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Abstract

Osteogenesis imperfecta (Ol) is a family of rare heritable skeletal disorders associated with dominant muta-
tions in the collagen type | encoding genes and recessive defects in proteins involved in collagen type | syn-
thesis and processing and in osteoblast differentiation and activity. Historically, it was believed that the Ol
bone phenotype was only caused by abnormal collagen type | fibrils in the extracellular matrix, but more
recently it became clear that the altered bone cell homeostasis, due to mutant collagen retention, plays a rele-
vant role in modulating disease severity in most of the Ol forms and it is correlated to impaired bone cell differ-
entiation. Despite in vitro evidence, in vivo data are missing. To better understand the physiopathology of Ol,
we used two zebrafish models: Chihuahua (Ch//+) carrying a dominant p.G736D substitution in the a1 chain
of collagen type I, and the recessive p3h1~’ , lacking prolyl 3-hydroxylase (P3h1) enzyme. Both models
share the delay of collagen type | folding, resultlng in its overmodlflcatlon and partial intracellular retention.
The regeneration of the bony caudal fin of Chi/+ and p3h1~'~ was employed to investigate the |mpact of
abnormal collagen synthesis on bone cell differentiation. Reduced regenerative ability was evident in both
models, but it was associated to impaired osteoblast differentiation and osteoblastogenesis/adipogenesis
switch only in Chi/+. On the contrary, reduced osteoclast number and activity were found in both models dur-
ing regeneration. The dominant Ol model showed a more detrimental effect in the extracellular matrix organi-
zation. Interestingly, the chemical chaperone 4-phenylbutyrate (4- PBA) known to reduce cellular stress and
increase collagen secretion, |mproved bone formation only in p3h1 by favoring caudal fin growth without
affecting bone cell markers expression. Taken together, our in vivo data proved the negative impact of struc-
turally abnormal collagen type | on bone formation but revealed a gene mutation-specific effect on bone cell
differentiation and matrix organization in Ol. These, together with the distinct ability to respond to the chaper-
one treatment, underline the need for precision medicine approaches to properly treat the disease.

© 2023 Elsevier B.V. All rights reserved.
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Introduction

Osteogenesis imperfecta (Ol) is a group of
hereditary skeletal disorders sharing reduced bone
mineral density, severe bone deformity and fre-
quent fractures [1]. Classical Ol refers to the domi-
nantly inherited types | to IV caused by mutations in
COL1A71 and COL1A2 genes encoding the pro-a1
and pro-a2 chains of collagen type |, respectively
[2]. In classical Ol the most frequent defects are
glycine substitutions within the conserved Gly-Xaa-
Yaa triple helix motif. The presence of a bulkier
amino acid in place of Gly-results in the delay of the
pro-a chains folding that causes their excessive
exposure to post-translational modifying enzymes
and the intracellular retention of the overmodified
molecules [3]. More recently, recessive Ol forms
have been identified affecting proteins involved in
collagen biosynthesis or osteoblasts differentiation
and activity [3]. Among these, Ol type VIl is caused
by biallelic mutations in the enzyme prolyl 3-
hydroxylase 1 (P3H1) that belongs to an endoplas-
mic reticulum (ER) resident complex in which it
associates in a 1:1:1 ratio with the chaperone carti-
lage-associated protein (CRTAP) and the cis-trans
isomerase cyclophilin B (CyPB). The complex
works as a molecular chaperone by favoring triple
helix folding, and is responsible for the 3-hydroxyl-
ation of a specific Pro986 residue in Xaa-position in
the ai1(l) chains [4]. 3-hydroxylated Pro986 side
chains extend externally from the triple helix axis
and favor extracellular assembly of the collagen
molecules [5]. Recessive Ol type VIII shares with
Ol classical forms the delay of pro-a(l) chain fold-
ing, their overmodification and the intracellular
retention of misfolded collagen, leading to cell
stress [6,7].

In the last decade it was shown that altered cell
homeostasis affects bone cells differentiation.
Indeed, an impairment in osteoblast differentiation
was described in three Ol murine models. The Bril
mouse, characterized by a G349C (p.G527C) substi-
tution in a1(l) chain, showed reduced early and late
osteoblastogenic markers expression and increased
adipogenesis in vitro [8]. In the Amish mouse, carry-
ing a G610C (p.G777C) substitution in a2(l) chain,
reduced transcription of mature osteoblast markers
such as Bglap was observed both in vitro and in vivo
[9]. Finally, an accumulation of immature osteoblasts
and increased osteoclastogenesis was reported in
the Oim mice, carrying a homozygous nucleotide
deletion leading to a frameshift mutation in the
sequence encoding the C-terminal propeptide of
Col1a2 [10]. However, detailed information about
bone cell differentiation during bone formation in Ol
patients and mice are still scarce.

Zebrafish (Danio rerio) is a proven valid model
to investigate skeletal diseases, sharing 71% of

homology with human genes and conserving both
mammalian bone cells and ossification types
[11,12]. Several zebrafish mutants for Ol were
generated either by forward or reverse genetic
approaches, strongly contributing to better dissect
the pathology [7,13-15]. Among these, we previ-
ously deeply characterized the dominant severe
Ol type lll, Chihuahua (Chi/+) zebrafish, obtained
by ENU mutagenesis and carrying a p.G736D sub-
stitution in a1(I) chain [16,17]. More recently, using
CRISPR/Cas9 gene editing we generated and
characterized the knock-out p3h1~/~ zebrafish
that recapitulates the human Ol type VIII pheno-
type [7].

The advantages in using zebrafish as animal
models to investigate skeletal diseases are multi-
ple. First, zebrafish can fully regenerate several
organs and tissues, including the bony caudal fin
[18]. Fin rays, also called lepidotrichia, belong to
the dermal skeleton and are directly formed from
osteoblasts without a cartilage template. Each ray
is constituted by a repetition of ~20 segments,
interconnected by collagenous ligaments called
joints. After caudal fin amputation, a regenerative
program starts. The first phase is a rapid wound
healing followed by the blastema formation, with
mature osteoblasts dedifferentiating, becoming
proliferative, and migrating distally to form a region
of undifferentiated cells (blastema). In the last
regenerative outgrowth phase, the bone cells re-dif-
ferentiate, and the sequentially expression of
runx2 (pre—osteoblast marker), sp7/osterix (com-
mitted osteoblast marker) and finally bglap/
osteocalcin (mature osteoblast marker) takes place
[19,20]. Osteoclasts are also involved in caudal fin
regeneration, indeed after 5—6 days post amputa-
tion (dpa) they accumulate at the level of the ampu-
tation plane as well as along the regenerating fin
rays [21,22]. Zebrafish caudal fin is easily accessi-
ble for manipulation, and after amputation it rapidly
regenerates within 2 weeks.

Furthermore, being almost fully translucent for
quite some time during growth [23], after crossing
with transgenic fish lines labeling osteoblasts at dif-
ferent developmental stages, zebrafish provide a
unique tool to study bone cell differentiation in vivo.

Lastly, thanks to the ability to absorb drugs and
compounds from the water through the mouth and
the gills, zebrafish provide a convenient tool for drug
screening. In particular, the study of caudal fin
regeneration after drug administration is nowadays
a standardized assay to assess the effect of com-
pounds on bone [24].

Here, caudal fin regeneration allowed in vivo
investigation of bone formation in the zebrafish Chi-
huahua (Chi/+) and p3h1~'~, models for dominant
and recessive Ol, respectively, which are both char-
acterized by altered collagen structure.



Cell differentiation and matrix organization are differentially affected during 107

Results

Caudal fin regeneration is reduced in dominant
a1(l) p.G736D (Chi/+) and recessive p3h1~/~

Caudal fin regeneration, a well-known and stan-
dardized system to evaluate bone formation in
zebrafish, was assessed in WT, Chi/+ and p3h1~/~
Ol zebrafish by means of vital calcein staining
(Fig. 1A). The regenerated caudal fin area at 7 and
14 days post amputation (dpa) was analysed. To
evaluate a possible impact of different developmen-
tal stages on regenerative ability, the study was per-
formed in zebrafish at 3 months post fertilization
(mpf), representing juvenile to adult transition, and
at 8 mpf, corresponding to the adulthood. The regen-
eration ability was significantly compromised in
mutants with respect to WT. The percentage of the
Regenerated Area (REG) and of the Estimated Min-
eralized Area (EMA) were significantly reduced in
Chi/+ and p3h1~'~ compared to WT both at 7 and
14 dpa (Fig. 1B-C). No effect of the two tested devel-
opmental stages was detectable in the regeneration
capacity of WT and mutants. The reduced regenera-
tive ability observed in vivo in Chi/+ and p3h1~/~
compared to WT demonstrated an impaired bone
formation in both Ol models.

The improved bone regeneration following 4-
PBA treatment is not affecting bone cell markers
expression

Both Chi/+ and p3h1~/~ Ol models are charac-
terized by over-glycosylated collagen |, which is
retained in the ER [7,17]. The consequent cellular
stress therefore represents a possible target for Ol
therapy.

We previously demonstrated the positive effect of
4-phenylbutyrate (4-PBA) as a chemical chaperone
able to improve bone mineralization in Chi/+ larvae
[17]. Here, we tested 4-PBA effect on adult Chi/+
and p3h1~/~ during caudal fin regeneration to inves-
tigate its potential effect on bone formation and gene
expression of bone cell-related genes.

The effect of 4-PBA administration on bone regen-
eration was evaluated on 3 and 8 mpf WT, Chi/+
and p3h1~'~ zebrafish at 7 and 14 dpa by measur-
ing REG and EMA parameters as described above.

4-PBA administration did not show any effect on
the regeneration capacity of Chi/+ zebrafish at any
ages and time points analyzed (Fig. 1B). In 3 mpf at
14 dpa, 4-PBA rescued p3h71~~ REG that reached
WT value, whereas p3h1*’* EMA remained signifi-
cantly less than untreated WT.

Interestingly, 4-PBA treatment on 8 mpf zebrafish
rescued in p3h71~/~ the delay in bone formation
respect to controls at both 7 and 14 dpa. REG and

EMA of p3h1~/~ treated zebrafish reached WT value
at 14 dpa. (Fig. 1C).

The effect of 4-PBA treatment on the expression
levels of the early (runx2a, runx2b, sox9a, sox9b),
intermediate (sp7) and late (bglap) osteoblast
markers and on the acp5a osteoclast marker were
also evaluated on 3 and 5 dpa Chi/+ and p3h1~/~
caudal fins. No difference between WT and mutants
at all the analyzed time points was detected for all
these genes (Supplementary Figs. 1 and 2).

Taken together, these data indicate that during
caudal fin regeneration 4-PBA is not affecting gene
expression and its positive chaperone effect is only
detectable in the recessive p3h1~'~ model.

Caudal fin morphology is impaired in
dominant chi/+ and recessive p3h1~/~

To deeply investigate caudal fin morphology in
adults before and during regeneration, detailed mor-
phometric analysis was carried out in WT, Chi/+
and p3h1~'~ on the original caudal fin (indicated
from now on as sample at day 0) and at 7 and 14
dpa. Representative images are shown in Supple-
mentary Fig. 3.

Limited to p3h71~'~, a significantly reduced num-
ber of fin rays in the day 0 caudal fin respect to WT
was detectable, suggesting a possible developmen-
tal defect in this model (Fig. 2A).

The caudal fin size was significantly reduced only
in Chi/+ respect to WT (Fig. 2B). While the number
of segments did not differ between WT and Chi/+
(Fig. 2C), their medium length was reduced at all
time points, coherently with the smaller caudal fin
that characterizes this mutant (Fig. 2D). On the con-
trary, an increased number of segments was evident
in p3h1~'~ with respect to WT at day 0 (Fig. 2C), but
their length was reduced as in Chi/+ (Fig. 2D). At 14
dpa, p3h1~'~ segment length had normal value,
while their number was significantly reduced respect
to WT, compatibly with p3h7~/~ delay in regenera-
tion (Fig. 2D).

The number of bifurcations was significantly
reduced in Chi/+ fin rays respect to WT at day 0 and
14 dpa. Interestingly, p3h1‘/‘ showed significantly
increased number of bifurcations with respect to WT
at day 0 and 7 dpa. No difference was observed at
14 dpa, when WT zebrafish reached the same num-
ber of bifurcations as p3h71~'~. No differences in the
distance from the first bifurcation to the caudal fin
base were detected in both Chi/+ and p3h1~/~
respect to WT (Fig. 2E).

Taken together, these data clearly indicate a
defect in the caudal fin morphology of Chi/+ and
p3h1~'~ zebrafish. The former is characterized by
shorter fin rays that never bifurcate, while the latter
has less fin rays with increased number of bifurca-
tions.
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Fig. 1. Caudal fin regeneration is reduced in Chi/+ and p3h1~'~ compared to WT and is rescued by 4-PBA administra-
tion only in p3h71~/~. (A) Caudal fin was amputated and calcein vital staining was performed at 7 and 14 dpa, as shown in
the scheme. (B) Caudal fin regeneration of WT and Chi/+ siblings. Chi/+ zebrafish at 3 and 8 mpf exhibited a significantly
reduced caudal fin regeneration compared to WT both at 7 and 14 dpa. 4-PBA treatments did not improve either REG or
EMA between controls and treated zebrafish at all ages and time points analyzed (3 mpf: WT n = 6, Chi/+ controls n = 5,
treated Chi/+ n = 6; 8 mpf: WT n = 10, Chi/+ controls n = 10, treated Chi/+ n = 8). (C) Caudal fin regeneration of WT and
p3h1~/~ siblings. p3h1~'~ mutants at 3 and 8 mpf showed a significantly reduced caudal fin regeneration compared to
WT. 4-PBA administration significantly increased REG and EMA parameters in 8 mpf treated respect to controls, reaching
WT value (3 mpf: WT n = 10, p3h1~/~ controls n > 9, treated p3h71~'~ n = 10; 8 mpf: WT n = 9, p3h1~'~ controls n > 7,
treated p3h1’/ ~ n =10). dpa: days post amputation; mpf: months post fertilization; REG: Regenerated Area; EMA: Esti-
mated Mineralized Area. Each dot represents a single value: circle for WT, full square for Chi/+ controls, empty square
for treated Chi/+, full triangle for p3h1~/~ controls and empty triangle for treated p3h1~'~.* P < 0.05, ** P < 0.01, *** P <
0.001, # P < 0.0001.
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Fig. 2. Morphometric analysis of WT, Chi/+ and p3h1~/~ caudal fin before and during regeneration. Number and length
of segments were measured in the total caudal fin at day 0 and only in the regenerated fin at 7 and 14 dpa. (A) A general
reduction in the number of rays was detected in p3h1 ~/~ compared to WT. (B) Caudal fin area, normalized to the fin base
width, was significantly reduced in Chi/+ respect to WT. (C) At day 0 the number of segments, increased in p3h7~'~ with
respect to WT, was reduced in the 14 dpa regenerate, compatibly with overall reduced bone formation. (D) The medium
length of segments was reduced in p3h1~/~ respect to WT at day 0 and in Chi/+ respect to WT before and during regener-
ation. (E) p3h1~/~ zebrafish presented an increased number of bifurcations at day 0 and 7 dpa, while Chi/+ rays had sig-
nificantly less bifurcations at day 0 and at 14 dpa respect to WT. No differences were found in the bifurcation distality
percentage, measured as the ratio between the distance to the first bifurcation and the fin ray length, between all zebrafish
(n =5 for each genotype) dpa: days post amputation. Each dot represents a single value: circle for WT, square for Chi/+
and triangle for p3h1~'~.* P < 0.05, ** P < 0.01, *** P < 0.001, # P < 0.0001.

Early osteoblast differentiation is not affected 3 dpa (when early differentiation markers are
during caudal fin regeneration in Ol strongly expressed in the caudal fin [27,28]), and 5
dpa (when late markers start to be expressed [19]),
The key osteoblastogenic differentiation pathways in order to better evaluate possible delays in differ-
are conserved during zebrafish caudal fin regenera-  entiation (Fig. 3A-B). The expression of the master
tion [25]. To explore in depth the molecular basis of  osteoblastogenic marker runx2, duplicated in zebra-
impaired caudal fin regeneration in the two Ol zebra- ~ fish as two paralogues runx2a and runx2b, and
fish models, early differentiation was evaluated  so0x9, involved in mesenchymal condensation and
through RT-qPCR analysis of RNA extracted from  also duplicated in two isoforms sox9a and sox9b,
caudal fin pools from WT, Chi/+ and p3h1 ~/~.Differ-  were evaluated as the two main markers of early
ently from the morphometric analysis, in whichthe 7 osteoblastogenesis.
and 14 dpa time points were selected to better visu- In both WT and mutant zebrafish the level of
alize caudal fin morphology at half regeneration and  runx2a, sox9a and sox9b increased at 3 dpa, during
at a later stage [26], the time points selected for the  the early regenerative process, and showed a
gene expression analysis were day 0 (basal state), decreasing trend at 5 dpa, with the exception of
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Fig. 3. Sample collection and gene expression analysis of the early differentiation markers runx2a, runx2b, sox9a and
sox9b in WT and mutants. (A) RNA was collected from pools of six caudal fins at day 0, 3 and 5 dpa as shown in the
scheme. (B) Detailed schematic view of collected caudal fin samples. Day 0 refers to the portion of the caudal fin obtained
after the first amputation at basal state; 3 dpa and 5 dpa regenerates were collected above the amputation plane. Created
with BioRender.com. (C) RT-qPCR analysis in WT and Chi/+ zebrafish. runx2a and sox9a showed a significant increase
after amputation, with no difference among genotypes. (D) RT-gPCR analysis in WT and p3h7~'~ revealed the same
trend observed in the previous group. n > 3 pools of caudal fins for each genotype dpa: days post amputation. Each dot

represents a single value: circle for WT, square for Chi/+ and triangle for p3h1~’

# P < 0.0001.

sox9b that stayed upregulated (Fig. 3C-D). On the
contrary, the expression levels of runx2b did not
show any variation among time points and geno-
types analyzed.

Taken together, these data supported normal
early osteoblastogenlc differentiation in Ol Chi/+
and p3h1~'~ zebrafish.

Osteoblast differentiation is impaired in
dominant Chi/+ but not in recessive p3h1~/~

Osteoblast differentiation upon cell commitment
was first investigated by RT-qgPCR gene expression
analysis of the early-intermediate marker sp7/osterix
and the late marker bglap/osteocalcin. An in vivo
analysis of the expression of the same markers was
then undertaken by confocal microscopy on the
mutants crossed with the transgenic zebrafish lines
sp7:GFP and bglap:GFP. The number of GFP+
cells and GFP intensity and distribution within the
segments and in the regenerated rays were evalu-
ated. The study was performed at day 0 and at 3

~.*P <0.05,** P <0.01, ™ P < 0.001,

and 5 dpa except for bglap, that was not investi-
gated at 3 dpa due to its low expression at this time
point.

In both Chi/+ and WT zebrafish sp7 mRNA
started to increase at 3 dpa compared to day 0 as
expected [19], but no difference was detectable
between mutant and WT at any of the analyzed
time points (day 0: p = 0.15, 3 dpa: p = 0.18, 5
dpa: p = 0.38) (Fig. 4A). Interestingly, in Chi/+;
sp7:GFP a significant increased number of GFP+
cells was evident in the ray segments at 0 and 3
dpa with respect to WT (Fig. 4B). At the latter time
point an accumulation of sp7:GFP+ cells at the tip
of the regenerating fin rays in mutants was
detected (Fig. 4C). No significant difference was
found at 5 dpa (Fig. 4B-C). Similar results were
obtained by GFP intensity measurements, as sp7:
GFP signal was significantly increased in Chi/+
compared to WT at day 0 and at 3 dpa, even if
sp7:GFP intensity at the tip of the regenerating
rays was still higher in mutants respect to WT
(Supplementary Fig. 4A).
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bar: 100 wm. In the graphs, each dot represents a single value: circle for WT and square for Chi/+. * P < 0.05, ** P <
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The expression of bglap was significantly reduced
in Chi/+ with respect to WT at day 0 (Fig. 5A). This
result was confirmed by confocal microscopy.
Indeed, Chi/+; bglap:GFP showed decreased num-
ber of GFP+ cells in the ray segments at day 0 with
respect to WT (Fig. 5B). At this time point, the analy-
sis of GFP distribution inside fin ray segments
showed an homogeneous distribution of GFP signal
along the segments in WT, while Chi/+ presented
an accumulation of bglap:GFP+ cells in the center
of the segments (Fig. 5C). RT-qPCR did not reveal
differences between WT and mutant in bglap
expression at 5 dpa (Fig. 5A), but bglap:GFP+ cells

were significantly increased in Chi/+ with respect to
WT, and interestingly an intensity peak of GFP sig-
nal was detected at the level of the amputation plane
(Fig. 5B-C). Coherently with these results, the over-
all bglap:GFP intensity was found to be significantly
decreased at day 0 and increased at 5 dpa in Chi/+
with respect to WT (Supplementary Fig. 4B).

Taken together, these data indicate an
increased number of immature osteoblasts and a
reduction of mature osteoblasts both in the ampu-
tated and regenerated caudal fin rays in Chi/+
compared to WT, supporting a delay in osteoblast
differentiation.
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No change in sp7 and bglap expression was
detected in p3h71~'~ at any time points. Coherently
with these results, p3h1~'~; sp7:GFP and p3h1~’
~; bglap:GFP presented a similar number of
GFP+ cells, GFP intensity and distribution com-
pared to WT siblings, indicating normal osteoblast
differentiation in this model (Supplementary Figs.
4C-D, 5, 6).

Chil+ caudal fin shows an increased number of
adipocytes

Impaired osteoblast differentiation in dominant Ol
was previously associated to increased adipogene-
sis [8], thus adipocytes were evaluated in Chi/+ cau-
dal fins at day 0, the time point in which delayed
osteoblast differentiation was stronger, as well as in
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toxylin counterstaining of WT (n = 5), Chi/+ (n = 4) and p3h1~’

~ (n = 4) longitudinal caudal fin sections. Double staining

on the top, ORO staining on the bottom. Scale bar: 10 um. (C) Quantification of the number of ORO-stained lipid drops in
the distal caudal fin revealed an increased adipogenesis in Chi/+ zebrafish. Each dot represents a single value: circle for

WT, square for Chi/+ and triangle for p3h1~'~.* P < 0.05.

p3h1~'~, in which no compromised osteoblast differ-
entiation was proved. Oil Red O (ORO) staining on
longitudinal caudal fin sections was undertaken
focusing on the most-distal part of the fin, where
less adipocytes should be present in normal condi-
tions [29]. While the number of ORO-stained lipid
drops was low and did not differ between WT and
p3h1~/~, it was significantly increased in Chi/+,
proving a switch toward adipogenesis during precur-
sor cells differentiation (Fig. 6).

Osteoclast activity is reduced in mutant caudal
fin regenerates

Bone homeostasis requires together with the
activity of osteoblasts, responsible for bone forma-
tion, also the presence of osteoclasts, driving bone
resorption. Zebrafish and mammal bones are sub-
jected to bone resorption thanks to the presence of
osteoclasts and the same osteoclastogenic markers
are conserved between teleosts and mammals [30]
To study bone resorption in Chi/+ and p3h1~’
mutants, we investigated both the expression at the
transcript level and the enzymatic activity of Tar-
trate-Resistant Acid Phosphatase (TRAP), a well-
known osteoclast marker.

The expression level of acp5a, encoding TRAP,
was investigated at day 0 and 5 dpa by RT-gPCR.
acpba level was significantly increased in WT, Chi/

+ and p3h1~/~ after amputation. No differences
were detected between genotypes at day 0. Interest-
ingly, a significantly decreased expression level of
the gene was detected in Chi/+ at 5 dpa respect to
WT (Fig. 7A). On the contrary, the acp5a expression
level in p3h1* ~ at 5 dpa was similar to WT (Fig. 8A).

TRAP staining was performed on caudal fins col-
lected at day 0 and at 5 dpa. The number of TRAP+
cells was significantly increased in the caudal fins of
Chi/+ respect to WT and S|gn|f|cantly reduced at 5
dpa (Fig. 7B). On the contrary, p3h1~'~ showed no
differences in the number of TRAP+ cells at day 0
and at 5 dpa (Fig. 8B). The intensity of TRAP signal,
measured at the level of the amputation plane, was
normal |n Chi/+ (Fig. 7B), but significantly reduced
in p3h1~'~ compared to WT (Fig. 8B).

Differentiation and activity of osteoclasts are regu-
lated through the expression of Receptor Activator
of Nuclear Factor k B (RANKL) and osteoprotegerin
(OPG) by osteoblasts. The rankl expression level
was increased in WT and in both mutants at 5 dpa
compared to day O, whereas no difference was
detectable in opg level. The rankl/opg ratio was sim-
ilar in WT and both mutants at day 0 and 5 dpa
(Figs. 7C and 8C). Interestingly, ranki/opg ratio was
significantly mcreased at 5 dpa respect to day 0 in
WT and p3h1~'~, but not in Chi/+ zebrafish.

These data supported a higher presence and
activity of osteoclasts only in the Chi/+ caudal fin,
Furthermore, these results pointed to a reduced
number and activity of osteoclasts during regenera-
tion in Chi/+ and to a reduced osteoclast migration
to the site of amputation in p3h1~/

Considering the differences in the number of bifur-
cations that we observed in our mutants with respect
to WT by morphometric analysis and the association
recently described by Cardeira-da-Silva et al. at 7
dpa between bifurcation and osteoclast activity [31],
we additionally performed the TRAP assay in both
our mutants at this time point. As expected, a ten-
dency towards reduced TRAP staining was still
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dots). Scale bar: 500 um. * P < 0.05, ** P < 0.01.

present in Chi/+ zebrafish compared to their WT sib-
lings (p = 0.07). Furthermore, significantly reduced
TRAP signal was detected at the bifurcation site in
Chi/+ compared to WT, compatible with the reduced
number of bifurcations that we observed in this
mutant by morphometric analysis (Fig. 9A). The
p3h1‘/‘ zebrafish, in which we observed a higher
number of bifurcations compared to WT at 7 dpa,
interestingly showed a significantly increased TRAP
signal in the regenerate and at the bifurcation site,
suggesting a boost in osteoclast recruitment and dif-
ferentiation at this time point (Fig. 9B).

Chi/+ caudal fin joint matrix is disorganized

To further investigate the observed morphological
alterations in the caudal fin, transmission electron
microscopy (TEM) analysis was performed. TEM
images of WT joints showed well-organized collagen
fibers with a parallel orientation linking consecutive
ray segments. The typical collagen banding was
clearly visible. On the contrary, Chi/+ joints were
characterized by a complete disorganization of colla-
gen fibrils, with irregular intersecting directions and
lacking the typical collagen banding pattern
(Fig. 10A). Furthermore, TEM analysis evidenced
the presence of thinner cortex and calli in Chi/+ fin

rays (Fig. 10B). The structure and the organization
of collagen type | fibrils in the caudal fin were also
investigated by immunofluorescence. Collagen type
| fibrils were distributed parallel to the fin rays and
around and inside the caudal fin joints. No difference
in collagen general orientation was found between
WT and mutants. Nevertheless, in Chi/+ some colla-
gen fibril aggregates could be detected as well as an
accumulation of fibrils near the fin rays, further dem-
onstrating an impairment in collagen deposition
(Fig. 10C).

To deeply address the dysregulation of collagen
type | fibrillogenesis, two Fibril-Associated Colla-
gens with Interrupted Triple Helices (FACITSs),
namely collagen XIlI and collagen XIV, known to
interact with collagen | fibrils [32,33], were investi-
gated by immunofluorescence using antibodies to
the zebrafish proteins. Surprisingly, collagen XIV
was found to be specifically expressed inside the
caudal fin joints, an observation never reported
before. Collagen XIlI was widely distributed in the
caudal fin, with its pattern being strongly similar to
the one of collagen | fibrils. No abnormalities in the
fibril-associated collagen XII deposition were
detected in Chi/+. Interestingly, collagen XIV fluo-
rescence intensity was significantly higher in
mutants and, being strongly expressed at the joint,
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allowed to appreciate a wider inter-joint space in Chi/
+ respect to WT (Fig. 10C-D), further supporting the
matrix disorganization observed by TEM. Of note,
joint deformities in Chi/+ were detected also in the
regenerating caudal fin at 5 dpa. Nevertheless, a
deeper investigation of collagen XIV distribution in 5
dpa transversal caudal fin sections from WT and
Chi/+ revealed no anomalies in collagen XIV distri-
bution along the fin rays (Supplementary Fig. 7).

To investigate how the reorganization of the cau-
dal fin joints affects the swimming of Chi/+ zebra-
fish, spontaneous swimming behavior was
investigated and demonstrated a significant
decrease in the total distance travelled by Chi/+
zebrafish compared to their WT siblings (Supple-
mentary Fig. 8A) with a significantly increased
movement ratio of the caudal fin in Chi/+ zebrafish
(Supplementary Fig. 8B). The swimming path, plot-
ted in Supplementary Fig. 8C, highlighted a smooth
S-shaped curvature of the tail-base in WT zebrafish,
whereas a more erratic (spastic), less symmetrical
movement of the caudal fin was observed in Chi/+.
Moreover, Chi/+ zebrafish had difficulties to swim
straight, and their paths were often more curved
compared to the mostly straight swimming path in
WT zebrafish (Supplementary Fig. 8D).

RT-gPCR analysis of collal, col12ala,
col12a1b, col14ala and col14aib did not show dif-
ferences in transcript expression among the two
genotypes. Interestingly, col72a1b expression was
detectable in 5 dpa samples only in mutants, but not
in WT (Fig. 10E).

Immunofluorescence was also carried out for
p3h1~/~ zebrafish to evaluate collagen network
organization. Collagen type | fibrils showed normal
orientation in this model, but fibrils appeared wavy
and strongly disorganized, with some collagen | sig-
nal trapped inside the fin rays. No alterations were
detected for collagen Xl and XIV (Supplementary
Fig. 9).

These data indicated a collagen type | fibril disor-
ganization in both p3h71~~ and Chi/+ mutants,
affecting, only in the latter, which also showed swim-
ming alterations, the secretion and organization of
other extracellular matrix collagenous proteins and,
ultimately, impairing joint organization.

Discussion

This study shows the suitability of zebrafish cau-
dal fin regeneration analysis to deeply investigate

bone cell differentiation and activity in zebrafish
models of Ol. Here we demonstrate that despite
causing intracellular mutant collagen retention and a
similar skeletal phenotype, structural mutations in
collagen type | have different consequences both at
cellular and molecular level compared to mutations
in a protein relevant for collagen type | post-transla-
tional modification.

The impaired bone formation associated to a
delay in growth characterizing individuals affected
by OI [34—37] can be easily and quickly investigated
in vivo in zebrafish taking advantage of their ability
to regenerate after amputation the caudal fin that is
mainly composed by bony rays and soft tissue [38].
The reduced caudal fin regeneration ability detected
in both dominant Chi/+ and recessive p3h1~'~ Ol
zebrafish models confirmed the delay in their bone
formation thus strengthening their value to investi-
gate the Ol bone phenotype. To dissect the molecu-
lar basis of the impaired bone formation, bone cell
differentiation was evaluated. RT-qPCR data
highlighted normal early osteoblastogenesis steps
in both Ol models as demonstrated by normal
runx2a/b and sox9a/b transcript expression. Inter-
estingly, a clear delay in osteoblast maturation and
migration was only evident in Chi/+ zebrafish. sp7+
committed osteoblasts were increased in Chi/+
respect to WT up to 5 dpa, when mature osteoblasts
are instead expected to be more abundant. Even if
the number of bglap+ mature osteoblasts was
increased in Chi/+ respect to WT at 5 dpa, their
presence was mainly limited at the amputation site,
suggesting a defect in their dedifferentiation. The
delay in osteoblasts differentiation was further sup-
ported by the analysis performed at day 0, in which
only committed osteoblasts were increased whereas
the presence of mature osteoblasts was very limited.
These findings support in vivo the impairment in
bone forming cell differentiation reported previously
in vitro in dominant Ol patients as well as in murine
models [8—10,39]. It would be interesting to further
investigate the spatial distribution of runx2a and
sox9a using transgenic lines as done for sp7 and
bglap in future studies. This could provide additional
insights into the localization of early osteoblastogen-
esis markers during fin regeneration and their poten-
tial impact on fin patterning and regeneration in Ol
pathology.

The defective osteoblast differentiation found in
Chi/+ paired to a significantly increased number of
lipid drops at the tip of the caudal fin. This finding,
that supports the presence of an osteoblast-

structure and increased inter-joint space, as indicated by the arrowheads (i: collagen XlI and collagen XIV co-labeling in
WT zebrafish; ii: 63X magnification of collagen XIV-labeled joint in WT zebrafish; iii: collagen XlI and collagen XIV co-
labeling in Chi/+ zebrafish; iv: 63X magnification of collagen XIV-labeled joint in Chi/+ zebrafish). (D) Collagen XIV analy-
sis revealed increased joint width and fluorescence intensity in Chi/+ respect to WT (n = 5 for each genotype). (E) RT-
gPCR analysis of collagens did not show differences between the two genotypes (n = 3 pools of six caudal fins for each
genotype). dpa: days post amputation. In the graphs, each dot represents a single value: circle for WT and square for

Chi/+.** P < 0.01.
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adipocyte switch in a zebrafish Ol model, strength-
ens the correlation between impaired osteoblasto-
genesis and increased adipogenesis in vivo,
indicating this feature as a characteristic of dominant
Ol as previously described in in vitro experiments,
both in Ol individuals and murine mesenchymal
stem cells (MSCs) [8,40].

On the contrary, p3h1~/'~ zebrafish showed nor-
mal bone cell differentiation and no increased adipo-
genesis, suggesting that in this recessive Ol form
the defective bone forming cell differentiation does
not play a significant role in bone regeneration as in
the dominant form of the disease.

High bone turnover due to excessive bone resorp-
tion is one of the key features of Ol pathology [3].
Osteoblast and osteoclast activity in bone is tightly
coupled and mutations causative of Ol are fre-
quently associated to an imbalance between bone
formation and bone resorption. The number of
TRAP+ cells was found to be significantly reduced
at 5 dpa in Chi/+ with respect to WT. This result was
surprising, since to our knowledge this is the first
time in which decreased osteoclast activity is
described during bone formation in Ol. Neverthe-
less, we should be careful in interpreting these data
since bone formation of the dermal caudal fin does
not fully recapitulate the formation of the endoskele-
ton, and the role of osteoclasts in caudal fin regener-
ation has been still poorly explored.

The osteoblast and osteoclast results support in
dominant, but not in recessive Ol, a prevalent role of
defective osteoblasts and impaired osteoclast activ-
ity in causing reduced caudal fin bone formation.

At day 0, the presence of immature osteoblasts
failing to express bglap is associated to an
increased number of TRAP+ cells in Chi/+ respect
to WT, suggesting that during bone remodeling
impaired osteoblast maturation may induce an
increase in bone turnover similar to what observed
in dominant Ol individuals [39] as well as in the Brt/
mouse [41]. Nevertheless, it must be considered
that the fragile Chi/+ caudal fins are more prone to
fractures, which could partlally explain the increase
in bone resorption. In p3h71~/~ caudal fin the level of
TRAP+ cells was normal at day O, in accordance
with what found for P3h1 null mice, characterized by
normal osteoblast and osteoclast surfaces [42].
Also, a normal number of osteoclasts was reported
in vivo and ex vivo in the Ol type VII murine model
Crtap~'~, which is phenotypically and biochemically
similar to the P3h1 null mice [43].

We did not detect any variation in the expression
levels of rankl and opg nor in the rankl/opg ratio in
both Ol zebrafish, similarly to what reported for the
Brtl mouse [41], confirming that the impaired osteo-
clastogenesis found in the two models is not directly
linked to the Rankl/Opg axis.

Of interest, a reduced TRAP S|]gnal at the amputa-
tion plane was evident in p3h7~"~ compared to WT

zebrafish. We recently described an increased
TRAP staining signal at the level of the amputation
plane, linked to an increased expression of the mac-
rophage precursor marker mpeg1 in the regenerat-
ing caudal fin of the zebraﬂsh mutant for Ol type XIV
tmem38b+720~7/4120-7 ‘indicating the recruitment of
precursors that failed to differentiate [22] The low
signal at the amputation plane in p3h7~/~ may indi-
cate a compromised recruitment and migration to
the remodeling site. Lack of 3-hydroxylation not only
alters the extracellular matrix composition but can
also negatively affect the activity of proteins involved
in bone metabolism. Among these, the hypoxia-
inducible factor HIF-1a turnover is regulated by
prolyl hydroxylation, that triggers binding and ubiqui-
tination via the proteasome [44]. Multiple works
demonstrated that constitutively active HIF-1a by
prolyl hydroxylase inhibition reduces osteoclasts
number and activity in vitro [45,46]. Furthermore, a
disruption in HIF-1a-regulated factors operating in
cytoskeleton dynamics was detected in fibroblasts
from Ol individuals affected by CRTAP, P3H1 and
PPIB mutations [47]. Zebrafish HIF-1«, known to be
involved in macrophage mobilization [48], can
undergo 3-prolyl hydroxylation (source: Uniprot).
Thus, we speculate that lack of 3-hydroxylation may
alter HIF signaling leading to osteoclast defect in our
model. Deeper study of this mechanism was beyond
the scope of this paper, but it would indeed be worth
future investigation.

Recently, it was demonstrated that caudal fin ray
bifurcation depends on a fine-tuned balance
between bone formation and bone resorption, in
which TRAP-+ osteoclasts play a role in defining
branchpoint position [31]. Our morphometry results
seem to indicate that p3h7~/~ rays bifurcate early in
time with respect to WT. Indeed, most of the blfurca-
tions were already present at 7 dpa in p3h1~/
whereas WT reached the same number later at 14
dpa. The low TRAP signal observed in the 5 dpa
amputation plane of p3h7~/~ supports a delay in
osteoclast precursors recruitment at the remodeling
site, followed by their catch up at 7 dpa when we
observed an increased TRAP staining in the regen-
erate and the bifurcation site, indicating a “boost” in
osteoclast recruitment at this time point. In a similar
way, the reduced number of bifurcations in Chi/+
went together with a reduced TRAP signal at the
bifurcation site. Nevertheless, the branchpoint posi-
tion with respect to the amputation plane was
unchanged in both our mutants with respect to WT.
We speculate that in Chi/+ this is the result of
impaired osteoblast dlfferentlatlon and osteoclast
activity, whereas in p3h1~'~ it is possible that the
impairment in osteoblast activity revealed by the
delay in regenerate growth overcomes the distur-
bance of osteoclast recruitment and activity.

An important question we tried to address was
also the consequence of mutant extracellular matrix
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in the caudal fin of our Ol zebrafish models. We pre-
viously reported the presence of overmodified colla-
gen and impaired fibril assembly in bone and skin of
adult Chi/+ and p3h1~'~. Here we demonstrated a
disorganized collagen type | deposition in the caudal
fin in both models, in some cases with the formation
of aggregates typical of misfolded proteins.

In order to further investigate fibril organization,
we focused our attention on two well-known FACITs
involved in collagen type | fibrillogenesis, collagen
types Xll and XIV. For the first time, we described
specific localization of collagen type XIV in the joints
of the zebrafish caudal fin, making this collagen a
unique marker of the joints. This could be coherent
with the fact that collagen XIV mainly localizes in
dense connective tissues, such as tendons [49].
Collagen XIV is transiently expressed during early
stages of development [32,50] and during caudal fin
regeneration [51]. Collagen XIlI is more widely and
constantly expressed during development, matura-
tion and aging in most connective tissues [33,52,53].
We indeed observed collagen Xll to be widely and
regularly distributed along the caudal fin and inside
the fin ray segments and joints. Collagen XII may
replace collagen XIV during development or regen-
eration, as others already suggested [32], explaining
its spreader localization inside the caudal fin.

Transmission electron microscopy analysis of Chi/
+ caudal fin joints showed disorganized collagen |
fibrils, which by immunofluorescence investigation
resulted associated to an increase in collagen XIV
amount. An increased inter-joint space before and
during regeneration was evident in Chi/+. No abnor-
malities were on the contrary detected in p3h7~/~
zebrafish. It is tempting to speculate that these dif-
ferences are due to the extracellular matrix composi-
tion of the two models. In Chi/+ the mutant collagen
consists of a mix of molecules with one (50%)

respect to WT. Nevertheless, it should be taken into
account that in addition to the fin phenotype, the
swimming behavior in Chi/+ zebrafish could also be
affected by alterations in the axial skeleton.

The mutations in colTala and in p3h1 respec-
tively have different consequences on caudal fin
morphometry, likely pointing to the peculiar function
of the structural versus enzymatic defects. The most
striking observation was the reduced number of fin
rays in the p3h7~'~ model compared to WT (17.80
=+ 1.64 versus 14.40 £+ 1.14, p < 0.01). This finding
supports a defect in the cartilaginous plates
strengthening the role of P3h1 protein on cartilage
structures already reported in murine Ol models
[37,43] and in the notochord of the zebrafish p3h1~
~ [7]. Indeed, fin rays derive from endochondral
hypurals located at the end of the zebrafish body
and during zebrafish larval development, two carti-
laginous plates constituted by hyaline-cell cartilage
containing elastin fibers, cover the distal ends of
hypurals to support the unidirectional formation of
mineralized rays [56—58].

In presence of the same number of fin rays, in Chi/
+ the length of the segments was instead reduced
since day 0 and throughout regeneration likely due
to the collagen defect in this model. It was previously
demonstrated how collagen mutations impact colla-
gen-rich structures such as the fin rays. For
instance, the zebrafish prp carrying mutation in col-
lagen IX shows wavy fin rays associated to an
altered osteoblast localization [59], a phenotype
shared with Chi/+. Chi/+ regenerating caudal fin
failed to synthesize the actinotrichia, collagenous
structures localized at the distal extremity of the fin
rays and involved in fin ray morphogenesis [60,61].
Our current results strengthen this interpretation by
linking collagen and actinotrichia defects to impaired

ray segmentation.
(25%) or none (25%) mutant chains [54], where owadays no cure is available for Ol and new
p3h1~'~ zebrafish, only mutant molecules are tments to ameliorate quality of life of patients are

duced. The collagen heterogeneity in Chi/+ may dif-
ferentially impact the interaction with other proteins
and collagens involved in fibrillogenesis, as already
reported to modulate the skeletal severity in the Bril/
+ and Brtl/Brtl mice [55].

No difference in the expression of collal,
coli2ala, col14ala/lb was found whereas
col12alb, usually absent in the WT, being a later
expressed gene [50], was present in mutant regen-
erates. However, lack of specific antibody for this
isoform complicated its investigation at the protein
level. Further studies, that are beyond the purpose
of the present investigation, will be required to clarify
the role of the two FACITs in the caudal fin, their
timely activation and their specific localization.

Interestingly, the defective caudal fin joints in Chi/
+ link impaired altered collagen fibrils to abnormal
swimming behavior as demonstrated by shorter
swim paths and fin erratic movements in mutants

urgently needed. Drug repositioning allows to test
already FDA approved drugs on different diseases,
including several skeletal dysplasias [62—64].
Among these, 4-phenylbutyrate (4-PBA), an ammo-
nia scavenger for the treatment of urea cycle disor-
ders, has recently become of increasing interest in
the Ol field due to its chemical chaperone activity.
Indeed, it was recently demonstrated that in vitro 4-
PBA ameliorates Ol cell homeostasis by reducing
unfolded protein response, activating autophagy
and reducing apoptosis both in dominant and reces-
sive forms of the disease, both in primary fibroblasts
and osteoblasts [6,65,66].

In this study we demonstrated that treating p3h1~’
~ with 4-PBA significantly increased bone growth
during caudal fin regeneration both at 7 and 14 dpa
as demonstrated by the rescue of REG and EMA
parameters, with a significant effect only on 8 mpf
adult zebrafish. Interestingly, despite no effect of
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developmental stage on caudal fin regeneration abil-
ity was observed in the current study, we previously
showed that p3h7~/~ zebrafish phenotype generally
worsens with age, with increased number of frac-
tures in the ribs and vertebral compressions in adult
zebrafish [7]. This may support the accentuated
effect of 4-PBA in older zebrafish which have a more
compromised phenotype and thus can benefit more
from the drug administration.

On the contrary and unexpectedly, no effect on
bone formation was detected on 4-PBA treated Chi/
+ at both 3 and 8 mpf. In a previous study on adult
Chil+, we observed a positive effect of the drug in
stimulating collagen secretion in the matrix during
caudal fin regrowth [17]. Our present results suggest
that the increase of mutant collagen in the extracel-
lular matrix may not be enough to ameliorate bone
formation. Nevertheless, also p3h71~'~ collagen type
| has an altered structure, thus the question on why
in the two models the effect of 4-PBA is different is
quite intriguing. Although we do not have a final
answer, we reasoned on three hypotheses. First, as
previously described, the heterogeneity of Chi/+ col-
lagen compared to the homogeneous p3h71~'~ colla-
gen could play a role. A more appealing second
hypothesis is that in Chi/+ we observed reduced
number of mature osteoblasts, which are the target
cells of 4-PBA during bone regrowth. It is possible
that the amount of secreted collagen upon chaper-
one administration is not enough to improve bone
formation in this model. Finally, 4-PBA effect may be
dependent on the type of ossification. In our previ-
ous work, despite improved mineralization was
proved in several cranial bones in Chi/+ larvae, no
effect was detected in the cleithrum, which has a
dermal origin as the caudal fin [17]. We cannot any-
way exclude a gene mutation-specific effect of 4-
PBA in vivo as already suggested from in vitro stud-
ies on Ol patients’ fibroblasts [65].

No effects of 4-PBA were detected on gene
expression of bone cell differentiation markers in
both Chi/+ and p3h1~'~, suggesting that the positive
effect of 4-PBA on cellular homeostasis is not due to
its known histone deacetylase inhibitor activity [67].

The relevance of our results is strengthened by
their possible translation to better dissect the cell dif-
ferentiation occurring during injury repair in humans.
Indeed, most long bone fractures heal by a combina-
tion of intramembranous and endochondral ossifica-
tion, both requiring a programmed cell commitment.
The same bone cell types that we investigated in
caudal fin regeneration experiments, are the ones
differentiating and necessary for fin ray fracture
repair [68,69]. Based on the delay in osteoblast dif-
ferentiation and osteoclast activity in Chi/+, it is
tempting to speculate a similar defect in an injury
model.

In conclusion, we investigated bone morphology,
bone cellular and molecular patterning, and matrix

assembly in two zebrafish models of Ol using the
caudal fin as a tool. For the first time we provide a
direct experimental comparison between two mod-
els of the disease with different molecular defects:
Chi/+, characterized by a collagen defect resulting
in dominant OI, and p3h1*/*, affected by an enzy-
matic defect leading to recessive Ol. We demon-
strated that caudal fin regeneration is similarly
impaired in both dominant and recessive Ol. Never-
theless, only the structural defect in collagen type |
has a negative effect on osteoblast differentiation
that results in a switch towards the adipocytic line-
age, already reported in vitro for dominant Ol, but
never in vivo. Osteoclast impairment during caudal
fin regeneration that recapitulates bone formation in
zebrafish is reported for the first time in both domi-
nant and recessive Ol zebrafish models indepen-
dently from the Rankl/Opg axis. The administration
of the chemical chaperone 4-PBA rescues caudal
fin regeneration in p3h7~/~, demonstrating for the
first time its beneficial effect on recessive Ol in vivo.

Materials and methods

Zebrafish husbandry and ethical statement

AB wild-type zebrafish used for this study were
obtained from the European Zebrafish Research
Center (EZRC). The mutant Chi/+ carrying a
G2207A mutation in colfala, causing a p.G736D
(G574D) substitution in the a1 chain of type | colla-
gen, was originally provided by Prof S. Fisher (Bos-
ton University, USA). The mutant p3h71~/~, carrying
a €.645delCinsGGAGAA deletion resulting in a stop
codon, was previously generated in our laboratory
[7]. Other lines used in this study were Tg(Ola.
bglap:EGFP)"49%¢ (referred as bglap:GFP) [70]
and Tg(OISp7:nisGFP)*'%2 (referred as sp7:GFP)
[71]. Zebrafish embryos were kept in petri dishes
until 6 days post fertilization (dpf) in zebrafish water
(1.2 mM NaHCOg, 0.1 g/L instant ocean, 1.4 mM
CaS0y,, 0.00002% w/v methylene blue) at 28 °C and
then housed in ZebTEC semi-closed recirculation
housing systems (Tecniplast) at 28 °C, pH 7.5 and
conductivity 500 nS on a 14/10 light/dark cycle.
Adult zebrafish were fed three times a day alternat-
ing dry food and brine shrimps. For the experiments,
larvae and adult zebrafish were anesthetized using
0.016% wi/v tricaine (3-amino benzoic acidethyles-
ter, Sigma-Aldrich) in zebrafish water and/or sacri-
ficed by tricaine overdose (0.03% w/v). All the
experiments were performed in agreement with EU
Directive 2010/63/EU. The experimental protocol
was approved by Italian Ministry of Health (Approval
Animal Protocol No.1191/2016-PR and 260/2020-
PR).
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Genotyping

Genomic DNA was extracted from caudal fin clip
of adult zebrafish. Tissue was digested by protein-
ase K (2.5 mg/mL, Sigma-Aldrich) in lysis buffer
(100 mM Tris—HCI, pH 8.5, 5 mM EDTA, 0.2% w/v
SDS, 200 mM NaCl) o/n at 55 °C, followed by pre-
cipitation with isopropanol and resuspended in Tris-
EDTA Buffer (20 mM Tris—HCI, 1 mM EDTA, pH
8.0) o/n at 55 °C.

PCR amplification of p3h1 (NC_007122.6) region
of interest was carried out using specific primers
(FW: 5-CTACACTAACATGTACATGTATGC-3’
(4748—-4771 nt), RV: 5-ACAGTGTGTATATTCTG-
CATCCC-3' (5181—-5203 nt)) using 60 °C annealing
temperature. The amplicon was digested with
Eco0109! (New England BioLabs) and run on 8% v/
v acrylamide gel in TBE buffer (0.1 M Tris—HCI,
0.1 M H3BOg, 2 mM EDTA, pH 8.2). Two bands of
319 bp and 125 bp were expected in WT zebrafish,
while in p3h1~'~ a single 444 bp band indicated the
lack of the restriction site due to the inserted muta-
tion.

Chi/+ genotyping was carried out taking advan-
tage of the fin fold bending present only in mutants
starting from 5 dpf [17].

RNA extraction and RT-qPCR

RNA was extracted from a minimum of three pools
(detailed number in figure legends) of six caudal fins
from each time point from 8 mpf (adult) WT, Chi/+
and p3h1~/~ using QlAzol Lysis Reagent (Q|agen)
according to manufacturer’s instructions. Contami-
nant DNA was eliminated using DNA-free kit DNase
Treatment & Removal (Invitrogen). RNA quantity
was determined by NanoDrop spectrophotometer,
and its quality was evaluated by 1% w/v agarose gel
electrophoresis in TBE buffer. Reverse-transcription
was performed using the High-Capacity cDNA Tran-
scription kit (Applied Biosystems) according to man-
ufacturer’s protocol in a final volume of 20 pL. Real
time quantitative PCR (RT-qPCR) was used to eval-
uate gene expression of runx2a, runx2b, sox9a,
sox9b, acpba, sp7, bglap, rankl, opg, collala,
col12ala, col12alb, col14ala and col14ailb in WT
and mutant zebrafish. dna75tal was used as refer-
ence gene [72]. Primer sequences and annealing
temperatures are reported in Supplementary Table
1. RT-gPCR was performed with SYBR Green Mas-
ter mix (Applied Biosystems) in triplicate in a 25 uL
final volume. The RT-qPCR cycle was the following:
2 min of denaturation at 95 °C, 44 cycles of 5 s at
95 °C, 30 s at the annealing temperature followed by
1 second at 72 °C. A dissociation curve was per-
formed starting with 5 s at 95 °C, followed by 1 min
at 58 or 60 °C and finally gradual heating to 95 °C at
a ramp-rate of 0.11 °C/s to check the specificity of
the amplification. The relative expression was

calculated using AACt method. The QuantStudio 3
thermocycler and the QuantStudio Design & Analy-
sis software (Applied Biosystems) were used.

Bone formation evaluation

The caudal fins of 3 and 8 mpf WT, Chi/+ and
p3h1* ~ zebrafish were amputated and fin regener-
ation was evaluated after 7 and 14 days post ampu-
tation (dpa). In each experiment, both mutants were
matched with their WT siblings. Each zebrafish after
amputation was placed in 200 mL of zebrafish water
in a bench top tank kept at 26 °C and half of the vol-
ume was replaced every day. After 7 and 14 dpa
zebrafish were stained for 10 min with a 0.2% w/v
solution of calcein (Sigma-Aldrich) and washed until
the water was clear to remove unbound dye. Images
of 7 and 14 dpa caudal fins were acquired using a
Leica M165 FC microscope connected to a Leica
DFC425 C digital camera. The regeneration in WT,
Chi/+ and p3h1~'~ zebrafish was estimated using
two parameters, the Regenerated Area (REG), rep-
resenting all the regenerated area, including rays
and surrounding connective tissue, and the Esti-
mated Mineralized Area (EMA) representing the
regenerated mineralized rays and inter-ray spaces.
The percentage was determined by measuring the
ratios REG/total caudal fin area and EMA/total min-
eralized caudal fin area [24] (Supplementary Fig.
10).

Caudal fin morphometry

For morphometric analysis caudal fin regeneratlon
assay was performed on WT, Chi/+ and p3h1~’
zebrafish. Calcein vital staining at day 0, 7 dpa and
14 dpa was performed as described above. Number
of fin rays and caudal fin size were evaluated at day
0. At each time point the number and length of seg-
ments per ray, the number of bifurcations per ray,
the distance from the end of the body to the first
bifurcation (indicated as distance to bifurcation in
the text) were evaluated. Number and length of the
segments were measured in the total caudal fin at
day 0 and only in the regenerated portion of the fin
at 7 and 14 dpa. Images were acquired both in
bright-field and in fluorescence using a Leica M165
FC microscope connected to a Leica DFC425 C dig-
ital camera. Measurements were performed using
the LAS v4.13 software (Leica). The most lateral,
smaller rays were not considered for the analysis.

Tartrate-resistant Acid Phosphatase (TRAP)
staining

Tartrate-resistant Acid Phosphatase (TRAP)
staining was performed following a published proto-
col [21]. Caudal fins of adult WT, Chi/+ and p3h1~'~
zebrafish at the time points indicated in the figure
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legends were fixed in 4% PFA in PBS o/n at 4 °C,
washed in PBT (0.1% v/iv PBS + Tween-20) and
permeabilized in PBTx (0.3% v/v PBS + Triton X-
100). Fins were then equilibrated in TRAP Buffer
(0.1 M sodium acetate, 0.1 M acetic acid, 50 mM
sodium tartrate) and color reaction was performed in
TRAP Buffer containing 0.1 mg/ml Naphtol AS-MX
phosphate (Sigma-Aldrich) and 0.3 mg/ml Fast Red
Violet LB (Sigma-Aldrich). Fins were finally bleached
in 10% Hx0, + 1% KOH o/n at RT to remove pig-
mentation and then stored in 70% glycerol at 4 °C
until acquisition. Images were acquired using a
Leica M165 FC microscope connected to a Leica
DFC425 C digital camera. The number of TRAP+
cells in the amputated and regenerated was counted
using the Cell Counter tool of Fiji (Imaged) software.
In the stump, where TRAP signal was more intense,
the TRAP area was measured on individual rays
and normalized to ray width.

4-phenylbutyrate (4-PBA) treatment

Caudal fins of 3 and 8 mpf WT, Chi/+ and p3h1~/~
zebrafish were amputated and allowed to regrow in
presence or absence (placebo, indicated as control)
of the chemical chaperone 4-PBA. In detail, 5
groups of zebrafish were analyzed: WT, Chi/+ and
p3h1~'~ controls, Chi/+ and p3h1~/~ 4-PBA treated.
After amputation each zebrafish was kept in 200 mL
of zebrafish water and half of the volume was
replaced every day as already described [17]. In
treated zebrafish tanks, 0.05 mM 4-PBA was added
daily and its effect evaluated at 3, 5, 7 or 14 dpa
depending on the experiment.

Whole-mount immunofluorescence on caudal
fins

Amputated caudal fins from WT, Chi/+ and
p3h1~'~ were fixed in 4% PFA in PBS o/n at 4 °C
and decalcified in 0.5 M EDTA pH 7.4 at 4 °C for
four days. Samples were permeabilized in 1% v/iv
Triton X-100 for 1 hour at RT, rinsed three times in
wash solution (0.8% v/v Triton X-100 in PBS) for
5 min at RT and incubated in saturation solution
(0.8% v/v Triton X-100, 1% v/iv DMSO, 5% BSA in
PBS) for 4 h at RT. Samples were then incubated in
saturation solution containing primary antibodies o/n
at 4 °C under gentle agitation (Supplementary Table
2). As for primary antibodies, samples were incu-
bated in saturation solution containing the second-
ary antibodies o/n at 4 °C under gentle agitation,
quickly rinsed in wash solution at RT and finally incu-
bated with 0.5 pg/ml 4',6-diamidino-2-phenylindole
(DAPI, Sigma-Aldrich) for 10 min. Dako (Agilent)
was used for mounting. Images of the 2—3 lateral fin
rays (excluding the most-lateral fin ray) were
acquired by confocal microscope TCS SP8 (Leica).
GFP intensity was measured in each segment and

normalized to segment area or width using Fiji
(ImageJ). GFP+ cells inside the segments were
counted using the Cell counter tool on Fiji (ImageJ)
and normalized to segment area. Intensity measure-
ments along fin rays were done with the Plot profile
tool in Fiji (ImageJ).

Immunofluorescence on sections

Amputated caudal fins from WT, Chi/+ and
p3h1~'~ were fixed in 4% PFA in PBS o/n at 4 °C.
Samples were embedded in 1.5% w/v agarose/5%
w/v sucrose in PBS and agarose blocks were kept in
30% sucrose in PBS o/n at 4 °C. Agarose blocks
were then immersed in optimum cutting temperature
compound (OCT, Histoline) and snap frozen in dry
ice. Frozen blocks were stored at —80 °C until cryo-
sectioning. Thick sections (16 um) were obtained
using a Leica CM1850 UV cryostat at —22 °C.

Cryosections were incubated 30 min in saturation
buffer (1% BSA in PBS) at RT. Primary antibodies
were diluted in saturation buffer and applied on sec-
tions for 1 hour at RT (Supplementary Table 2). Sec-
tions were then rinsed four times, 5 min each, in
PBS at RT. Secondary antibodies were diluted in
saturation buffer and applied on sections for 1 hour
at RT. Sections were rinsed and then incubated in
PBS containing Hoechst or DAPI 1:4000 for 5 min at
RT. Finally, sections were rinsed in PBS and then in
ddH,0, mounted with Dako (Agilent), and stored in
the dark at 4 °C until imaging.

Oil Red O staining

Oil Red O staining was performed on cryosec-
tions. For the staining, sections were let air dry for at
least 30 min and then fixed in 10% neutral buffered
formalin (Sigma-Aldrich). Slides were quickly dipped
in 60% isopropanol and stained in 0.18% Oil Red O
solution. After washing with 60% isopropanol and
water, samples were counterstained with Mayer’s
Hematoxylin (Sigma-Aldrich) and mounted with
Mowiol. Images were acquired using a Leica DM6B
wide-field microscope equipped with a DFC7000T
camera.

For quantification, an area of ~3 x 10° um?,
traced starting 50 wm far from the distal point of the
caudal fin, was measured on 63X images. The num-
ber of lipid drops was then counted inside the area
using the Cell counter tool on Fiji (Image J) software.

Transmission electron microscopy (TEM)

Following anesthesia, caudal fin biopsies were
obtained from adult WT and Chi/+ zebrafish and
rapidly transferred in Karnowsky fixative (0.1 M
sodium cacodylate, pH 7.8, 1.5% v/v glutaralde-
hyde, 4% w/v paraformaldehyde) overnight at 4 °C.
Samples were then decalcified in 14% w/v EDTA pH
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7.1 at 4 °C, for 24 h for Chi/+ and 48 h for WT. The
samples were then post-fixed in 2% w/v OsQy, in
H>O for 2 h at RT, rinsed in distilled water and dehy-
drated in ethanol. The specimens were infiltrated
with LR White acrylic resin overnight at 4 °C and
polymerized in gelatin capsules at 60 °C for 24 h.
Thick sections (60—70 nm) were cut on a Reichert
OM-US3 ultramicrotome with a diamond blade and
collected on 300-mesh nickel grids. The grids were
finally stained with saturated aqueous uranyl acetate
followed by lead citrate and observed with a Zeiss
EMO900 electron microscope, operated at 80 kV with
an objective aperture of 30 mm.

Swimming behavior analysis

Swimming behavior of 10 mpf Chi/+ and WT
zebrafish (n = 8 for each genotype) was analyzed in
a custom-made dark observation chamber (Noldus)
equipped with the Basler GenlCam capturing 25 fra-
mes/second for top-view image acquisition. Data
was analyzed using the EthoVision XT 17 software
(Noldus). Zebrafish were placed individually in a
tank (16 cm (L) x 10 cm (W) x 8 cm (H)) and were
allowed to acclimatize for 10 min prior to a 10-minute
analysis period. The complete experiment was per-
formed in the dark. For each zebrafish, nose-point,
center-point and tail-base detection was performed
in the EthoVision software. Movement was
expressed as total distance travelled (in cm) during
the 10 min analysis period. To obtain information
about the difference in tail movement, the ratio of the
total distance moved by the tail-base over the cen-
ter-point was calculated and is coined the tail/center
movement ratio. The swimming pattern was ana-
lyzed in the Ethovision software using the Track
Visualization module displaying the movement of
the center-point in red and the tail-base in purple.
Representative profiles where the animals were
moving a straight path were selected for publication
to illustrate the tail movement. Absolute head direc-
tion meandering was calculated automatically by
dividing the turn angle by the distance moved in the
EthoVision software and is a measure to compare
turning in animals that move at different speeds.

Statistical analysis

All values are expressed as mean + standard
deviation (SD) except when indicated. Statistical
analysis of data was performed with GraphPad
Prism 9.3.1. Student’s t test was used for unpaired
data applying Welsh’s correction when samples had
significantly different SDs. Multiple comparisons
were conducted using ordinary one-way ANOVA
with Dunnett’s post hoc test or two-way ANOVA with
Tukey’s post hoc test. Normality was tested through

the Shapiro-Wilk’s test. A P < 0.05 was considered
significant.
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