©2019. Published by The Company of Biologists Ltd | Journal of Cell Science (2019) 132, jcs231993. doi:10.1242/jcs.231993

e Company of
‘Blologlsts

SHORT REPORT

Yap induces osteoblast differentiation by modulating Bmp
signalling during zebrafish caudal fin regeneration

Ana S. Brandio', Anabela Bensimon-Brito?*, Raquel Lourengo', Jorge Borbinha'!, Ana Rosa Soares’,

Rita Mateus® and Anténio Jacinto™*

ABSTRACT

Osteoblast differentiation is a key process for bone homeostasis and
repair. Multiple signalling pathways have been associated with
osteoblast differentiation, yet much remains unknown on how this
process is regulated in vivo. Previous studies have proposed that the
Hippo pathway transcriptional co-activators YAP and TAZ (also
known as YAP1 and WWTR1, respectively) maintain progenitor
stemness and inhibit terminal differentiation of osteoblasts, whereas
others suggest they potentiate osteoblast differentiation and bone
formation. Here, we use zebrafish caudal fin regeneration as a
model to clarify how the Hippo pathway regulates de novo bone
formation and osteoblast differentiation. We demonstrate that Yap
inhibition leads to accumulation of osteoprogenitors and prevents
osteoblast differentiation in a cell non-autonomous manner. This
effect correlates with a severe impairment of Bmp signalling in
osteoblasts, likely by suppressing the expression of the ligand
bmp2a in the surrounding mesenchymal cells. Overall, our
findings provide a new mechanism of bone formation through the
Hippo—Yap pathway, integrating Yap in the signalling cascade that
governs osteoprogenitor maintenance and subsequent
differentiation during zebrafish caudal fin regeneration.

KEY WORDS: Bone, Hippo pathway, Regeneration, Paracrine
signalling, Osteoblast

INTRODUCTION

Bone formation and repair are intrinsically associated with the
balanced activity of bone-forming cells, the osteoblasts (Long,
2012). Dysfunctional behaviour of osteoblasts leads to improper
bone matrix deposition and mineralization, affecting the size, shape
and integrity of the skeletal structures (Valenti et al., 2017). Bone
defects occur under pathological conditions (Corrado et al., 2017),
or are due to defective healing upon infection or trauma (Dimitriou
et al., 2011). Current strategies to augment bone formation, like
autologous bone grafts (Shrivats et al., 2014) or the use of growth
factors (El Bialy et al., 2017), show promising results. However, a
better understanding of the osteoblast lineage specification and
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bone regeneration would considerably improve these therapeutic
strategies.

Osteoblasts derive from osteoprogenitors that differentiate by
progressively expressing maturation markers (Rutkovskiy et al.,
2016). More immature cells express runt-related transcription factor
2 (Runx2) (Ducy et al., 1997), followed by osterix (Osx) (Nakashima
et al, 2002) and, finally, the mature-osteoblast marker, bone
y-carboxyglutamate protein (Bglap or Osteocalcin) (Wei and
Karsenty, 2015). The Hippo pathway has been recently suggested to
mediate bone formation and repair by specifying the osteoblast lineage
(Kegelman et al., 2018). This signal transduction pathway comprises
a kinase core cascade which, when activated, leads to the
phosphorylation, cytoplasm sequestration and degradation of its
effectors, Yes-associated protein 1 (YAP, also known as YAP1) and
transcriptional co-activator with PDZ-binding motif (TAZ, also
known as WWTR1). When the Hippo cascade is inactive, YAP and
TAZ translocate to the nucleus and regulate target gene expression
(Irvine, 2012; Misra and Irvine, 2018). This pathway plays an
important function in tissue growth, organ size and regeneration
(Moya and Halder, 2019) by regulating cell proliferation, survival and
fate determination (Yu and Guan, 2013). Recent works show that YAP
and TAZ are required for proper osteoblast activity and bone formation
in vitro (Halder et al., 2012), during mouse development and adult
bone remodelling (Pan et al., 2018; Tang et al., 2013). However, their
roles are still controversial and context dependent, maintaining self-
renewal properties in osteoprogenitors, while promoting bone
formation in mature osteoblasts (Seo et al., 2013; Xiong et al., 2018).

While mammals show limited ability to regenerate (Zhao et al.,
2016), zebrafish (Danio rerio) can regrow multiple organs and tissues
upon injury (Antos etal., 2016). Bone is a major tissue in the zebrafish
caudal fin (Pfefferli and Jazwinska, 2015) and its regeneration relies
on dedifferentiation of mature osteoblasts and on the recruitment of
resident progenitor cells (Ando et al., 2017; Sousa et al., 2011),
which assemble an osteoprogenitor pool. These osteoprogenitors
differentiate into mature osteoblasts that produce the new mineralized
bone (Wehner and Weidinger, 2015). We have previously shown that
the Hippo pathway, through its effector Yap, regulates early stages of
caudal fin regeneration by controlling cell proliferation (Mateus et al.,
2015). Here, we reveal a novel role for Yap in promoting pivotal cell
fate decisions during caudal fin regeneration. Our results show that
Yap activity in mesenchymal cells induces, via a paracrine
mechanism, the activation of Bmp signalling in osteoblasts, thereby
dictating the initiation of osteoblast differentiation.

RESULTS AND DISCUSSION

Yap inhibition results in major bone defects during caudal fin
regeneration

In zebrafish, after caudal fin amputation, mature cells re-enter the
cell cycle and form a less-differentiated, proliferative and lineage-
restricted pool of cells (Tu and Johnson, 2011), called a blastema;
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this group of cells will reconstitute the regenerated tissue
(Kawakami, 2010; Poss et al., 2003). After blastema formation
and outgrowth initiation, differentiation of new osteoblasts takes
place, culminating in bone matrix deposition and patterning of new
bony-rays (Mari-Beffa and Murciano, 2010). To determine whether
Yap controls bone formation during caudal fin regeneration, we
used a heat-shock transgenic line expressing a dominant-negative
form of Yap, hsp70:RFP-DNyap (referred to hereafter as DN-Yap+)

(Mateus et al., 2015). Although homozygous viable mutants for
yapl are available (Kimelman et al., 2017), the heat-shock inducible
strategy allows us to address the role of Yap in a time-specific
manner, without affecting blastema formation. Therefore, to
determine the effect of Yap inhibition during bone formation, we
subjected DN-Yap+ and DN-Yap— siblings to two experimental
protocols (Fig. 1A,B). First, a short Yap inhibition assay, consisting
of'a single heat-shock at 48 h post-amputation (hpa) and fin analysis
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Fig. 1. Inhibition of Yap activity during regenerative outgrowth leads to bone formation defects. Experimental setup used for short (A) and prolonged (B)
Yap inhibition protocols. HS, heat-shock. (C—J) Representative images of caudal fins stained for calcein (green) after short (C—F) and prolonged (G-J) Yap
inhibition in DN-Yap— and DN-Yap+ fish. Dashed red lines outline the regenerated area. Arrowheads define the amputation plane. (K) Quantification of the
regenerated area (n=4 fish in DN-Yap—; n=6 fish in DN-Yap+). (L) Percentage of calcified area (n=6 fish in DN-Yap— and in DN-Yap+). (M) Quantification of
bony-ray width (n=54 bony-rays in DN-Yap—; n=36 bony-rays in DN-Yap+). Plot values represent meanszs.d. **P<0.01; ****<0.0001; ns, not significant

(Mann-Whitney test). Scale bars: 0.5 mm.
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at 72 hpa (Fig. 1A,C—F), which avoids temporal accumulation of
Yap-mediated effects on cell proliferation and survival (Huang
et al., 2005; Piccolo et al., 2014), allowing to investigate direct
outcomes of Yap inhibition in the first stages of osteoblast
differentiation. Second, we performed a prolonged Yap inhibition
assay, consisting of daily heat-shocks from 48 to 96 hpa and fin
analysis at 120 hpa (Fig. 1B,G-J), to determine the role of Yap in
bony-ray formation. While the short inhibition did not have a
significant impact on the total regenerated area (Fig. 1C-F,K), the
prolonged inhibition resulted in a significant decrease in the
regenerated area of DN-Yap+ fish (Fig. 1G-J,K). DN-Yap+ fish
also presented a significant reduction in calcified bony-ray area
(Fig. 1L) and reduced bony-ray width (Fig. 1M) at 120 hpa. These
data show that a short Yap inhibition does not affect the overall fin
regeneration, whereas prolonged Yap inhibition significantly reduces
bone formation during regenerative outgrowth.

Yap regulates bone formation by inhibiting osteoprogenitor
differentiation
Given the bone defects observed upon prolonged Yap inhibition,
and since osteoblasts are fundamental for bone deposition, we
hypothesized that the Hippo pathway might regulate osteoblast
maturation. It has been described that, at the onset of outgrowth
(48-72 hpa), osteoblasts initiate differentiation, exhibiting a
proximo-distal hierarchical organization that can be monitored
using different osteoblast markers (Brown et al., 2009) (Fig. 2A).
Near the distal blastema (DB), self-renewing osteoprogenitors
express runx2 (Runx2"; Stewart et al.,, 2014), a transcriptional
regulator of mesenchymal cell commitment towards the osteoblast
lineage (Ducy et al., 1997). The proximal blastema (PB) contains
osteoblasts at the early stages of differentiation expressing both
runx2 and osx (Runx2"* Osx*; Stewart et al., 2014). The patterning
zone (PZ), closer to the amputation plane, is populated by mature
bone matrix-secreting osteoblasts expressing lower levels of runx2
and high levels of osx and bglap (Brown et al., 2009). To investigate
whether Yap is required for osteoblast differentiation, we monitored
Yap subcellular localization, which reflects its activity status. Yap
nuclear exclusion and cytoplasmic retention is often a read-out of
inactivation, while its nuclear accumulation is associated with Yap-
dependent transcriptional activity (Hansen et al., 2015; Zhao et al.,
2007). We used a previously described Yap antibody (Rueda et al.,
2019), which we further validated through western blotting
of wild-type and yapl! mutant samples (Fig. S1A), and by
immunofluorescence in our Yap transgenic lines (Fig. SIB-G’).
Using reporter lines for runx2 (Knopfetal., 2011) and osx (Singh
et al., 2012), we characterized Yap subcellular localization at early
stages of osteoblast differentiation (Fig. SIH-M"). Since Yap was
mainly cytoplasmic in distal osteoprogenitors (DB, Fig. STH,I-1"),
in differentiating (PB, Fig. SIH,J-J",K,L-L”) and in mature
osteoblasts (PZ, Fig. SIK,M-M"), we conclude that Yap is likely
inactive in all osteoblast populations during outgrowth. However,
we observed that Yap was prominently nuclear in mesenchymal
cells close to differentiating osteoblasts, mainly within the PZ and
PB regions (Fig. S1H,J-J",K,L-M"), suggesting Yap activation. To
unravel the origin of the bone formation defects (Fig. 1G-J,L,M),
we used the short Yap inhibition protocol, which has no effect
on the overall regenerated area and allows us to uncouple the
potential effects of Yap on cell proliferation and apoptosis, or on
osteoblast differentiation. By quantifying the relative number of
osteoblast subtypes and the total number of each osteoblast subtype
per regenerated area after a short Yap inhibition (Fig. 2B-J), we
noticed a significant increase in the number of osteoprogenitors

(Runx2*), and a reduction in the number of differentiating
osteoblasts (Runx2® Osx") (Fig. 2H-J). Additionally, the
osteoprogenitor domain, confined to distal regions in the control
(Fig. 2B,D-D"), was expanded, with Runx2" cells found in more
proximal locations in DN-Yap+ fish (Fig. 2E,F-F"). These results
suggest that Yap inhibition does not disrupt the maintenance of the
osteoprogenitor pool but instead prevents their differentiation into
Runx2® Osx* osteoblasts. Supporting this, we observed fewer
osteoprogenitors and an increase of differentiating osteoblasts in
regenerating fins expressing a heat-shock-inducible constitutively
active form of Yap hsp70:RFP-CAyap (hereafter referred as
CA-Yap+) (Fig. S2A-C).

Furthermore, gene expression analyses (Fig. 2K) after the short
Yap inhibition show that, while early progenitor markers such as
runx2 were unaltered, intermediate (immature) markers, such as
collagen 10al (coll0al), and mature markers like osteonectin (osn),
were significantly downregulated in the DN-Yap+ regenerating fins.
Similarly, prolonged Yap inhibition induced identical defects in
osteoblast differentiation at the cellular (Fig. S2D-N) and
transcriptional levels (Fig. S20).

Considering the conserved roles of Yap in promoting cell
proliferation and inhibiting apoptosis, we investigated whether the
reduced number of differentiated osteoblasts after the short Yap
inhibition was due to effects on apoptosis or proliferation. Analysis
of cell death revealed that Yap inhibition induced an increase in
apoptotic cells strictly in the external layers of the epidermis (Fig.
S3A.B,E), indicating that the reduced number of differentiating
osteoblasts is not due to increased apoptosis. Regarding
proliferation, we observed an increase in the number of EdU-
positive osteoblasts (Fig. S3C,D,F), which may explain the
osteoprogenitor niche expansion; however, it does not account for
the decrease in the differentiated osteoblasts subtype. Overall, these
data suggest that Yap is critical for the engagement of the osteoblast
differentiation programme. In addition, given that Yap is mainly
cytoplasmic in osteoblasts, this regulation is potentially achieved
via paracrine signalling.

Yap controls osteoblast differentiation by regulating Bmp
signalling in a cell non-autonomous manner

Osteoprogenitor maintenance and differentiation are associated with
antagonizing activities of Wnt and Bmp signalling, respectively. As
distal osteoprogenitors proliferate, they become more proximal and
activate autocrine Bmp signalling (Stewart et al., 2014). The newly
formed basal epidermal layer (BEL) also influences osteoblast
differentiation through Sonic hedgehog (Shh)-dependent bmp2b
expression (Quint et al., 2002). To understand how Yap regulates
osteoblast differentiation, we inhibited Yap function and analysed
the expression of multiple components of key signalling pathways,
such as Bmp (Smith et al., 2006), Wnt (Wehner et al., 2014), Shh
(Laforest et al., 1998) and retinoic acid (RA) (Blum and Begemann,
2015). Upon a short Yap inhibition, we did not detect differences in
the expression of shh or bmp2b transcripts (Fig. 3A). Furthermore,
Yap is cytoplasmic (inactive) in the BEL cells (Fig. S4A-D"),
indicating that it mediates osteoblast differentiation through an
alternative mechanism.

Surprisingly, we observed a significant reduction of dkkla
(encoding a negative regulator of Wnt signalling; MacDonald et al.,
2010) and bmp2a (encoding a ligand for Bmp signalling; Rosen,
2009) transcripts upon a short Yap inhibition (Fig. 3A), suggesting
that Yap affects Wnt and Bmp signalling pathways during fin
outgrowth. Notably, the same Yap-dependent transcriptional
regulation was observed after prolonged Yap inhibition (Fig. S4E).
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Fig. 2. Inhibition of Yap activity impairs osteoblast differentiation during regeneration. (A) Representation of a 72 hpa blastema, depicting osteoblast
compartmentalization based on the expression of osx and runx2 along the caudal fin proximo-distal axis. (B—G) Representative z-stack images of longitudinal
cryosections from DN-Yap— (B-D”) and DN-Yap+ (E-G”) caudal fins immunostained for Runx2 (magenta), Osx (green) and DAPI (blue). Regions bounded by
dashed boxes are magnifications of the PZ (C,F) and PB regions (D,G). Arrowheads define the amputation plane. (H-J) Percentage of osteoblast subtypes
(H) and quantification of Runx2* osteoblasts (I) and Runx2* Osx* (J) in DN-Yap— and DN-Yap+ fins (n=15 cryosections in DN-Yap—; n=19 cryosections

in DN-Yap+). (K) Relative gene expression of progenitor, immature and late osteoblast markers (n=4 biological replicates). Plot values represent

meanszs.d., *P<0.05; **P<0.01; ****P<0.0001; ns, not significant (Mann—-Whitney test). Scale bars: 200 pm (B), 20 um (C).

Since Yap interacts with both signalling pathways in other systems
(Attisano and Wrana, 2013), we investigated its subcellular
localization in relation to activated Bmp and Wnt signalling
during osteoblast differentiation. We first measured the percentage
of mesenchymal cells with active (mainly nuclear) Yap and
phosphorylated (active) Smadl, 5 and 8 (hereafter referred to
as pSmadl1/5/8), the Bmp signalling effector (Wu et al., 2016;
Fig. 3B-E). Yap was predominantly nuclear in 55% of the
mesenchymal cells within the PZ and PB, whereas only 25%

presented nuclear pSmad1/5/8 (Fig. 3B-B”,C—C”,D-D",E). In the
DB region, only a minority of cells presented nuclear Yap and/or
pSmadl1/5/8 (Fig. 3B,B”,C,C”,D,D”,E). In accordance with
previous reports (Stewart et al., 2014), Bmp signalling was mainly
active in differentiating osteoblasts that populate the PZ and PB
compartments (Fig. 3B-B”,D'-D”,F), while in the DB region
pSmad1/5/8-positive osteoblasts are less evident (Fig. 3B,B”,D,D",F).
These results show that, although Yap and Bmp signalling are active
in different cell types, such as mesenchyme and osteoblasts,
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Fig. 3. Yap and Bmp signalling share similar proximo-distal activity profiles in distinct blastema populations. (A) Relative gene expression of multiple
signalling pathway components required for bone formation after a short Yap inhibition (n=4 biological replicates). (B—D) Representative z-stack image of a
longitudinal fin cryosection immunostained for Yap (green), pSmad1/5/8 (magenta) and DAPI (blue). Dashed boxes are magnifications of the PZ (B’,C’,D’),
PB (B”,C”,D”) and DB (B”,C”,D"”) regions. White arrows point to mesenchymal cells with nuclear Yap and pSmad1/5/8, dashed arrows to nuclear Yap and
pSmad1/5/8-negative cells and orange arrowheads to osteoblasts with nuclear pSmad1/5/8 and cytoplasmic Yap. Dashed white lines delineate the different
tissue compartments. Large white arrowheads define the amputation plane. m, mesenchyme; ob, osteoblasts; e, epidermis. (E,F) Percentage of nuclear Yap and
pSmad1/5/8-positive mesenchymal cells (E) and pSmad1/5/8-positive osteoblasts (F) in PB and DB regions (n=9 cryosections). Plot values represent
meanszs.d. *P<0.05; **P<0.01; ns, not significant (Mann—Whitney test). Scale bars: 200 pm, (B) 50 um (B’).

respectively, they share a proximo-distal gradient of activation: more  reduction in the number of pSmad1/5/8-positive cells in osteoblast
inactive distally and progressively more active towards proximal (labelled with Zns5, a pan-osteoblast marker) and mesenchymal
regions. Thus, we speculate that Yap may induce bmp2a expression  populations (Fig. 4D-F’,G,H), indicative of Yap requirement for
in mesenchymal cells within the PB, which activates Bmp signalling ~ Bmp signalling activation. These results suggest a new role for Yap in
in adjacent osteoblasts, promoting differentiation. To test this mesenchymal cells and their contribution as a source of Bmp ligands
hypothesis, we evaluated whether short Yap inhibition perturbs that influence the adjacent tissues, particularly the osteoblasts.

Bmp signalling activation in osteoblasts (Fig. 4A—G). In contrast to Moreover, Bmp signalling promotes Dkk1b secretion, restricting
controls (Fig. 4A—C’,G,H), a short Yap inhibition led to a clear ~Wnt signalling to the DB compartment for progenitor maintenance
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(Stewart et al., 2014). By using a reporter line for Wnt signalling  osteoprogenitor pool upon Yap inhibition might imply that Yap and
activity (Moro et al., 2012), we observed that while Wnt is mainly =~ Bmp signalling act synergistically during fin regeneration restricting
active in the DB compartment, Yap is mostly cytoplasmic, Wnt signalling activity to the distal-most region of the fin.

suggesting antagonist activities (Fig. S4F-1",J). Furthermore, the Overall, our data indicate a new mechanism by which Yap
downregulation of dkkla (Fig. 3A; Fig. S4A) and increase of the establishes spatial relationships between the mesenchyme and

Q
Y
C
ey
()
v
ko]
O
Y=
(©)
©
c
—
>
(®)
-

6


http://jcs.biologists.org/lookup/doi/10.1242/jcs.231993.supplemental
http://jcs.biologists.org/lookup/doi/10.1242/jcs.231993.supplemental

SHORT REPORT

Journal of Cell Science (2019) 132, jcs231993. doi:10.1242/jcs.231993

osteoblasts, thereby dictating key cell fate decisions during fin
regeneration. We show that the Hippo-Yap pathway is fundamental
to direct proper osteoblast differentiation by acting in a cell non-
autonomous manner (Fig. 4I). On one hand, together with Bmp
signalling, Yap may inhibit Wnt signalling expansion to the PB by
regulating the expression of dkkla, consequently restricting
osteoprogenitors to the DB. On the other hand, and more
importantly, Yap promotes the production of Bmp2a in
mesenchymal cells in proximal regions, which is crucial for Bmp
signalling activation in adjacent osteoblasts and hence osteoblast
differentiation (Fig. 4I). These findings provide a deeper
understanding of the mechanisms regulating bone regeneration
and clarify the role of the Hippo-Yap signalling pathway during
osteoblast lineage specification.

MATERIALS AND METHODS

Ethics statement

All the people involved in animal handling and experimentation were
properly trained and accredited by FELASA. All experimental procedures
were approved by the Animal User and Ethical Committees at Centro de
Estudos de Doengas Cronicas (CEDOC) and accredited by the Portuguese
National Authority for Animal Health (DGAV) according to the directives
from the European Directive (2010/63/UE) and Portuguese legislation
(Decreto-Lei 113/2013) for animal experimentation and welfare.

Zebrafish lines and mutants

Wild-type AB, Tg(osterix:mCherryNTRo)’**® (Singh et al, 2012),
Tg(Has.RUNX2-Mmu.Fos:EGFP)#?>° (Knopf et al., 2011), Tg(7xTCF-
Xla.Siam:GFP)™* (Moro et al., 2012), Tg(hsp70l:RFP-dnyap1)*®?! and
Tg(hsp70l:RFP-cayapl)?®*? (Mateus et al., 2015) zebrafish lines were
maintained in a circulating system with 14 h day and 10 h night cycle
periods at 28°C. All regeneration experiments were performed in 4—18-
month-old adult fish (Westerfield, 2000) and all transgenic animals were
used as heterozygotes. Homozygous yapI®™’° CRISPR mutants
(Kimelman et al., 2017) and wild-type AB strain embryos used for
antibody validation by western blotting were maintained at 28°C in E3
medium until 3 days post-fertilization (dpf).

Caudal fin amputation and heat-shock experiments

Caudal fin amputations were performed in fish anaesthetized with buffered
160 mg/ml MS-222 (Sigma, E10521) using a sterile scalpel. Regeneration
was allowed to proceed until defined time-points in an incubator at 33°C+1°C
with light cycle, except for heat-shock experiments, which were performed at
28°C, and the water was renewed daily. Amputations were made 1 or 2
segments below the most proximal ray bifurcation, removing approximately
one half of the fin. Regenerated fins were collected from anaesthetized fish,
as previously described (Poss et al., 2000). For heat-shock experiments,
Tg(hsp70l:RFP-dnyapl), Tg(hsp70l:RFP-cayapl) and corresponding
negative siblings were maintained and heat-shocked as previously described
(Mateus et al., 2015). For Yap inhibition assays, animals were left to regenerate
normally during the blastema formation phase (0—48 hpa), and heat-
shocked afterwards. For short period manipulations (short Yap inhibition
protocol), animals were heat-shocked once at 48 hpa and fins collected
24 h after. For long period manipulations (prolonged Yap inhibition
protocol), animals were heat-shocked at 48, 72 and 96 hpa, and fins were
collected at 120 hpa. Fins were then processed for cryosectioning or
pooled for RNA extraction.

Total RNA isolation and quantitative real-time PCR

For gene expression analysis, caudal fin regenerates were collected,
including one bony-ray segment proximal to the amputation plane. Pools
from four caudal fins were used per biological replicate, and four biological
replicates were used per time-point. Briefly, samples were homogenized in
Trizol reagent (Invitrogen, 15596026) for cell disruption and RNA
extraction. Chloroform was added, and the homogenate allowed to
separate into a clear upper aqueous layer. RNA was precipitated and

purified from the aqueous phase by adding an equal amount of 100%
ethanol and loading the mixture into RNeasy Micro Spin columns
(Qiagen, 74004). The remaining procedure was done following the
RNeasy Micro kit (Qiagen, 74004) manufacturer’s protocol. cDNA was
synthesized from 1 pg total RNA for each sample using the Transcriptor
high-fidelity cdna synthesis kit (Roche, 05081963001), with a mixture
of oligo(dT) and random primers. All quantitative real-time PCR (qPCR)
primers are listed in Table S1. qPCR was performed using a FastStart
Essential DNA Green master mix (Roche, 4385617) and a Roche
LightCycler 480. Cycle conditions were: 15 min pre-incubation at 95°C
and three-step amplification cycles (50%), each cycle for 30 s at 95°C,
15 s at 65°C or 68°C (depending on primer melting temperature) and for
30 s at 72°C.

EdU incorporation assay

For ethynyl-2'-deoxyuridine (EdU, Thermo Scientific: C10337) labelling,
animals were subjected to caudal fin amputation, as described above, and
allowed to regenerate until the desired time-points. Animals were
anesthetized 3 h prior to caudal fin collection, and administered, via
intraperitoneal injection, with 20 pl of 10 mM EdU solution (2.5 mg/ml
stock solution in DMSO diluted in 1x PBS). Injections were performed with
an U-100 G 0.3 ml insulin syringe and a 30 G needle (BD Micro-fine)
inserted close to the pelvic girdle. Upon collection, caudal fins were fixed in
4% paraformaldehyde and processed for cryosectioning.

Calcein staining, immunofluorescence and image acquisition
Calcein (Sigma-Aldrich, C0875-56) staining, used to label the regenerated
bony-rays, was performed as previously described (Du et al., 2001). Fins
were imaged using a Zeiss Lumar V-12 fluorescence stereoscope equipped
with a Zeiss digital camera using a 0.8x air objective and the Zen 2 PRO
blue software.

Caudal fin fixation, preservation and embedding was performed as
previously described (Mateus et al., 2015). For EdU labelling, caudal fins
were fixed and directly incubated in 30% sucrose solution. Longitudinal
caudal fin sections were cut with 12 um-thickness using a Microm cryostat
(Cryostat Leica CM3050 S) and stored at —20°C until further use. For
immunofluorescence on cryosections, sections were thawed for 15 min at
room temperature, washed twice in 1x PBS at 37°C for 10 min, followed by
a 0.1 M glycine (Sigma-Aldrich, in 1x PBS) incubation for 10 min.
Sections were then permeabilized in acetone for 7 min at —20°C and
incubated for 20 min in 0.2% PBST (1x PBS with 0.2% Triton X-100). At
this point, cryosections used for EdU staining were incubated with the
labelling solution according to the manufacturer’s protocol (Thermo Fisher
Scientific, C10337). For the TUNEL labelling assay, cryosections were
permeabilized in a sodium citrate solution (0.1% sodium citrate and 0.1%
Triton X-100 in 1x PBS) and labelled according to the manufacturer’s
protocol (Roche, 11684795910).

For anti-Runx2 and anti-Osx antibody staining, an antigen retrieval step
was performed, which consisted of a 15-min incubation at 95°C with
sodium citrate buffer (10 mM Tri-sodium citrate with 0.05% Tween 20, pH
6). For anti-pSmad1/5/8 and anti-Zns5 staining, slides were incubated in a
blocking solution of 10% non-fat dry milk in PBST, containing 650 mM
NaCl, and subsequently washed with PBST, containing 650 mM NaCl as
previously described (Stewart et al., 2014). For anti-Yap staining, slides
were washed in PBDX (1% BSA, 1% DMSO, 0.2% Triton-100, 50% PBS
1x in Milli-Q water) and blocked in PBDX containing 1.5% goat serum as
has been previously described (Mateus et al., 2015). Incubation with anti-
YAP was performed overnight at room temperature. Antibody details are
provided in Table S2.

Images were acquired in a Zeiss LSM 710 and Zeiss LSM 880 confocal
microscope using the software ZEN 2010B SP1 and processed and analysed
using the Fiji-Imagel software (Schindelin et al., 2012). Caudal fin section
z-stacks were acquired using a 40x water or a 40x1.2 NA multi-immersion
objective with 0.6x or 1x zoom and a step size of 1 um. For image
processing, composite maximum intensity z-stack projections were made,
except when noted. Concatenation of several images along the proximal-
distal axis of the same longitudinal section was performed using the Fiji
plugin 3D Pairwise Stitching.
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Western blotting

Lysates of MCF-7 human breast adenocarcinoma cell line (ATCC, HTB-22)
were obtained by freeze-thaw (5 cycles, 5 min in dry ice), 20 min incubation
at 37°C and subsequent centrifugation (2000 g for 10 min). 3 dpf wild-type
and yap 1°"5!? zebrafish mutant larvae were lysed with Tris buffer (100 mM
Tris-HCI pH 9.5, 1% SDS), sonicated and centrifuged (16,000 g for 10 min
at 4°C). Protein concentration from supernatants was determined using
Pierce BCA protein assay kit (Thermo Fisher Scientific). Laemmli buffer
was added to 5 pg of protein and samples were heated at 95°C for 5 min.
Total protein was resolved on a 10% SDS gel and transferred to a
nitrocellulose membrane during 75 min at 100 V. The membranes were
blocked with Tris-buffered saline (TBS) with 0.1% Tween 20 (TBST)
containing 5% skimmed milk, followed by incubation with primary
mouse anti-YAP (63.7) (1:500, Santa Cruz Biotechnology, sc101199)
and mouse anti-o-tubulin (1:1000, Cell Signaling, 3873S) antibodies in
TBST containing 1% skimmed milk. Membranes were incubated with
HRP-conjugated secondary goat anti-mouse-IgG (1:5000, Bio-Rad:
1706516) antibodies. Images were acquired using ChemiDoc Touch
System (BioRad).

Quantifications and statistical analysis

For qPCR analysis, all samples were analysed in four biological pools. For
each biological pool, qPCR was performed for each target gene in three
technical replicates. Gene expression values were normalized using the
elongation factor la (efla, NM_131263) housekeeping gene and relative
expression was calculated using the 2[—-AAC(T)] method (Livak and
Schmittgen, 2001).

Measurements of the total regenerated area at 72 hpa and at 120 hpa were
performed using images of whole caudal fins. The regenerated fin area was
delineated from the amputation plane to the distal end of the regenerated area
using the Area tool in Fiji. The regenerated area was then normalized to the
corresponding total caudal fin width to avoid discrepancies related to the
animal size, resulting in one measurement per animal. Four to six animals
were used per condition.

The percentage of bony-ray formation at 120 hpa was defined by the area
stained by calcein in relation to the total fin regenerated area. Briefly, the
area of fluorescence intensity for each image was determined by empirically
establishing a threshold to separate the signal fluorescence intensity from the
background. The average fluorescence area was then normalized to the total
tissue regenerate area as described above, resulting in one measurement per
animal. Six animals were used per condition.

Determination of bony-ray width at 120 hpa in calcein staining
experiments, was performed automatically by thresholding the fluorescence
signal, which was determined using the Otsu algorithm in Fiji. Subsequently,
the width at the base of each formed bony-ray was measured using the line
tool on Fiji. Individual bony-ray widths from three different animals are
plotted in a graph (56 bony-rays from Sibling controls and 36 bony-rays from
DN-Yap" transgenics).

The Yap subcellular localization and the number of pSmad1/5/8-positive
cells in proximal and distal blastema regions of caudal fin cryosections were
quantified using a custom-made Fiji macro (available upon request). The
macro automatically finds the nuclei in individual z-stack slices, searches for
the signal surrounding the nuclei and compares the nuclear fluorescence
intensity with the surrounding cytoplasmic fluorescence intensity. The
nuclei images were pre-processed using a median filter with a kernel size of
2 pixels for noise removal. Local thresholding was performed using the
Phansalkar method with a kernel size of 15 pixels. The resultant binary
image was morphologically closed to fill holes. Finally, nuclei masks were
created using the ‘Analyse particles’ plugin. The signal surrounding the
nuclei was found by enlarging each nuclear mask by 3 pixels and removing
the correspondent nuclear region. The average signal intensity for both
regions was obtained and a ratio was calculated (nuclear/cytoplasmic). A
positive (nuclear) Yap signal was considered when this ratio was above
1.2. For quantification of the number of cells presenting nuclear
pSmadl1/5/8, the same nuclei mask was used. Positive (nuclear)
pSmadl1/5/8 signal was identified automatically using thresholding.
Since the signal to noise ratio is high, the threshold value was selected
manually using an average value between the background and the

positive nuclei signals. Nine cryosections from three different animals
are plotted.

The total number of osteoblast subtypes (Runx2" or Runx2"Osx™) was
quantified by analysing the number of cells in relation to the total
regenerated area (per 100 um?), determined using the Area tool on Fiji. The
percentage of osteoblast subsets (Runx2" or Runx2* Osx™) and pSmad1/5/
8-positive cells in longitudinal cryosections was quantified by analysing the
number of cells in the regenerated area in relation to the total number of
osteoblast (Runx2” and Runx2® Osx" or Zns5-positive cells).
Quantifications were performed using the Cell-counter plugin on Fiji on
individual cryosections representing at least three different blastemas per
animal and three or four animals per condition. For osteoblast subtype
quantification after the short Yap inhibition protocol, 15 cryosections from
DN-Yap— and 19 cryosections from DN-Yap+ were used. For the prolonged
inhibition protocol, 15 cryosections from both DN-Yap— and DN-Yap+
were analysed. In the CA-Yap manipulation protocol, 11 cryosections from
CA-Yap— and 15 cryosections from CA-Yap+ were used. For quantification
of pSmad1/5/8-positive cells within the total osteoblast population (Zns5*
population), we analysed 19 cryosections in DN-Yap+ and 21 cryosections
in sibling controls. For quantification of pSmad1/5/8-positive cells within
the mesenchymal population, 11 cryosections in DN-Yap— and 12
cryosections in DN-Yap+ were analysed.

The total number of TUNEL- and EdU-positive cells was quantified
by analysing the number of labelled cells in each caudal fin compartment
(epidermis, mesenchyme and Zns5-positive osteoblasts) in relation to
the corresponding compartment regenerated area (per 100 um?), as
determined using the Area tool on Fiji. Quantifications were undertaken
using the Cell-counter plugin on Fiji in individual cryosections
representing at least three different blastemas per animal and three
animals used for TUNEL labelling and four animals for EdU labelling
per condition. For TUNEL, 19 cryosections from DN-Yap— and
18 cryosections from DN-Yap+ were quantified. For EdU labelling,
25 cryosections from DN-Yap— and n=21 cryosections from DN-Yap+
were analysed.

Statistical significance between controls and manipulated animals
was determined using an unpaired, non-parametric Mann—Whitney
U-test in the Prism Graphpad software. Means and standard deviations
(s.d.) are displayed in the graphs. P<0.05 was considered statistically
significant.
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