry), is unaltered upon RA treatment (9.0+1.26 cells in defined
area above epiphyseal bar in DMSO control versus 9.2+1.06 cells in
corresponding region of RA-treated fish; n=12 confocal stacks from
three independent specimen for each condition). In B, the space
separating the two osx-positive lines is strongly reduced, reflecting
the thinning or complete loss of the calvarial plate. (C,D) In situ
hybridizations, revealing strongly impaired expression of the
collagen gene col1a7 in bone-lining cells of the RA-treated fish.
(E,F) Expression of bglap, a marker for mature osteoblasts, as
assessed in tg(bglap:GFP), is downregulated in RA-treated sample.
(G-J) In situ hybridizations, revealing increased expression of spp1
(G,H) and the preosteocyte marker phex (I,J) in bone-lining cells of
the RA-treated fish. (K-M) phex in situ hybridization (K,L; green),
counterstained via anti-RFP immunolabeling of osteogenic cells
expressing the osx:NTRmCherry transgene (red; merged images in
M,N). phex induction by RA is most prominent in osteogenic cells
above the epiphyseal bar.
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(Fig. 7A-C) and in all acpSa-positive osteoclasts at cavarial
fragmentation sites of RA-treated fish (Fig. 7D-F). Interestingly,
we observed many tightly associated pairs of sppl-positive
cells, one co-expressing tg(osx:NTR-mCherry), identifying it as a
preosteocyte (Fig. 7A-C), and one co-expressing acpda, identifying
it as an activated osteoclast (Fig. 7D-F). Strikingly, all investigated
osteoclasts (sppl™, acp5a™) had an sppl*, acp5a~ neighbor
(preosteocyte), whereas osteogenic cells on the outer calvarial
surface displayed sppl expression in the absence of adjacent
osteoclasts (Fig. SH,J; Fig. 3M,0,P; Fig. S5F). This indicates that
osteoclasts act in tight association with RA-induced preosteocytes,
in line with former reports on osteoclasts and osteogenic cells in
Medaka larvae (To et al., 2012).

RA induces upregulation of cyp26b1 in osteogenic cells, but
not in osteoclasts

The dependence of the RA response of osteoclasts on osteogenic cells,
but not vice versa, suggests that RA primarily affects osteogenic cells.
Lacking suitable RA responder lines (see Discussion) to identify the
direct RA target cells, we carried out ¢yp26b1 in situ hybridizations,
because Cyp26 genes were identified as retinoic acid response
element (RARE)-containing direct transcriptional targets of RA
signaling (Loudig et al., 2005) that are upregulated upon RA treatment

(Laue et al., 2008). Performing double labelings, we found that,
among other cell types known to be responsive to RA signals, such as
dermal fibroblasts, many, but not all, of the osteogenic (osx+) cells
displayed co-expression with ¢yp26b1 both at osteogenic fronts
(Fig. 7G,H) and calvarial fragmentation sites (Fig. 71,J). By contrast,
acpSa-positive  osteoclasts displayed much weaker cyp26b1
expression, which was hardly above background levels (Fig. 7K,L).
This suggests that, in contrast to osteogenic cells, osteoclasts are not a
main direct target of RA signals.

DISCUSSION
Premature osteoblast-to-preosteocyte transitioning leads to
increased or decreased bone formation: two sides of the
same medal
Hypomorphic or amorphic mutations in the R A-catabolizing enzyme
Cyp26bl have been reported to induce very different, and even
opposite, effects on bone development. Effects range from a net gain
ofbone in the developing spine of cyp26b1 amorphic zebrafish larvae
(Laueetal., 2008; Spoorendonk et al., 2008) to anet loss of bone in the
calvaria of human CYP26B1 amorphs (Laue et al., 2011). However,
the reasons for these differences are not fully understood.

In zebrafish and human Cyp26b1 hypomorphs, a bilateral coronal
craniosynostosis is caused by premature osteoblast-to-preosteocyte
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Fig. 6. In mutants lacking osteoclasts, preosteocytes are normally
induced, whereas osteoclast markers cannot be induced after ablation of
osteogenic cells. (A,B) Fluorescent phex in situ hybridization of RA-treated
pfe mutants at osteogenic front (A; of) and calvarial fragmentation site (B),
counterstained with DAPI (white). pfe mutants display a similar phex
expression pattern as RA-treated wild-type controls (Figs 2R vs 5L). (C) gRT-
PCR analysis of osteoblast marker genes in pfe mutants and wild-type controls
after DMSO or RA treatment. The preosteocyte markers phex and rankl are
induced by RA in pfe™~ mutants to a similar extent as in wild-type controls;
spp1 induction is even stronger than in wild-type controls (9.5x% versus 5.3x),
pointing to an inhibitory role of osteoclasts on Spp1 production in
preosteocytes (Sims and Martin, 2014). (D,E) In the absence of osteogenic
cells, RA fails to induce osteoclastic acp5a expression in epiphyseal bar region
(E), in contrast to controls containing osteogenic cells (D). (F) gRT-PCR
analysis of osteoclastic marker gene expression. In the absence of osteogenic
cells, RA induces a down-, rather than an upregulation of the osteoclast-
specific marker gene acp5a, whereas rank levels, which are 1.56+0.13x
increased upon RA treatment of wild-type controls, do not respond to RA. By
contrast, ctsk expression is induced (1.2+0.02x), but induction is weaker than
in controls (2.2+0.09x%). The remaining ctsk and spp1 (Fig. 4K) induction is
most likely due to their activation in other cell types such as macrophages,
consistent with former reports (Bihling et al., 2001; Rittling, 2011). **P<0.01,
***P<0.001, ****P<0.0001, ns, not significant.

transitioning of osteogenic cells within the coronal suture (Laue
et al., 2011). The main function of mature osteoblasts is the
production of proteins of the bone matrix (osteoid), such as
collagens and other components like Osteocalcin/Bglap, which
attenuates osteoid mineralization by sequestering Ca?*. Once
further differentiated to preosteocytes, however, they stop osteoid
production, and instead promote hydroxapatite [Ca;o(PO4)s(OH),]
crystal formation/propagation on collagen fibers, and thereby
osteoid mineralization/ossification (Dallas and Bonewald, 2010;
Franz-Odendaal et al., 2006). Accordingly, Cyp26bl mutants
displayed premature suture matrix mineralization and calvarial
fusion caused by the appearance of prematurely differentiated
preosteocytes (Laue et al., 2011).
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Fig. 7. Osteoclasts are tightly associated with preosteocytes and, in
contrast to osteogenic cells, lack cyp26b1 expression. All images show
wild-type specimens at 7 dpt with RA. DMSO-treated controls stained in
parallel lacked detectable spp7, acpb5a and cyp26b1 signals (not shown).
A-F,I-L show sagittal sections through sites of calvarial fragmentation; G,H
show transverse sections at the osteogenic front region of a frontal plate,
labeled by in situ hybridization with the indicated probes and/or anti-RFP
immunolabeling of osteogenic cells expressing tg(osx:NTRmCherry).
Osteoclasts are labeled with asterisks, preosteocytes with filled arrowheads,
and other osteogenic cells with open arrowheads. (A-C) spp1 is expressed in
an osx” cell (preosteocyte), which is tightly associated with an spp1™, osx”™ cell
(osteoclast) (n=8/8). Note that particularly on the outer surface of the calvarial
plate, not all osx™ cells express spp1. (D-F) ssp1 is expressed in an acp5a”
osteoclast, which is tightly associated with an ssp1*, acp5a™ cell
(preosteocyte) (n=13/13). (G,H) At the osteogenic front, almost all osx™
osteogenic cells lining the growing calvarial plate display RA-induced cyp26b1
expression (n=5/5). (1,J) Sites of calvarial fragmentation contain both cyp26b1*
and cyp26b1~ osteogenic cells (osx™). Note that chondrocytes in the
epiphyseal bar lack RA-induced cyp26b1 expression (n=5/5). (K,L) acp5a*
osteoclasts lack cyp26b1 expression (n=8/8). Panels G-J show additional
cyp26b1 expression in dermal fibroblasts, known targets of RA signaling
(Nelson and Balian, 1984; Varani et al., 1990). Panels I-L show additional and
very strong RA-induced cyp26b1 expression in a distinct tissue adjacent to the
epiphyseal bar. The exact nature of this tissue is unknown. It contains multiple
blood vessels, not seen in such sizes and densities in other subcalvarial
regions (compare with Fig. S5A). bv, blood vessel; cp, calvarial plate; df,
dermal fibrobasts; eb, epiphyseal bar; of, osteogenic front.

Here, we show that the calvarial defects induced by even further
elevated RA levels (caused by Cyp26bl amorphic mutations or
treatments with a chemical Cyp26 inhibitor or exogenous RA) are
also primarily caused by premature osteoblast-to-preosteocyte
transitioning, despite the obvious differences in the net outcomes
for mineralized bone masses (Fig. 8). Treatment of wild-type zebrafish
with RA or the Cyp26 inhibitor before suture establishment led to
reduced calvarial growth and reduced plate sizes and thicknesses,
mimicking the defects of human and mouse CYP26B1 amorphs
(Maclean et al., 2009; Laue et al., 201 1). In addition, osteogenic fronts
displayed a loss of osteoblast markers and a gain of preosteocyte
markers (Fig. 2), consistent with described alterations in the coronal
sutures of Cyp26b1 hypopmorphs, although in these former studies,

DEVELOPMENT


http://dev.biologists.org/lookup/suppl/doi:10.1242/dev.129189/-/DC1

RESEARCH ARTICLE

Development (2016) 143, 1205-1216 doi:10.1242/dev.129189

osteoclast

Matrix Degradation

RANl‘(L‘]A

Spp1

' osteoblast
' RA

o g

Matrix Deposition -> Growth

Predominant effects of
gain of preosteocytes
-> premature / ectopic mineralization

Calvaria in hypomorph:
effect after suture formation
-> ectopic mineralization
of suture matrix
-> craniosynostosis

‘More bone’

no specific preosteocyte markers had been available (Laue et al.,
2011). In conclusion, both in amorphs and hypomorphs, calvarial
defects are caused by the same primary effect of RA. However, in the
amorph, premature osteoblast-to-preosteocyte transitioning occurs
before the frontal and parietal plates have met (and formed the suture),
so that the osteoblast-deprival aspect of the premature transition has
the major impact, whereas in the hypomorph, it happens after coronal
suture formation, leading to a predominant impact of the gain-of-
preosteocyte aspect.

Interestingly, however, calvaria of amorphs and hypomorphs also
share morphological features. Thus, also in the hypomorphs,
reduced calvarial growth was apparent at the sagittal suture, which
remained wide open (Laue et al., 2011), as it is normally formed
much later than the (fused) coronal suture (Fig. 1A-C). And in likely
amorphs, patent intercalvarial regions were weakly stained with
calcein (Fig. 1C-E), appearing like a subtle craniosynostosis.
However, this ectopic mineralization does not seem to occur in
intercalvarial regions, but primarily in the adjacent dermis, as
described for diseases such as pseudoxanthoma elasticum (PXE)
(Apschner et al., 2014; Mackay et al., 2015; Walker et al., 1989).
Indeed, both dermal fibroblasts and basal keratinocytes express
colla2 (Fig. S1), a close relative of the osteoblast-specific collal
gene, and even do so after RA treatment. This suggests that upon
compromised type I collagen production by osteoblasts at the
growing edges of the calvaria, RA-induced pre-osteocytes can
stimulate the mineralization of collagens in adjacent tissues that
would normally not be ossified.

How premature osteoblast-to-preosteocyte transitioning
leads to bone resorption

Treatment with RA or the Cyp26 inhibitor impaired both horizontal
and vertical growth of the calvaria. However, the latter cannot be the
sole reason for the observed fragmentation of the calvaria, because

Matrix Mineralization -> Growth arrest

Fig. 8. Model of how RA-induced
premature osteoblast-to-
preosteocyte transitioning can have
multiple and contrary effects on the
net bone mass in developing
calvaria. Regular bone is in dark blue,
ectopic bone in light blue. Affected
regions are boxed in red. Gain of
preosteocytes in coronal suture of
hypomorph leads to ectopic
mineralization of suture matrix
(seemingly more bone; bottom left).
Loss of osteoblasts at growing edges of
calvaria of amorph leads to reduced
matrix deposition, ceased calvarial
growth and skull patency (less bone;
bottom right). Osteoclast activation by
gained preosteocytes in amorph leads
to the resorption of formerly formed
calvarial bone (loss of bone; top right).

Matrix degradation
No refilling

Calvaria in amorph:
Osteoclast-mediated
fragmentation

Loss of bone

preosteocyte

Predominant effect of
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-> reduced growth

Calvaria in amorph:
effect before suture fomation
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osteogenic fronts
-> smaller plates; skull patency
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holes occurred in regions that were formerly ossified (Fig. 3A-C),
and because no fragmentation was obtained upon even longer
ablation of all osteogenic cells (compare Fig. 41 with 4H).
Strikingly, regions of RA-induced fragmentation displayed
ectopic activation of osteoclasts (Fig. 3H-R), and no
fragmentation could be induced in mutants lacking osteoclasts
(Fig. 4A,B), pointing to the involvement and requirement of active
bone resorption. Interestingly, however, RA also failed to induce
calvarial fragmentation when osteogenic cells were absent (Fig. 4G-J).
Marker gene expression analysis further supported this as at the
osteogenic fronts (Fig. 2) RA induced premature osteoblast-to-
preosteocyte transitioning at fragmentation sites, thereby also
leading to an increased expression of the genes encoding the
osteoclast stimulators Rankl and Spp1 (Fig. 5; Fig. 6A-C). Finally,
preosteocytes and activated osteoclasts were tightly associated at the
inner surface of fragmented calvarial plates (Fig. 7A-F), whereas
osteogenic cells, but not osteoclasts, displayed a strong RA-induced
upregulation of ¢yp26b1 expression, a likely indicator of direct RA
reception (Laue et al., 2008; Loudig et al., 2005). Although the latter
point requires confirmation with unambiguous RA reporter lines —
currently existing ones (Mandal et al., 2013; Tiefenbach et al., 2010)
were unfortunately not sensitive enough to detect RA signaling at
juvenile stages — our data in sum suggest that RA-induced calvarial
resorption is also an outcome of premature osteoblast-to-osteocyte
transitioning (Fig. 8), rather than direct activation of osteoclasts, as
shown in several in vitro systems (see Introduction). Our data are in
line with results obtained for cultured calvaria, which respond to RA
by an upregulation of RANKL and osteoclastic bone resorption
(Conaway et al., 2011). In addition, they are consistent with findings
obtained in cell culture and transgenic mouse systems indicating that
(pre)osteocytes are much more potent in stimulating osteoclasts
than are osteoblasts (Nakashima et al., 2011; Xiong et al., 2011;
Zhao et al., 2002). Of note, in contrast to regular bone remodeling,
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the RA-induced calvarial holes could not be refilled, most likely
owing to the concomitant deprival of osteoblasts. Instead, the
margins of the holes became hypermineralized (Fig. 3F). This effect
was much stronger than at the compromised osteogenic fronts of
RA-treated fish (compare Fig. 3E with 1E), possibly pointing to
further preosteocyte- and mineralization-stimulating effects by
osteoclasts or factors released from the degraded bone matrix,
consistent with results obtained in mammalian systems (Sims and
Martin, 2014; Zhao et al., 2006).

Why RA-induced calvarial fragmentation might be confined
to specific regions

Fragmentation induced by Cyp26 inhibition or exogenous RA
treatment was confined to specific regions of the calvaria both in
zebafish and in human (Laue et al., 2011), and predominantly found
above the epiphyseal bar of the zebrafish skull. Currently, we can
only speculate about the reasons. One possibility could be local
differences in the vascularization of the subcalvarial zone, which in
zebrafish seems to be particularly high above the epiphyseal bar,
thus allowing better infiltration by osteoclasts (Fig. SS5A). In
addition, there could be a co-stimulation by the highly RA-
responsive cells directly anterior of the epiphyseal bar (Fig. 7I-L),
which we could not find anywhere else along the anterior-posterior
axis of the upper brain case. Finally, there could be a co-stimulation
by chondrocytes of the epiphyseal bar.

Identification of Spp1 (Osteopontin) as a product of
preosteocytes, possibly promoting osteoclast activity

Thus far, Spp1 (Osteopontin) has been largely regarded as a product
of osteoblasts, consistent with its known function to attenuate
osteoid mineralization via Ca?" binding and an inhibition of crystal
growth (Sodek et al., 2000). However, our analyses presented here,
including the co-expression with phex, identify it as a marker and
product of preosteocytes. Our data are consistent with recent
comparative evolutionary analyses revealing that Sppl only
emerged together with bone mineralization (Venkatesh et al.,
2014), which is under control of preosteocytes, rather than
osteoblasts (Dallas and Bonewald, 2010; Franz-Odendaal et al.,
2006). Nevertheless, an anti-mineralizing role of Sppl in
(mineralizing) preosteocytes might at first sight be surprising, in
particular as its ‘partner’, the endopeptidase Phex, is known to
degrade it (Barros et al., 2013). However, it could be regarded as an
intrinsic negative-feedback response, similar to the commonly
observed induction of cyp26 expression in response to RA signals
(Laue et al., 2008; Loudig et al., 2005). In addition, Sppl might
prepare the mineralized matrix for later remodeling by serving as
docking sites of osteoclasts that bind to Sppl’s RGD domain via
specific integrin surface receptors (Reinholt et al., 1990;
Teitelbaum, 2000, 2011). This effect is later reinforced by Sppl
made by osteoclasts themselves (Merry et al., 1993; Yamate et al.,
1997), as also seen in the calvaria in the preosteocyte-mediated
response to RA (Fig. 7A-F).

The meninges as a possible source of RA coordinating the
growth of the brain and its bony case

Notably, both decreased formation of new bone and increased
resorption of pre-existing bone were not only obtained upon
systemic administration of exogenous RA, but also upon
compromised Cyp26-dependent catabolization of endogenous
RA. Based on RALDH expression analysis, we could identify the
meninges as the likely sole source of endogenous RA affecting
calvarial development. We also observed spatial differences in
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menigeal aldhla?2 expression levels that correlate with the pattern of
calvarial growth (Fig. S3), consistent with expression data
previously obtained in mouse (James et al., 2010), and with
in vitro co-culture studies revealing that some regions of the
meninges were more effective in inducing osteoblast differentiation
than others (Warren et al., 2003). However, functional analyses of
meningeal RA itself have mainly focused on its role in cephalic
neuron generation and differentiation (Siegenthaler et al., 2009;
Zhang et al., 2003). These data, together with our findings presented
here, suggest that RA from the meninges, by signaling both inwards
and outwards, might simultaneously coordinate the growth of the
brain and its bony case. Together with the different secondary
effects of RA-responsive cells described above, this highlights
the complexity of RA signaling processes regulating head
development, and the difficulties one has to face when trying to
treat RA-related diseases.

MATERIALS AND METHODS

Fish strains

The following zebrafish lines were used: ola.Bglap:EGF"#7%7s
(Vanoevelen et al., 2011), Hsa.RUNX2-Mmu.Fos:EGFP?*°™8 (Kague
et al., 2012), collal:EGFPY'*"¢ (Kague et al., 2012), osx:NTRmCherry
(Singh et al., 2012), aldhla2:aldhla2-GFP"?"8 (Pittlik and Begemann,
2012) and pfe™ % (Haffter et al., 1996; Maderspacher and Niisslein-
Volhard, 2003). Experiments were approved by the National Animal Care
Committees (LANUV Nordrhein-Westfalen; 8.87-50.10.31.08.129; 84-
02.04.2012.A251; City of Cologne; 576.1.36.6.3.01.10 Be) and the
University of Cologne.

Retinoic acid, R115866 and metronidazole treatments

Stock solutions of all-trans RA (1 mM; Sigma-Aldrich, R2625) and
rambazole (R115866; 10 mM; generous gift from Johnson & Johnson
Pharmaceutical Research & Development, San Diego, CA, USA) were
prepared in dimethyl sulfoxide (DMSO), and further diluted to their final
concentrations (1 M) in fish water. Metronidazole (MTZ; Sigma-Aldrich)
solution was prepared freshly in fish water. Juvenile fish were pre-treated
with 10 uM MTZ for 2 days, and with 5 pM MTZ during the following
7 days of co-treatment with RA/DMSO. All treatments were conducted in
the dark in 1-liter containers with permanent air bubbling. Each experiment
was performed at least three times, with at least eight fish per experiment and
condition, yielding equivalent results.

Tissue labeling procedures

Labeling of mineralized bone (Kimmel et al., 2010), TRAP staining (Edsall
and Franz-Odendaal, 2010), Hematoxylin & Eosin, and Azan novum
histology, in situ hybridizations and immunohistochemistry (Fischer et al.,
2014; Laue et al., 2011) were performed on tissue sections basically as
described, with slight modifications (see supplementary Materials and
Methods for further details, including antibodies and primers).

qRT-PCR

Calvaria were manually dissected out of freshly sacrified fish and immersed
in Trizol for RNA extraction and cDNA synthesis according to standard
protocols. Levels of gene expression were determined via qRT-PCR with
Tagman Gene Expression Assays (Applied Biosystems), as described in the
supplementary Materials and Methods. Each experiment was performed
with samples from at least three to five independent experiments, all of
which yielded similar results, and with technical triplicate of each sample.
Shown are the results of one representative experiment.

Statistics

Mean values and standard deviations were determined with Excel
software. P-values were determined by Student’s s-test, or, when more
than two samples were compared with each other (Fig. 4K), by one-way
analysis of variance (ANOVA), followed by least significant difference
(Bonferroni’s) test.
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Fig. S1: RA-induced ectopic intercalvarial ossification predominantly occurs in
the overlying dermis, consistent with the cutaneous colla2 expression. (A,B)
SL8-9 fish treated with DMSO (A) or RA (B) for 7 days, after consecutive in vivo AR
staining (red) before and calcein staining (green) after the treatment, as shown in
Fig. 1D,E; virtual transverse sections obtained from 3D projections along confocal Z-
stacks (ZEN2008 software; Zeiss) at positions indicated by arrowheads in Fig. 1D,E.
The weak calcein staining between the frontal calvaria of the RA-treated fish (Fig.
1E; asterisk) predominantly occurs in regions slightly dorsal of the calvarial plates
(indicated in (B) with arrowhead). According to H&E and Azan novum stainings (see
for instance Fig. S5A), this is the dermis. (C,D) in situ hybridizations of untreated
SL10 fish for collal (C) and colla2 (D). In contrast to collal, whose expression is
restricted to bone-lining osteoblasts (C; compare with Figs. 2F and 5C), colla2 is
expressed by basal keratinocytes (bf), dermal fibroblasts (df), consistent with former
reports (Le Guellec and Sire, 2004), and in connective tissue fibroblasts (fb) between
and below the calvarial plates. Upon RA-treatment, this colla2 expression became
slightly reduced (data not shown). However, the reduction was much more moderate
than that of collal in osteoblasts (see Figs. 2F,G and 5C,D). Abbreviations: bk,
basal keratinocytes; df, dermal fibroblasts; fb, fibroblasts; fp, frontal calvarial plates
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Fig. S2: cyp26bl displays differential expression in bone-lining cells of the
calvarial plates. Panels (A,B) show sagittal sections, panels (C,D) transverse
sections of untreated wild-type fish at SL10; cyp26b1 in situ hybridization, revealing
weak and differential cyp26bl1 expression in bone-lining cells. At the level of the
sutures, where plates continue to grow (A,C), cyp26bl is more weakly expressed
than in central regions of the plate (B,D), where no horizontal growth occurs. Within
central regions, cyp261 is expressed more strongly on the outer surface of the
calvaria than on their inner surface (B,D), complementary to the asymmetric vertical
growth of the calvaria, which preferentially occurs on their inner surface (see Fig.
1G). In conclusion, cyp26bl is preferentially expressed in bone-lining cells of regions
that display no or reduced bony growth. Abbreviations: cs, coronal suture; eb,
epiphyseal bar; fp, frontal plate; ifs, interfrontal suture; mc, melanocyte; pp, parietal
plate.
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Fig. S3: aldhla2 displays differential expression in the meninges underlying
the calvarial plates. Panels (A,B,G) show transverse sections, panels (C-F) sagittal
sections of untreated fish at SL9 (A,B) or SL10-11 (C-G). (A,B) aldhla2 in situ
hybridization; aldhla2 signals are marked with arrows; melanocytes of the meninges
(mc) (Goldgeier et al., 1984) and the calvarial plate (cp) are indicated. Note that the
aldhla2+ cells are positioned between or even underneath the meningeal
melanocytes. (C-G) Double immunofluorescence for tg(aldhla2:aldhla2-GFP)-
driven GFP (Pittlik and Begemann, 2012) and the osteogenic cell marker ZNS5,
counterstained with DAPI. Panel (C) shows an overview, and panels (D-F) magnified
views of regions indicated in (C); panel (G) shows transverse sections at the level
within the region shown in (F). (F,G) are directly at the osteogenic fronts (of) of the
frontal (fp) and parietal plates (pp), which have not met and formed a suture as yet;
(D) is at the level of the epiphyseal bar (eb), thus, within central regions of the frontal
plate and very remote from the osteogenic front, and (E) is in an intermediate
position closer to the frontal pate osteogenic front. In (D), the distinct and highly
vascularized tissue directly anterior of the epiphyseal bar, which displays strong RA-
induced cyp26bl expression (Fig. 71-L), is outlined. The Aldhla2-GFP signal is much
stronger in regions close to the osteogenic front than in very remote regions. In
addition, it is not localized within the ZNS5-positive osteogenic cells themselves, but
in cells below them, at about the same level like the meningeal melanocytes. This
expression pattern correlates with the pattern of calvarial growth, with horizontal
growth occurring at the osteogenic fronts (see Fig. 1D), and vertical growth
preferentially occurring on the inner surface of the calvarial plates (see Fig. 1G).
Abbreviations: bv, blood vessel; cp, calvarial plate; eb, epiphyseal bar; ep,
epidermis; ey, eye: fp, frontal plate; mc, melanocytes; of, osteogenic front; pp,
parietal plate, tc, optic tectum.
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Fig. S4: osx:NTRmCherry-encoded protein is expressed in osteogenic cells of
all differentiation stages. (A,B) Double fluorescence of tg(osx:NTRmCherry) (red;
upper row) together with tg(RUNX2:EGFP), marking osteoblast progenitors (Kague
et al., 2012) (A) or with tg(bglap:GFP) (Vanoevelen et al., 2011) (B), marking mature
osteoblasts (green, middle row); counterstained with DAPI (white); transverse
sections through frontal plate. Osteogenic front (of) is indicated. Yellow arrowheads
in the merged images (lower row) point to osx+runx2 double positive close to the
osteogenic front (A), and to osx+bglap double positive bone-lining cells more remote
from the osteogenic front (B). (C) Double immunofluorescence for
tg(osx:NTRmcherry)-driven RFP and the osteogenic cell marker ZNS5; transverse
section through the orbital bone of SL22 wild-type fish: in addition to its co-
expression with ZNS5 in bone-lining cells, the osx transgene is expressed in isolated
cells within the mineralized bone, which most likely are terminally differentiated
osteocytes (Franz-Odendaal et al., 2006).
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Fig. S5: RA-induced calvarial fragmentation occurs primarily at the level of the
epiphyseal bar. (A) Azan novum staining of sagittal section through head of 1 year
old untreated fish; anterior to the left; region of epiphyseal bar. Directly anterior of the
epiphyseal bar is a distinct tissue that is tightly associated with the calvarial plate,
suggesting that it is extracephalic. It is highly vascularized, and was not found at any
other position along the anterior-posterior length of the brain case. Compare also
with Fig. S3D and with Fig. 7I-L, showing that this tissue displays strong cyp26bl
expression upon RA treatment. (B) tg(collal:GFP) fish (Kague et al., 2012) after
RA-treatment and in vivo alizarin red staining; dorsal view on head region. The holes
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directly above the GFP-positive epiphyseal bar are indicated with arrows. (C,D)
Sagittal sections through epiphyseal bar region of fish after treatment with 1uM
DMSO (B) or 1uM RA (C); H&E staining; in (D) the borders of the calvarial hole are
indicated with arrows. (E,F) Magnified views of images shown in Figure 3P,Q;
transverse sections through epiphyseal bar region of wild-type sibling (D) and sst
mutant (E); TRAP staining; the interfrontal suture (ifs) is indicated with an arrow, the
thickness of the calvarial plate with a bar. Abbreviations: bv, blood vessel; df, dermal
fibroblast; eb, epiphyseal bar; ep, epidermis; fp, frontal plate; ifs, interfrontal suture.
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Fig. S6: Metronidazole treatment of tg(osx:NTRmcherry) transgenics leads to
efficient osteogenic cell ablation and impaired bone formation. (A) Red channel
of images shown in Fig. 4G,J, with dorsal views an calvarial plates of
osx:NTRmcherry transgenic fish after treatment with DMSO (left panel) or MTZ (right
panel), revealing ablation of approximately 95% of all osx transgenic / osteogenic
cells. (B) gRT-PCR analysis of isolated calvarial plates from SL11-12
tg(osx:NTRmcherry) fish. Expression of osteoblast marker genes bglap, col1l0al and
collal is strongly reduced after osteogenic cell ablation / MTZ-treatment, compared
to the DMSO-treated controls. (C,D) in situ hybridization, revealing loss of collal
expression along calvarial plates after treatment with DMSO and MTZ (D), compared
to DMSO treatment alone (D). (E,F) Magnified dorsal view of central head region of
SL9-10 non-transgenic sibling control fish treated with DMSO (E-E”; n=5/5), and
tg(osx:NTRmcherry) transgenic treated with DMSO + MTZ (F-F”; n=6/6) for 7 days,
after consecutive in vivo alizarin red staining (red; E,F) before and calcein staining
(green; E',F’) after the treatment. Panels (E”,F’) show merged images. After
osteogenic cell ablation, growth at the osteogenic fronts of the frontal calvarial plates
ceases completely (compare with Fig. 1D-F for the strongly reduced, but not
completely ceased calvarial growth upon RA-treatment of wild-type fish).
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Supplemental Materials and Methods

In vivo bone staining

The vital stain protocol has been modified from (Kimmel et al., 2010). Alizarin red
(Sigma-Aldrich, St. Louis, MO) or calcein (Sigma-Aldrich, St. Louis, MO) solutions
were prepared by diluting either dye to a final concentration of 100 mg/l in fish water.
The Alizarin red solution was further supplemented with 1mM Hepes (Carl Roth,
Karlsruhe, D), and the final pH was adjusted to 6.5. The in vivo staining was
conducted in the dark for 1-3 hours prior to the treatment/imaging. Subsequent to the

staining, fish were rinsed 3x 5 minutes in fish water.

Tissue sectioning and in situ hybridization

Samples fixed in 4% PFA (Sigma-Aldrich, St. Louis, MO) and stored in 100% MeOH
at -20°C were progressively rehydrated to PBST (PBS/1% Tween-20), embedded in
a solution of PBS containing 1.5% agarose and 15% sucrose, and incubated
overnight at 4°C in 30% sucrose in PBS. Tissue blocks covered in cryomatrix (VWR,
Radnor, PA) were snap frozen in 2-methyl butane (Isopentane; Carl Roth, Karlsruhe,
D), at -80°C. Sections of 14um thickness were collected on coated glass slides
(Ultra Plus; VWR, Radnor, PA) and stored at —20°C until used. At least an hour prior

to usage, frozen cryostat sections were thawed at room temperature.

For the in situ hybridization, the slides were heated at 58°C for 10 min, fixed in
4%PFA for 5 min, and washed twice in PBST (PBS with 1% Tween20). The slides
were then incubated for 15 min in 0.3% Triton (Sigma-Aldrich, St. Louis, MO) in PBS,
washed twice in PBST, and permeabilized with a 10 ug/ml Proteinase K solution at
37°C for 30 min. Permeabilization step was followed by 2 washes of 5 min each in
PBST, and the slides were subsequently incubated in acetylation solution (750l
triethanolamine (Sigma-Aldrich, St. Louis, MO) and 162ul acetic anhydride (Supelco,
Bellefonte, PA) in 60ml of water) for 5 minutes, followed by 2x 5 min washes in
PBST. Next, the slides were taken through a serie of ethanol dilutions in water (50%
EtOH, 70% EtOH, 95% EtOH and 100% EtOH, 3 minutes each), allowed to dry for 3

minutes at RT, and pre-hybridized at 58°C for 3-4 hours in a solution containing 50%
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deionized formamide, 5x SSC (20x SSC stock solution; 3.0M NaCl, 0.3M citric acid),
0.1% Tween-20, 50 pg/ml heparin, 9.2mM citric acid, 200 pg/ml yeast tRNA and
2.5% dextran Sulfate. Probes diluted in pre-hybridization solution, to a final

concentration of 1 ng/ul, were subsequently added for overnight at 58°C.

The next day, the hybridized slides were washed at 58°C for 15 minutes in a series
of washing solutions (2 washes of 15 minutes each in 2x SSC, 2 washes of 15
minutes each in a solution of 50% formamide / 50% 2x SSC, and 2 washes of 15
minutes each in 0.2% SSC). This was followed by two 10-minute washes in PBST
(or TNT solution for the fluorescent in situ hybridization). The samples were then
incubated for at least 2 hours at RT in blocking solution, consisting of PBST
supplemented with 10% calf serum (or TNTB consisting of a 1/10 dilution of Roche
blocking agent in TNT). The slides were subsequently incubated at 4°C overnight in
the corresponding blocking solution to which anti-digoxigenin antibody conjugated to
Alkaline Phosphatase (AP) (Roche, Basel, CH, purchased from Sigma-Aldrich,
1109274910), or anti-digoxigenin antibody conjugated to peroxide (POD) (Roche,
Basel, CH, purchased from Sigma-Aldrich, 11633716001) has been added to a
dilution of 1/3000 or 1/200, respectively.

To wash out unbound antibody, slides were put through 6 washes of 15 minutes
each in PBST (or TNT). Prior to the chromogenic reaction (sections incubated with
anti-DIG conjugated to AP), the sections were equilibrated in two 5-minute washes in
equilibration buffer (100mM Tris pH 9.5, 50mM MgCl2, 100mM NaCl) plus 0.1%
Tween-20. Sections were stained in a solution containing 5-Bromo-4-Chloro-3-Indolyl
phosphate (BCIP) and Nitro Blue Tetrazodium (NBT) mix (Roche, Basel, CH), diluted
1/100 in the equilibration buffer. The staining was performed in the dark, at RT, until a
suitable color was obtained. For fluorescent in situ hybridization, the TSA reaction
was carried for an hour, in the dark, in TSA buffer solution (Invitrogen, Carlsbad, CA)
containing 0.001% H202, and the first fluorescent TSA substrate (Invitrogen,
Carlsbad, CA). The reaction was stopped using 1% H202 in TNT buffer, followed by a
2 hours blocking step at RT, in TNTB solution, and incubated for ON at 4°C, in a
solution containing anti-Fluorescein antibody conjugated to Peroxidase (POD)
(Roche, Basel, CH; purchased from Sigma-Aldrich, 11426346910) diluted 1/200 in
TNTB. The same washes and TSA reaction steps were followed for the second anti-

body, with staining carried out for one hour in the dark. After staining, the samples
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were washed several times at RT in TNT, mounted with a cover slip in Mowiol/DAPI
solution (Carl Roth, Karlsruhe, D), and allowed to dry for overnight in the dark, at

room temperature, prior to imaging.

After staining, the samples were either washed in PBST, fixed in 4% PFA for 2 hours,
mounted with a cover slip in Mowiol/DAPI solution, and allowed to dry for ON at RT,

prior to imaging, or used for a regular immuno-histochemistry.

Antisense RNA probes were generated via in vitro transcription with Digoxigenin or
Fluorescein RNA labeling mix (Roche, Basel, CH; purchased from Sigma-Aldrich,
11277073910, 11685619910) and the following templates, as described: collala
(Laue et al., 2011), coll0al (Laue et al., 2008), phex (Laue et al., 2011), sppl (Laue
et al., 2008), cyp26bl (Laue et al., 2008), aldhla2 (Begemann et al., 2001), aldh1la3
(Pittlik et al., 2008), aldh8al (Liang et al., 2008). For acp5a, EST cb576 (Zebrafish
International Resource Center ZIRC, Eugene, OR) was digested with Notl and

transcribed with T7 RNA polymerase.

Immunohistochemistry

Immunohistochemistry was carried out by permeabilizing thawed cryostat sections in
ice-cold acetone for 20 min, followed by 5x 5 minutes washes in PBST.
Subsequently, samples were blocked in 10% calf serum in PBST for 2 hours, and
then incubated overnight at 4°C with the primary antibodies. Primary antibodies used
were: mouse Zns-5 (ZDB-ATB-081002-37; Zebrafish International Resource Center
ZIRC, Eugene, OR), chicken anti-GFP (ThermoFisher Scientific, A10262), rabbit
anti-RFP (MBL International Corporation, PM005), each diluted in blocking solution
to 1:200. Afterwards, samples were washed 5 times in PBST, 10 minutes each, and
incubated for 4 hours at room temperature with fluorescently labeled secondary
bodies. Secondary antibodies used were: goat-anti-mouse Cy3 (ThermoFisher
Scientific, A10521), goat anti-rabbit Cy3 (ThermoFisher Scientific, A10520), goat
anti-rabbit AlexaFluor-488 (ThermoFisher Scientific, A-11034), goat-anti-chicken
AlexaFluor-488 (ThermoFisher Scientific, A-11039), each diluted 1:200 in blocking
solution. Samples were subsequently washed at room temperature, 5x in PBST, for
10 minutes each, then mounted with Mowiol/DAPI mixture and left to dry at room

temperature over night.
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gRT-PCR

Calvaria isolated from fish treated with RA or DMSO were immersed in Trizol for
RNA extraction and cDNA synthesis according to standard protocols. The levels of
gene expression were determined via qRT-PCR with a 7500 Fast Real Time PCR
System and premade or customized TagMan Gene Expression Assays (Applied
Biosystems, Waltham, MA), normalized against the products of the ribosomal protein
S23 gene (rps23).

Reference numbers of used premade TagMan Gene Expression Assays were:

rps23: Dr03430371_m1

acpba: Dr03140272_mA1

ctsk: Dr03423909_m1

spp1: Dr03108261_m1

phex: Dr03092609_m1

ankha: Dr03135792_m1

ankhb: Dr03144647_mA1

collala: Dr03150834 m1l

col10a1: Dr03143511_m1

Primer sequences of costumized TagMan Gene Expression Assays were (forward,

reverse, probe):

bglap: TCTCCTAATCATGAAGGTGTGTTTG, GGCGTCATACCAGAAGAATGG,
ACGACAGATGCAGTGTGT

rank: GCAAGACTGAGAAGCAGTTAGGAA, GGCGTCATACCAGAAGAATGG,
ACGACAGATGCAGTGTGT

rankl: TGCTGCAGGTCGCGTCTAG, AGATCGACCTCTCGGAGATAACC,
TGGCGATTCTGTTGCAC
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