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The mechanisms of the pectoral girdle transformation at the origin of terres-
trial locomotion in vertebrates remain an outstanding problem. The loss of
intramembranous bones and the enlargement of endochondral bones resulted
in the disarticulation of the pectoral girdle from the skull and the formation of
the neck during the fish-to-tetrapod transition. Despite the functional impli-
cations of this skeletal shift in the emergence of terrestrial vertebrates, the
underlying genetic-developmental alterations have remained enigmatic. Here,
we show that in zebrafish pectoral girdle mesodermal cells expressing gli3, a
transcription factor gene in the Hedgehog signaling pathway, differentiate into
both intramembranous and endochondral bones. Intriguingly, Gli and
Hedgehog compound knockout fish exhibited an unexpected combination of
actinopterygian fish and stem-tetrapod pectoral girdle characteristics. These
ontogenetic and anatomical data suggest that a trade-off between the two
distinct ossification pathways is a deeply embedded developmental program
in bony fishes and that tuning of this trade-off can generate novel pectoral
girdle akin to those of stem-tetrapods at the dawn of vertebrate
terrestrialization.

Across the fish-to-tetrapod transition, the amount of intramem-
branous (direct ossification of mesenchyme) bones decreased and that
of endochondral bones (ossification replacing a cartilage template)
increased throughout the vertebrate body, facilitating terrestrial
feeding, locomotion, and breathing'*. The pectoral, or shoulder, gir-
dle is a dramatic example of this intramembranous-to-endochondral
skeletal shift. In bony ray-finned (actinopterygian) and lobe-finned
(sarcopterygian) fishes, the pectoral girdle consists of a relatively small

endochondral component (scapula and coracoid bones) and a large
series of intramembranous bones (i.e., cleithrum, clavicle, and supra-
cleithrum) that link the scapula and coracoid to the skull® (Fig. 1a). As
vertebrates transitioned onto land in the Late Devonian, the scapula
and coracoid expanded, serving as robust attachment sites of forelimb
musculature for terrestrial locomotion®®. Concomitantly, a reduction
of the intramembranous bones disconnected the pectoral girdle from
the skull and triggered the evolution of a functional neck, providing
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CNE14:egfp

Fig. 1| Gli3-positive cells contribute to the cleithrum and the scapulocoracoid
in the pectoral girdle. a The adult zebrafish pectoral girdle bones. The intra-
membranous bones and endochondral bones are highlighted by green and orange,
respectively. The intramembranous series is connected to the posterior skull via the
post-temporal bone (pt). The pectoral fin (pf) articulates on the scapula (sca). cr,
coracoid; cl, cleithrum; me, mesocoracoid; scl, supracleithrum. b, ¢ Digitally sec-
tioned immunofluorescence of EGFP with membrane (CellMask) and nucleus
(DAPI) staining of CNEI4:egfp embryos at 32 hpf (b) and 48 hpf (c). Bright EGFP
expression is observed in the mesenchymal cells at the prospective pectoral fin
region at 32 hpf. As the pectoral fin grows, EGFP-positive cells are localized in the fin
mesenchyme, including the proximal fin, at 48 hpf. These images were 3D-digital
sections obtained by a confocal microscope and at the same scale. n=12. d A ste-
reotype fluorescent microscope image of CNE14:egfp transgenic embryo at 48 hpf.
The transgenic embryos exhibit bright EGFP expression in the pectoral fin. n=49.
e, f HCR of CNE14:egfp pectoral fin region with probes complementary to colala
for chondrocytes (scapulocoracoid “sc”, magenta), sp7 for osteoblasts (“cl”, white),
and egfp (gli3-positive cells, green) with DAPI staining (nuclei, blue) at 72 hpf.n=19

(See Supplementary Tables 5-7). f The enlarged image of the proximal pectoral fin
marked by the rectangle in e. Egfp-positive cells express col2ala in the scapulo-
coracoid and sp7 in the cleithrum, indicating that gli3-positive cells differentiate
into proliferating chondrocytes and osteoblasts. n =23. g-j Live fluorescent ima-
ging of the pectoral fin in CNEI4:egfp; sp7:mCherry (g and h) or CNE14:egfp;
col2alaBAC:mCherry (i, j) embryo from 32 to 74 hpf. The shown images are
representative 3D projections at 35 hpf (g), 54 hpf (h), 56 hpf (i), and 74 hpf (j).
Images in g-jwere generated by Imaris (Method). The prospective scapulocoracoid
and cleithrum cells reside inside or proximal to the pectoral fin (g, i). These cells
migrate proximally and form pectoral girdle bones as development proceeds (h, j).
Cell migration trajectories are dragon tails created by Imaris. The unit of the time
bars is hours. n=3. The images in (g-j) are at the same scale. EGFP-positive cells
contribute to the endochondral disc (ed), the scapulocoracoid (sc), and the clei-
thrum (cl). Scale bars are 20 pm (b), 300 um (d), 50 um (e, i), and 500 pum (j). A
anterior, P posterior, D distal, and Pro proximal, ¢ chondrocytes, cl cleithrum, ed
endochondral disc, ff fin fold, o osteoblast, pf pectoral fin, sc scapulocoracoid, and
y yolk.
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greater mobility to the head’. Despite the profound functional impli-
cations of this intramembranous-to-endochondral shift in the pectoral
girdle of early tetrapods, the underlying genetic and developmental
changes of this evolutionary transformation remain unexplored.

It was long hypothesized that these two bone types arose from
distinct cell populations. Intramembranous bones were proposed to
develop from neural crest cells, whereas endochondral bones were
thought to develop from mesodermal cells'. However, recent studies
have challenged this paradigm and provided evidence that the two
distinct ossification modes could share common developmental ori-
gins in tetrapods” . For example, in chicken and mouse embryos, the
clavicle develops via intramembranous ossification from the lateral
plate mesoderm (LPM) cells and cardiopharyngeal mesoderm
(CPM)™* 8, Additionally, the scapula, which is endoskeletal, originates
as an admixture of the LPM and the paraxial mesoderm (PAM) cells in
mice, chicken, axolotls, and, tentatively, in turtles'**. A previous study
in mice suggested that neural crest cells also contribute to the muscle
attachment site of the scapula®. Because it was assumed that the
cleithrum of actinopterygian fishes has a neural crest origin, it was
hypothesized that the neural crest contribution to the scapula is a
remnant of the lost cleithrum—“the cleithrum’s ghost®.” Neural crest
contribution to the scapula, however, has not been detected in other
studies in tetrapods'®*?¢, and, thus, is still under debate. Intriguingly, a
recent study discovered that the zebrafish (Danio rerio) cleithrum
develops from four distinct embryonic cell populations (neural crest,
CPM, LPM, and PAM), while the scapula develops solely from LPM?¥.
This knowledge illuminates how the compositional changes in the
embryonic origins contributed to the shift from intramembranous to
endochondral bones in the pectoral girdle during the fish-to-tetrapod
transition. Yet taxonomically broad investigations of pectoral girdle
embryonic origins in other vertebrates with paired fins (chon-
drichthyan, actinopterygian, and sarcopterygian fishes except for tet-
rapods) would answer how tetrapod intramembranous and
endochondral bones obtained common developmental origins.

Zebrafish belong to Ostariophysan clade, which is one of the lar-
gest groups in actinopterygian fishes and includes 28% of extant tele-
ost fishes®. Zebrafish are a prominent fish model system for dissecting
the molecular mechanisms underlying skeletal development due to its
superb amiability to genetic approaches. D.rerio also represent a
powerful model for analyzing pectoral girdle evolution in early tetra-
pods; zebrafish exhibit numerous evolutionarily conserved anatomical
features of their girdle that are seen in basal sarcopterygian fishes and
stem-tetrapods, including the cleithrum, supracleithrum, coracoid,
scapula, mesocoracoid, and supracleithrum except for
anocleithrum®*2°, Some ossification processes of teleost and basal
actinopterygian fishes, however, differ from that of tetrapods, for
example, many bones conventionally called endochondral bones,
including pectoral fins and girdle, use perichondral ossification during
early embryonic development in teleosts®>*. Also, miniaturization of
teleosts fishes altered ossification modes, bone structures, and
morphology®~%. Despite these ontogenetic and structural difference,
the genes indispensable for osteoblast and chondrocyte differentia-
tion are tightly conserved between actinopterygians and tetrapods®.
These findings make zebrafish a compelling model to scrutinize the
ossification molecular mechanisms in ray-finned fishes and to illumi-
nate the water-to-land transition.

Limited knowledge about the genetic pathways responsible for
pectoral girdle formation of vertebrates with paired fins represents a
major obstacle to discovering the molecular mechanisms responsible
for the evolution of the terrestrial pectoral girdle over the course of the
fish-to-tetrapod transition. In mice, the Pbx genes, which encode TALE
homeoprotein transcription factors, play pivotal roles in endochon-
dral acromion and scapular blade formation, inducing the expression
of various transcription factor genes, such as Alxl, TbxI5, Gli3, and
Pax1*°*, Additionally, Thx5” mice exhibit a loss of the entire scapula**.

In contrast to the accumulated knowledge of the genetic mechanisms
required for mammalian and avian pectoral girdle formation, the
knowledge of genes involved in fish pectoral girdle formation is limited
to only a few studies*%,

Gli gene products belong to the Kruppel family of zinc finger
protein family and show a profound evolutionarily conservation across
invertebrates and vertebrates***°. Mechanistically, Gli proteins are
components of the Hedgehog (Hh) - Gli signaling pathway, where they
function as a transcriptional activator upon the binding of Hh ligands
to Patched (Ptch) membrane receptors or as a transcriptional repres-
sors without Hh ligands®. Gli proteins are indispensable for animal
body development and homeostasis. Coding sequence mutations or
large genome deletions at the human GLI3 locus, one of the GLI family
genes cause congenital skeletal diseases, including Greig cephalopo-
lysyndactyly characterized by macrocephaly, preaxial polydactyly,
intellectual disability, and other severe phenotypes™. GLI3-related
Pallister-Hall syndromes (PHS) is another congenital disease paired
with hypothalamic hamartoma and mesoaxial polydactyly*’. Yet the
evolutionary conservation of Gli3 functions during the ontogeny of the
aquatic fish body remains largely undetermined.

Previous studies showed that Gli3 plays a key regulatory role in
shoulder girdle formation as well as in the patterning of distal
appendages in tetrapods® ¢, making gli3 a compelling candidate gene
for understanding the development of the pectoral girdle in fishes. In
limb development, Gli3 is expressed in the anterior limb bud as com-
pared to the posteriorly localized Sonic hedgehog (Shh) expression
and, thus, is mostly processed to the repressor form without Hh
ligands®. Gli3 deletion in mice causes a wide scapula blade and poly-
dactyly, demonstrating that the GLI3 repressor restricts scapula width
and digit number*~>*"%, Deletion of gli3 in the teleost fish medaka
further supports the notion that it has an evolutionary conserved
function in repressing fin ray and endochondral bone number in the
pectoral fin®. Moreover, the previous studies demonstrated that shha
(one of the shh genes created in the teleost-specific whole genome
duplication (TGD®)) is indispensable for the formation of the clei-
thrum and the scapulocoracoid, a primordium of the scapula and
coracoid, in the zebrafish and medaka pectoral girdles®-*>. However,
further investigation of Hh-Gli signaling is crucial to elucidate the
genetic mechanisms of intramembranous and endochondral bone
specification and development in vertebrates with paired fins.

In this study, we investigated the functions of Hh-Gli signaling in
zebrafish pectoral girdle development with an emphasis on the bal-
ancing mechanism of intramembranous and endochondral ossifica-
tion. In addition, by conducting the unbiased genomic screening, we
identified the downstream target genes of the Hh-Gli signaling,
including activin A receptor type I-like (acrvil). These newly obtained
results suggest that changes in the Hh-Gli signaling or its associated
genes might have contributed to the transformation of the pectoral
girdle during the water-to-land transition.

Results

Contribution of gli3-positive cells to intramembranous and
endochondral pectoral girdle bones

To identify the embryonic origins of the two types of ossification in the
pectoral girdle of vertebrates with paired fins, we genetically mapped
the contribution of gli3-positive cells, which are of lateral plate
mesoderm origin in tetrapods®*** ", to pectoral girdle bones using the
zebrafish transgenic system. We conducted an evolutionary sequence
comparison of conserved noncoding element 14 (CNEI4), a gli3
enhancer for pectoral appendage expression®™ among the ray-finned
zebrafish and spotted gar, the chondrichthyan elephant shark, and
tetrapod Western clawed frog, mouse, and human (Supplementary
Fig. 1). CNE14 is highly conserved among these species, except for
zebrafish, which showed a lower conservation compared to other
species. Next, we cloned both zebrafish and elephant shark CNE14
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upstream of a basal promoter and EGFP and tested their activities by
injecting them into fertilized zebrafish eggs (see Methods section).
Intriguingly, while zebrafish CNE14 did not show EGFP expression in
the pectoral fin, elephant shark CNE14 showed conspicuously fin-
localized EGFP fluorescence from 32h post-fertilization (hpf) and
beyond (Fig. 1b-d, and Supplementary Fig. 1). Chondrichthyans have
not undergone the TGD, and we therefore regard the conspicuous fin-
localized activity produced by the elephant shark enhancer as most
likely due to a retention of an evolutionarily conserved cis-regulatory
sequence and activity that would have been plesiomorphic to
gnathostomes®. Next, we established elephant shark CNEI4:egfp
transgenic zebrafish (hereafter “CNEI4:egfp”). Using multiplexed
fluorescent in situ hybridization chain reaction (HCR), we confirmed
that CNE14:egfp fluorescence marks the endogenous gli3-positive
mesenchymal cells in the entire endochondral disc and, therefore, is a
practical reporter of gli3-positive cells (Supplementary Fig. 1).

To determine whether gli3-positive cells contribute to the two
distinct types of ossification, we conducted HCR with probes com-
plementary to egfp (gli3-positive cells) and sp7 (osteoblast marker®’) or
colala (proliferative chondrocyte marker®) using CNEI4:egfp trans-
genic embryos. We found that EGFP-positive cells express sp7 in the
cleithrum and col2ala in the scapulocoracoid at 72 hpf (Fig. 1e, f). To
further validate whether gli3-positive cells differentiate into osteo-
blasts or chondrocytes in the pectoral girdle, we performed fluor-
escent live-cell imaging of CNE14:egfp; sp7:mCherry® and CNEI4:egfp;
col2alaBAC:mCherry-NTR'® fish using a confocal microscope with a
temperature and humidity control from 32 to 74 hpf. This live imaging
and subsequent 3D cell migration analysis showed that EGFP-positive
cells inside and peripheral to the proximal pectoral fin at 32 hpf
migrate to proximal direction and start express mCherry driven by sp7
enhancer in the cleithrum at 55 hpf or mCherry driven by the col2ala
BAC in the scapulocoracoid at 63 hpf (Fig. 1g-j). Taken together, these
results demonstrate that gli3-positive cells inside and peripheral to the
early fin bud migrate and differentiate to osteoblasts in the cleithrum
or chondrocytes in the scapulocoracoid in zebrafish embryos.

Morphological phenotype of gli3 knockout zebrafish

To test the function of Gli3 in zebrafish ossification, we generated
stable gli3 homozygous knockout zebrafish mutants bearing a frame-
shift mutation in exon5 (gli3'""4"s) ysing CRISPR/Cas9 (Supplemen-
tary Fig. 2 and Supplementary Table 1). At 7 and 30 days post fertili-
zation (dpf), gross observation indicated that gli3*"/“"s fish possess
the normal body morphology, including the eye, yolk, median fin fold,
and cloaca (Supplementary Fig. 3). We also conducted acid-free ske-
letal staining of 13 and 30 dpf juveniles and did not find significant
difference in ossification of cranial, trunk, and tail skeletons, including
the opercular, parashenoid, vertebrae, and hypural bones between
wildtype and gli3*™#s fish. The dorsal extention of the cleithrum,
however, is slightly shorter than that of wildtype in some gli3ns/#ns
juveniles (n=2/8, Supplementary Fig. 3). Survival of gli3'"4" fish to
adulthood allowed us to determine the functional roles of the Hh-Gli
signaling pathway in adult body structures (Supplementary Fig. 4).
Gross observation indicated that some adult gli3"*4" fish possess an
external notch posterior to the jaw bones (Supplementary Fig. 4, 28/
159). We then scrutinized alterations of skeletal morphology
throughout the body of adult gli3*"/* fish using bone and cartilage
staining followed by dissections (Methods, Supplementary Figs. 4-6).
Compared to wildtype fish, gli3""4"s fish showed excessively miner-
alized skull bones, including of the parietal and frontal bones, and
ectopic ossification in the eye lens at 3 months-old (Supplementary
Fig. 4, n=5/7). The excessive mineralization phenotype matches GLI3-
related human congenital diseases, such as Greig cephalopoly-
syndactyly and Pallister-Hall syndromes®>”’. Moreover, gli3!nsins
zebrafish exhibited an abnormally expanded telencephalon at three
months old (Supplementary Fig. 7, Supplementary Table 3).

Intriguingly, we did not find any increase of fin ray or endochondral
radial numbers in the pectoral fin as previously observed in gli3
knockout medaka fish (Supplementary Table 4)’% The lack of ossifi-
cation phenotype in gli3"*""#s pectoral fin is consistent with another
independent study that generated gli3 knockout zebrafish with a dif-
ferent genetic mutation”.

Gli3 determines the balance of osteoblast and chondrocyte
differentiation

Next, to analyze the function of Gli3 in the intramembranous and
endochondral ossification of the pectoral girdle, we conducted HCR
with probes complementary to sp7 and col2ala using gli3*ns/ns
embryos. The quantification of sp7-positive cells showed that fewer
osteoblasts are present in the cleithrum at the level of the scapulo-
coracoid in gli3""#" mutants compared to wildtype embryos at 72
hpf (Fig. 2a and b, Supplementary Table 5-7, p=0.00018). We also-
compared spZ:egfp expression in the cleithrum of wildtype and
gli3"nsins embryos. EGFP expression is weaker in the ventral part of
the cleithrum in gli3“""*" embryos than wildtype (Supplementary
Fig. 8). Gli3 functions as a transcriptional activator or repressor
depending on the presence of Hh?. Therefore, osteoblast reduction
could arise from a loss of either or both functions. To differentiate
between these possibilities, we treated wildtype zebrafish embryos
with BMS-833923, a Smoothened antagonist (i.e., Hedgehog
inhibitor’*) that decreases the amount of Gli activator from 32 hpfto 72
hpf. In BMS-833923-treated embryos, we observed fewer osteoblasts in
the cleithrum at the level of the scapulocoracoid than wildtype
embryos in a comparable manner to gli3“"/“ns embryos at the
equivalent total body length stage (wildtype embryos at 68 hpf and
BMS-833923-treated embryos at 72 hpf embryos, p=0.0028) (Sup-
plementary Fig. 9, Supplementary Table 5-7). This demonstrates the
functional significance of the Gli activator in osteoblast differentiation
in the cleithrum.

To genetically corroborate that Gli functions as an activator in the
zebrafish pectoral girdle, we decreased the amount of Gli activator by
introducing a stable frameshift mutation into the coding sequence of
gli2b, encoding another Gli family zinc finger protein that mainly
functions as a transcriptional activator®, in gli3'"*" embryos using
CRISPR/Cas9 (Supplementary Fig. 2, Supplementary Table 1). Con-
sistent with the phenotype of BMS-833923-treated embryos,
gli2bVins/7ins . gjjgidinsiiding qoble knockout embryos have fewer osteo-
blasts in the cleithrum at the position where the scapulocoracoid
attaches than gli3""*"s embryos at 72 hpf (Fig. 2c, Supplementary
Tables 5, 6. average number; 23.6 cells in gli3""m ys 16.77 cells in
gli2bVns/Tins . gfj314ins/l4ins embryos). However, an ANOVA test did not
detect a statistically significant difference between these two geno-
types (p = 0.12, Supplementary Table 7). Intriguingly, we also observed
that the number of col2ala-positive proliferative chondrocytes in the
scapulocoracoid of gli3 4" embryos increased compared to wild-
type embryos (Fig. 2f, g and Supplementary Fig. 10, Supplementary
Table 7, p=0.0000178). Albeit the difference of averaged chondrocyte
numbers between in wildtype and gli2b"7ns/\7ins; gij314insi4ins embryos
(165.67 vs 193.69, Supplementary Table 5), we did not detect a statis-
tically significant difference between them (p=0.06). These results
suggest that the Gli3 activator form, and possibly Gli2b with a relatively
weak contribution, induces osteoblast differentiation in the cleithrum
at the expense of chondrocytes in the scapulocoracoid.

Regulation of BMP signaling via activin A receptor type 1-like
expression by Gli3

To elucidate the Gli3 pathway that determines osteoblast and chon-
drocyte differentiation, we identified Gil3 target genes in an unbiased
way by combining RNA-sequencing (RNA-seq) and Assay for
Transposase-Accessible Chromatin using sequencing (ATAC-seq) in
wildtype and gli3“""“"s embryos (Fig. 3a). We separately isolated
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Fig. 2 | The trade-off of osteoblast and chondrocyte differentiation regulated
by gli genes. a-c HCR of col2ala (magenta) and sp7 (green) with DAPI staining
(cyan). 3D stack lateral visualization of confocal scanning of gli3”* (a), gli3*n/*ns
(b), and gli2b'""s/7ins; gli314ns/14ins embryos (c). The osteoblasts around the cleithrum
at the level of the scapulocoracoid are reduced in gli3""™/*s and gli2p!"/"7ins.
gli3"“n'4ns embryos (b, c). n= 6 for each genotype. The scales are the same from
(a-c). d, e Dissected pectoral fins of gli3"* (d) and gli3'“""*" (e) embryos at 72 hpf

gli2b17ins/17ins;
gligl4ins/14ins

e

osteoblasts

0 100 200 300
chondrocytes

after HCR with the same probes used in (a—c). The scapulocoracoid is larger in
gli3"#n'4ns embryos (e) than in gli3"* embryos (d). The scale is the same between
(d, e). f The comparison of the osteoblast (sp7-positive) and chondrocyte (col2ala-
positive) numbers in the cleithrum and the scapulocoracoid, respectively, between
gli3"* and gli3"""*s embryos (n =18 for gli3"* and n=16 for gli3"/" embryos).
** p=0.0000178 by a two-tailed student t-test. Scale bars are 300 pm in (a) and
50 pm in (d). cl cleithrum, sc scapulocoracoid.

EGFP-positive cells from CNE14:egfp; gli3"" and CNE14:egfp; gli3*"s/*#ins
embryos by Fluorescence Activated Cell Sorting (FACS) and con-
ducted RNA-seq at 55hpf, when both the cleithrum and the scapulo-
coracoid are at their early developmental stages (Fig. 3a). A
comparative analysis of transcriptome profiles between EGFP-positive
cells in gli3”* and gli3“"™"¥" embryos identified 351 significantly
upregulated genes and 232 downregulated genes (p < 0.05) (Fig. 3b,
Supplementary Data 1). This gene list includes kIf3 and zic3, which were
previously identified as direct GLI3 target genes in mouse limb buds”,
supporting the efficacy of our method. Next, we conducted ATAC-seq
with EGFP-positive cells sorted from CNEI4:egfp; gli3"* embryos at 55
hpf, identified accessible chromatin regions (ACRs) in a genome-wide
manner, and annotated these ACRs to genes depending on the
proximity to transcription start sites (Supplementary Data 2). The gene
with one of the lowest p-values from RNA-seq and an ACR promoter is
activin A receptor type I-like (acvril), which encodes a BMP receptor
type 1’° (Fig. 3¢). Given the necessity of BMP signaling in osteoblast and
chondrocyte differentiation and its involvement in human skeletal
diseases’” %, zebrafish acvril is a compelling Gli3 target for pectoral
girdle development. An analysis of previously published Hi-C data
indicates that the acvrll promoter domain is in a - 90 kbp topologically
associating domain (TAD), suggesting its cis-regulatory elements lie in
this region® (Fig. 3d). Intriguingly, our analysis of the Activin receptor 1
gene family history indicated that the Acuvrll gene is evolutionarily
conserved in all extant jawed fish lineages yet got lost multiple times
independently in the major extant tetrapod lineages (Supplementary
Fig.11). The notable exception are crocodilians that retained Acvrll. We
therefore propose that the functional importance of the Acvril gene
gradually faded in tetrapods, concomitantly with the
intramembranous-to-endochondral skeletal shift of the pectoral girdle
starting during the fish-to-tetrapod transition (Supplementary Fig. 11,
Supplementary Table 8, and Supplementary Note 1).

Subsequent whole-mount RNA in situ hybridization corroborated
the regulation of acvrll by Gli3; acuvrll transcripts are enriched in the
endochondral disc of the wildtype pectoral fin but are decreased in

gli3"ns4ins fin at 55 hpf (Fig. 3e, f). Moreover, we found acurll expres-
sion in the pectoral fin is a shared feature with chondrichthyans (little
skate, Leucoraja erinacea) and non-teleost actinopterygians (spotted
gar, Lepisosteus oculatus) (Supplementary Fig. 12). In accordance with
the reduction of acurll expression in gli3*"4"s zebrafish embryos, we
also found a significant decrease in staining levels of phosphorylated
Smadl/5/8 (the active form of Smadl/5/8 in BMP signaling) in osteo-
blasts surrounding the cleithrum bone from wildtype to gli3®ns/ins
embryos (p=0.02), and possibly to gli2b"/\7ins, gjj314ins/i4ins embryos
but not at a statistically significant level (p =0.28) (Fig. 3g-i, Supple-
mentary Table 9). This may reflect a relatively weak function of Gli2b
compared to Gli3 in pectoral girdle development. Finally, to test the
function of Acvrll in the differentiation of osteoblasts and chon-
drocytes in shoulder girdle formation, we treated wildtype zebrafish
embryos with an Activin receptor type 1 inhibitor LDN193189°* from 32
to 72 hpf. Compared to the proper expression of sp7 and co2ala in the
control pectoral girdle, sp7 expression was diminished in LDN193189-
treated embryos (Fig. 3k, 1). Therefore, the differentiation of osteo-
blasts requires BMP signaling via Acvrll in the fish pectoral girdle.

Hedgehog-Gli mutant zebrafish recapitulate evolutionary tra-
jectories of intramembranous and endochondral bones along
the water-to-land axis

The pectoral girdle in non-teleost actinopterygians consists of a series
of intramembranous (supracleithrum, cleithrum, and clavicle) and
endochondral bones (scapulocoracoid and mesocoracoid)®. Teleosts,
including zebrafish, share these fundamental components, except for
the separation of the scapula and coracoid and the loss of the
clavicles® (Fig. 4a). Gross examination and skeletal staining showed
that in approximately 20 % of gli3""/4"s zebrafish either the left or
right pectoral fin shifted dorsally due to the dorsoventrally shortened
cleithrum (28/159 fish, Supplementary Fig. 4). Intriguingly, subsequent
uCT scanning and three-dimensional morphometric analysis revealed
mixed characteristics of actinopterygian and stem-tetrapodomorph
pectoral girdle morphologies in these severely affected girdles; the
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dorsal blade of the cleithrum and the posterior branchial lamina, which
posteriorly supports opercular chamber movement in fish, were
markedly reduced (Fig. 4a, d, j, Supplementary Fig. 13 and Supple-
mentary Data 3). Moreover, the supracleithrum was absent (Fig. 4a, d,
Supplementary Fig. 4), resembling the condition of stem-tetrapods
such as Tulerpeton”®. The cleithrum on the opposite side in these
severely affected fish and on both sides in the remaining 80% of
glis31ms#ins zebrafish was dorsoventrally shorter compared to those of
wildtype individuals (Supplementary Fig. 14, Supplementary Data 3,
n=23/23).In addition to the reduction of the intramembranous series,
the scapula of gli3“"¥*ins zebrafish exhibited the characteristics of
stem-tetrapod traits; an enlarged supraglenoid buttress and the ante-
romedially extended flange for the glenoid (Fig. 4b, e). The glenoid was
ovoid and concave in gli3""*s fish, and it is posterolaterally opened
compared to the flat glenoid in wildtype fish (Fig. 4b, c, e, f; n=3/6).
The mesocoracoid is another endochondral bone that bridges the
coracoid and the cleithrum and is present in actinopterygian fishes but
not in sarcopterygian fishes or stem-tetrapods such as Tiktaalik or

Acanthostega. In these stem-tetrapods, the supraglenoid buttress is
the evolutionary counterpart of the mesocoracoid®. The mesocor-
acoid/supraglenoid buttress becomes stouter from fishes with paired
fins to stem-tetrapods to serve as an attachment site for the dor-
somedial musculature of the forelimb¥. In gli3“"¥*is zebrafish, the
mesocoracoid is laterally wider than in the wildtype (Fig. 4c, f, n=4/5).

Additionally, to investigate whether the pectoral girdle phenotype
is exacerbated by a further reduction of Gli activator, we injected gRNA
complementary to zebrafish shha with Cas9 mRNA into gli3®ns/#ins
eggs, raised them for 3 months, and genotyped them by deep
sequencing of shha (see Methods). Strikingly, gli3'™"4"s: shha®®* fish
(30% of the intact shha is detected) exhibited a dorsoventrally short
cleithrum comparable to the severely affected cleithrum in gli3®ns/#4ins
fish, but on both the left and right sides (Fig.4g, n=3/3). The shape of
the scapula in this compound knockout fish is also concave and pos-
terolaterally opened (Fig.4h, i). gli3"*"*"s; shha®*” fish also showed
smaller ratio of cleithrum/scapulocoracoid volume than those of
wildtype fish (Supplementary Fig. 15 and Supplementary Data 4). These
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Fig. 3 | Gli genes regulate BMP signaling via activin receptor type 1-like
expression. a The experimental scheme of the unbiased high-throughput genomic
screening (see Methods). From CNEI4:egfp; gli3"* and CNEI4:egfp; gli3*™/ 4"
embryos, EGFP-positive cells were separately isolated by FACS. The sorted cells
were subjected to RNA-seq and ATAC-seq. Three biological replicates were con-
ducted for RNA-sequencing and two were for ATAC-seq. b The heat map of top
2000 differentially expressed genes in CNF14:egfp; gli3"* and CNE14:egfp; gli3*m/14ns
embryos. Color code: red indicates high and blue indicates low enrichment. ¢ The
volcano plot of the RNA-seq result. The genes with p < 0.5 and >two-fold expression
change are coded by red. The genes on the left side (Log2 fold change <0) are
down-regulated genes in gli3“"/™ embryos while the genes on the right side (Log2
fold change > 0) are up-regulated genes in the mutant embryos. Acvril is one of the
prominent Gli3 candidate genes. The statistical analysis was conducted by EdgeR
program. d The genome browser visualization of zebrafish RNA-seq (wildtype and
gli3*ns4ins samples), ATAC-seq, and HiC results, and skate RNA-seq and ATAC-seq
results at the acvril locus. In zebrafish, the transcript level is lower at the exons of
acurll in gli3*™"4"s embryos than gli3"* embryos. Zebrafish ATAC-seq and HiC
showed that the promoter region of acurllis ACR and in a TAD. Zebrafish HiC result
was produced from the previously published data®. Skate RNA-seq and ATAC-seq
data were generated from the previous paper'®. e, f The expression pattern of
acvrll in gli3"* and gli3""*" embryos. Expression in the pectoral fin is decreased

in gli3“/4"s embryos compared to gli3”* embryos. n=24. The scale is the same in
(e, f). g-i Immunofluorescence of phosphorylated-Smad 1/5/8. The strong signal is
observed in cells surrounding the cleithrum of wildtype embryos (g, arrows), which
decreases to gli3""™/“ (h) and to gli2b'"*/7’™s; gi3""/“"s embryos (i). n = 6 for
wildtype, 9 for gli3*m*i"s and 5 for gli2b'"/7ims; {3144 embryos. j a bar graph of
phosphorylated Smadi/5/8 staining level in gli3"*, gli3'""* and gli2p"7ns/"7ins
embryos. The fluorescence intensity in the cleithrum was quantified and standar-
dized by the area size in the cleithrum (“Method”). All raw data points were plotted.
Raw data are in Supplementary Table 9. The data were analyzed and compared
among samples by two-tailed student’s t-test. * indicates p < 0.05. p-value between
gli3" and gli3"“""*"s js 0.049 and between gli3"* (WT) and gli3"#"™"s is 0.025.
While gli3""s/4ins and gli2h!7m/\7ins - glj314ins/14ins embryos exhibit statistically significant
reduction of the PSmad1/5/8 signal from wildtype embryos, gli3'"/“"s and gli2b"/
17ins. gfj314ins/14ins embryos do not show statistically significant change (p=0.28). The
unit of vertical axis is arbitrary unit. n= 6,9, and 5 biologically independent samples
for wildtype embryos, gli3""/4ins and gli2b'"m/77ins: gfj314ins/14ins embryos, respectively.
Error bars show standard deviations. k-1) LDN193189-treated pectoral fins stained
by HCR with sp7 and col2ala probes and DAPI staining. Sp7 expression was
diminished by 10 pM of the inhibitor treatment. Arrows indicate sp7 expression,
and arrowheads show its weak or no expression. sc scapula. n =23 for 0 and 10 pM.
The scale bar in (e, g) are 50 pm. g-i, k, I are the same scale.

results indicate that the Hedgehog-Gli signaling regulates not only the
shoulder girdle bone morphology, but also the ratio of intramem-
branous and endochondral ossification in pectoral girdle
development.

Discussion

The phenotype of gli3 knockout zebrafish is consistent with those
described in tetrapod models, suggesting that the gene’s functions are
evolutionarily conserved across bony fishes. We have shown that
gli3“#ns4ins zebrafish exhibited abnormal skeletogenesis in the skull,
eye, and shoulder girdle. The dense mineralization of intramem-
branous skull bones is a coherent phenotype with human diseases,
such as Greig cephalopolysyndactyly®>. Moreover, expansion of the
endochondral scapula in shha and gli3 compound knockout zebrafish
is consistent with the scapula phenotype in Gli3 knockout mice®.
These comparable ossification defects in zebrafish and mammals thus
suggest that Gli3 functions are evolutionarily conserved in bone for-
mation at least between actinopterygians and tetrapods. Importantly,
previous studies indicate that a reduction of Hedgehog signaling
severly affects cleithrum, scapula, and coracoid development in
zebrafish®, Given these results, we propose that conserved Gli3 func-
tions form the actinopterygian fish pectoral girdle, balancing intra-
membranous and endochondral ossification.

Polydactyly is a pervasive phenotype in Gli3-deficient mammals,
and even gli3 knockout medaka show an increase of fin rays and
endochondral radials’>. The fin phenotype of gli3""4" zebrafish,
however, differs from the previously published medaka phenotype®;
gli3*#ns4ins zebrafish did not show the increase of fin rays and endo-
chondral radials. The lack of a bone-increase phenotype in the pectoral
fin of gli3""/"4s zebrafish is consistent with results from a different
zebrafish gli3 knockout allele produced in an independent study®’ and,
thus, is a validated phenotype from multiple studies. This phenotypic
difference between zebrafish and medaka might reflect diverse func-
tions of the Hh-Gli signaling in formation of exceptionally diverse
pectoral fins and girdles in actinopterygian fishes, including various fin
ray numbers, possibly due to differential retention of TGD-duplicated
Hh-Gli pathways®’. Alternatively, the short DNA oligo insertion into gli3
coding sequence by CRISPR/Cas9 might induce genetic compensation
that increases similar gene transcription in zebrafish”. In addition to
Gli3, Gli2 functions as both activator and repressor depending on
Hedgehog ligand binding to its receptors®. Yet, even gli2b; gli3 double
knockout zebrafish did not manifest the increase of fin rays and radials.
Gli2a and Gli2b repressor forms may functionally compensate Gli3

repressor function to restrict the number of fin rays and radials along
the anterior-posterior axis in zebrafish. The comprehensive elimina-
tion of all gli2 and gli3 family genes (i.e., gli2a, gli2b, and gli3) would
likely provide “polydactyly” phenotype in zebrafish although the
elimination of all Gli2 and Gli3 activator and repressor forms might not
provide a conspicuous phenotype, as both activator and repressor
forms are critical for distinct domains of paired appendage develop-
ment in mice’”. These potential functional compensations among Gli
proteins might explain the absence of statistically significant differ-
ences of osteoblast and chondrocyte numbers in the pectoral girdle
between gli3 and gli2b; gli3 knockout embryos.

The morphological transformation of the vertebrate pectoral
girdle during the water-to-land transition has been extensively
described®®, yet the underlying ontogenetic changes remain unin-
vestigated. In the last few decades, zebrafish have emerged as a com-
pelling model to dissect the genetic and molecular pathways
underlying diverse arrays of skeletal phenotypes because zebrafish are
amenable to various genetic manipulations, live imaging, and produce
ample fertilized eggs for embryological experimental studies. Lever-
aging these zebrafish strengths, our current study illuminates the
developmental mechanisms underlying the pectoral girdle evolution,
which have been long-debated®*. Despite the fact that the crown tel-
eost ancestor underwent the TGD that led sub- and neo-
functionalization of many gene duplicates®®®, our Gli3 knockout
zebrafish show the evolutionarily conserved the pectoral girdle phe-
notype. Distinct from sarcopterygians, teleosts mostly use perichon-
dral ossification during development, including pectoral fin and girdle
formation®*’, Additionally, in teleost fishes, the scapulocoracoid is
divided into two distinct elements, the scapula and coracoid. Despite
these genomic, ontogenetic, and anatomical specializations, zebrafish
Gli3 functions in developing bones, including the scapula, are sub-
stantially conserved with extant mammals. Moreover, we identified
acurll expression in spotted gar and skate embryonic fin and girdle
structures, in which the scapula and coracoid are unified in a single
bone, further supporting the evolutionary conservation of
Gli3 signaling in ancestral jawed vertebrate pectoral girdle develop-
ment. Thus, our present study with basal and derived actinopterygians
and chondrichthyans provides the first genetic and ontogenetic
insights into the pectoral girdle transformation from water to land.

While zebrafish are a compelling model organism to illuminate
the molecular mechanisms of skeletal development and evolution,
they represent a miniaturized teleost species. Miniaturization causes
structural reduction, simplification, and novelty’®. Haemal arches, for
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Fig. 4 | Adult pectoral girdle phenotype in Hh-gli signaling knockout fish.
a-c, d-f, g-i Volumetric renderings of the skeleton, which was segmented manually
from uCT scans of three-months old adult fish. a-c wildtype, d-f) gli3®/#ins,

g-i gli3"m/1ns: shha®**k° fish. a, d, g the whole-body 3D reconstruction,

(b, ¢, ¢, f, h, i) the enlarged images of the scapulocoracoid and mesocoracoid

(b, e, h); lateral view, (c, f, i); posterior view). In contrast to the thin and long dorsal
cleithrum with the postbranchial lamina in gli3"" fish (a), the dorsal cleithrum was
reduced in either the left or right side of gli3""/*™ fish (n =28/159) (d) and both
sides of gli3"“"/4ins: shh@>**° fish (3/3) (g). In the scapula of gli3"* fish, the glenoid is
anteroposteriorly wide and flat (b, ¢), but it is concave and posterolaterally opened,
and delineates the proximal surface of basal radials of the pectoral fin in gli3"4ns/ins
and gli3""/14ns- shha®**k° fish (e, f, h, i) (n=5/6 for each genotype). The supragle-
noid buttress is more developed in gli3“"™/#" and gli3"*""4"s; shha***° fish com-
pared to wildtype fish (b, e, h). j Quantitative analysis of the cleithrum height,
scapula width, mesocoracoid width, and glenoid depth. The length and width of
each bone were measured and standardized by the dorsoventral length of the skull
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(see Methods). The unit is aribitrary unit [a.u.]. All raw measurements are sum-
marized in Supplementary Data 3. While the cleithrum is dorsoventrally shorter in
the severely affected pectoral girdles of gli3*"/i"s and gli3“in¥ins: shha>**° fish
than those of gli3"" fish, the scapula and mesocoracoid are larger in gli3"""4" and
gli3"4ns4ins: shp >0 fish, The glenoid is more concave in gli3“"/4i™ and gli3'4ns/\4ins;
shha*™*° fish than wildtype fish. ANNOVA test and following Tukey-Kramer Post
Hoc test were conducted to detect statistically significant differences of bone size
among wildtype and knockout fish. **; absolute mean value > Q critical value in
Tukey-Kramer Post Hoc Test. 5.07 and 5.83 >3.73 in the cleithrum, 5.10 and

6.16 >3.73 in the scapula, and 6.07 > 3.88 in the mesocoracoid, and 6.05>3.88 in
the glenoid). Maximum, minimum, median, and average values are shown in the
box and whisker plots. Two or three biologically independent fish samples were
analyzed in each genotype. Both left and right pectoral girdle measurements are
plotted. See all replicates and measurements in Supplementary Data 3. c coracoid,
cl cleithrum, g glenoid, ms mesocoracoid, pl postbranchial lamina, sb supraglenoid
buttress, and scl supracleithrum. The scale bar indicates 2.5 mm.
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example, develop via intramembranous ossification in many small
teleost fishes, including zebrafish, but via endochondral ossification in
larger teleosts’. The coracoid and scapula of Priocharax ariel, one of
the miniaturized teleost fishes in South America, are not ossified even
in adult fish in contrast to full ossification of the cleithrum®. Thus, a
caveat of using minituarized teleost fish for understanding of the
pectoral girdle evolution is potential changes in ossification patterns.

During the evolution of the miniaturized body, many endochon-
dral bones in zebrafish shifted from endochondral to perichondral
ossification, including the pectoral girdle. The zebrafish scapulocor-
acoid, the primordium of the scapula and coracoid, is a thin cartilage
plate during early development®. The coracoid ossification initiates at
the dorsal edge of the anterior extension of the scapulorocraoid and
spreads to the posterior side via perichondral ossification'®. The dif-
ferent ossification modes of endochondral bones between miniatur-
ized teleosts and stem-tetrapods may hamper us from a direct
comparison of pectoral girdle developmental mechanisms. In this
study, we hypothesize that the final size and morphology of the sca-
pula and coracoid simply reflect those of cartilage primordium com-
mon for perichondral and endochondral ossification. Accordingly, we
discuss the molecular and ontogenetic mechanisms underlying chan-
ges in the ratio of endochondral and intramembranous bones during
the water-to-land transition using zebrafish pectoral girdle as a proxy.
However, one may argue that the final size and morphology of the
scapula and coracoid might have been modified during the shift from
endochondral to perichondral ossification, irrespective of cartilage
primordium morphology. Despite such differences in ossification
modes between miniaturized teleosts and stem-tetrapods, the mole-
cular mechanisms that induce chondrocyte and osteoblast differ-
entiation are tightly conserved”’. The exceptional conservation of
ossification genes could justify an evolutionary prevalence of the
Gli3 signaling pathway that determines the balance of endochondral
and intramembranous ossification. The pectoral girdle evolutionary
mechanisms would be further scrutinized by studies with non-
miniaturized actinopterygians such as spotted gar, an emerging
model without a 3™ round of whole genome duplication and body
miniaturization®.

The evolutionary trajectory of the intricate shoulder girdle
development at the origin of stem-tetrapods has been uncharacter-
ized. By taking advantage of the ontogenetic and genetic accessibility
of zebrafish, we discovered that gli3-positive mesodermal cells give
rise to both intramembranous and endochondral bones in the pectoral
girdle (Fig. 5). Our results reveal that modulations in Hh-Gli signaling
are plausible evolutionary mechanisms to assemble the tetra-
podmorph pectoral girdle through mesodermal cell fate alternations,
which have been also reported in the evolution of digits from fin
rays'. Thus, changes in the fate of mesodermal cells appear to have
occurred repeatedly in appendages across the fish-to-tetrapod transi-
tion and represent a major path for the evolutionary origin of novel
traits.

The dorsoventrally short cleithrum, the loss of the supraclei-
thrum, the posterolaterally oriented concave glenoid, and the robust
mesocoracoid in gli3 single and gli3;shh compound knockout zebrafish
conform to the shared features of the pectoral girdle bones in
Devonian-era stem-tetrapods, such as Tiktaalik, Acanthostega, and
Ichthoystega®™® (Fig. 5). Moreover, the concave and posterolaterally-
opened glenoid in gli3""*s fish is similar to a prominent feature of
the stem-tetrapods. These morphological features permit the rotation,
flexion, extension, protraction, and retraction of the humerus®. The
current work suggests that the Gli3-Acvrll pathway and their functions
in the pectoral girdle formation are evolutionarily conserved at least
from basal to derived actinopterygian fishes. Genetic alterations in Hh-
Gli or associated signaling pathways, such as the evolutionary reduc-
tion and eventual loss of tetrapod Acurll orthologs, might have

released a deeply embedded developmental program to generate
tetrapod morph pectoral girdle phenotypes in bony vertebrates.

Methods

Animal maintenance

All fish work was conducted according to standard protocols approved
by the animal committees of Rutgers University (protocol number
201702646) and Michigan State University (PROT0202200367). Skate
embryos (Leucoraja erinacea) were purchased from Marine Biological
Laboratory (Woods Hole, MA), fixed by 4% PFA, and kept in methanol
at —20 °C for whole-mount in situ hybridization.

Evolutionary comparisons of CNE14

The evolutionary conservation of gli3 CNE14 sequence was con-
ducted in mVISTA™ For this sequence comparison, the following
genome regions were downloaded from Ensembl and compared in
mVISTA: human: GRCh38:7:41954886:42270163, mouse:
GRCmM39:13:15632485:15909946, tropical clawed frog: UCB_X-
tro_10.0:6:57560778:57692896, elephant shark: Callorhinchus_milii-
613 KI635914 1 1211641 1411175, spotted gar: LepOcul LG9_
37116819 _37285109, and zebrafish: GRCz11:24:11522406:11827369.

Establishment of CNE14:egfp transgenic fish

The region of the zebrafish and elephant shark genome homologous to
human CNE14? was amplified by PCR and subcloned pCR™8/GW/
TOPO® (Invitrogen) (the primer sequences are in Supplementary
Table 1). The cloned CNE14 fragment was transferred into pXIG-cfos-
EGFP vector by Gateway™ LR Clonase™ Il (Invitrogen)*°. Each CNE14 /
pXIG-cofs-EGFP vector was injected into over 250 one-cell stage zeb-
rafish eggs with Tol2 mRNA as previously described*’. EGFP fluores-
cence was observed at 48 hpf under a fluorescence stereomicroscope.
For elephant shark CNE14, FO embryos with EGFP expression were
raised for three months, and the EGFP expression pattern was con-
firmed in F1embryos obtained from outcrossing the FO to wildtype fish
under a stereotype fluorescent microscope. The embryos with EGFP
expression in the pectoral fin were reared to adult stage and further
crossed to wildtype fish to establish stable transgenic embryos, which
were used for immunofluorescence, HCR in situ hybridization, and live
fluorescent imaging.

Whole mount in situ hybridization

The 3’'UTR or coding sequence of the zebrafish, skate, and spotted gar
genes were amplified from zebrafish (48hpf), skate (stage 31), and
spotted gar (stage 28) cDNA by PCR and cloned into pCR™II-TOPO®
vector (Invitrogen) (PCR primer sequences are in Supplementary
Table 1). The RNA probes were synthesized from the vectors by T7 or
SP6 RNA polymerase for zebrafish and skate and from vector insert
PCR amplificate for gar.

Chromogenic in situ hybridization for acvrll in zebrafish and skate
embryos was performed as previously described*®. The spotted gar ISH
method is based on Thisse & Thisse 2008'%. In situ hybridization chain
reaction (HCR) was performed as previously described*’ using com-
plementary probes to zebrafish sp7, colala, egfp, gli3, which were all
synthesized by Molecular Instruments (CA). To observe the HCR results
at the single cell resolution, the pectoral fin and girdle complex were
manually dissected out from the body with tweezers, mounted on slide
glasses, and scanned by a confocal microscope (Zeiss LSM510 META).
The number of chondrocytes in the scapulocoracoid (col2ala+) and
osteoblasts surrounding the cleithrum at the level of the scapulocor-
acoid (sp7+) were manually counted and statistically compared among
different genotypes or embryos treated by different concentrations of
the inhibitor by a Student’s t-test. For HCR of sp7, colala and egfp,
n =23 (Fig. 1e, f). For the staining of sp7 and col2ala in Fig. 2d-f, all raw
data and replicates are shown in Supplementary Table 5.
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For fluorescence in situ hybridization of gli3 mRNA, we followed the
protocol previously published in Lauter et al. ', Briefly, embryos were
fixed at 48 hpf by 4% PFA. Next day, following DEPC-PBST (phosphate
buffered saline, 0.1% Tween-20, pH 7.3) rinse, the embryos were treated
by 2% hydrogen peroxide in methanol for 20 min. After rehydration,
embryos were subjected to the previously published whole mount
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in situ hybridization protocol*. For fluorescent color development, two
solutions were prepared: 500 pg/ml Fast Blue (Sigma F3378) or 500 pg/
ml NAMP (Sigma N5000) in 0.1M Tris-HCI pH 8.2, containing 50 mM
MgCl,, 100 mM NaCl, and 0.1% Tween-20 were prepared. Before color
development, we mixed these two solutions at 1:1 ratio and soaked
embryos in the mixed solution until the color developed.
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Fig. 5 | Pectoral girdle evolution from fish to tetrapods and Gli3 function in
their development. From fish to tetrapods, endochondral bones (scapula and
coracoid) expanded at the expense of the intramembranous bones (anocleithrum,
cleithrum, and clavicles). In gli3""/“" zebrafish, the cleithrum becomes dorso-
ventrally short, reminiscent of the pectoral girdles of early tetrapods, such as
Acanthostega, which were evolving to live on land. Gli3-positive cells migrate into
the cleithrum and scapulocoracoid, and Gli3 regulates BMP signaling via acvril
expression. In crown-group tetrapods, including mice and chickens, the pro-
spective pectoral girdle cells reside in the proximal region of forelimb buds. Pbx1/2/
3 family genes regulate the expression of alx, tbx15, and gli3 in the superior scapula
blade (ssbl), inferior scapula blade (isbl), and spine/central scapula blade (sp/

csbl)*!, The cellular origins of the shoulder girdle bones, shown by light green and
orange in Acanthostega and Eryops are estimations from histological characters. an
anocleithrum, c coracoid, cla clavicle, cl cleithrum, g glenoid, ic interclavicle, ms
mesocoracoid arch, pl postbranchial lamina, sc scapula, scc scapulocoracoid, scl
supracleithrum, sgb supraglenoid buttress. The pectoral girdle of Mus was repro-
duced from the previous study with permission (ref. 41). Acanthostega shoulder
girdle was reproduced from the previously published article (ref. 7). Lepisosteus and
Eryops were reproduced from previous studies with permission (ref. 87 Copyright
© 1924 Wiley-Liss, Inc.). Photos of the pectoral girdle of an adult Lepisosteus ocu-
latus are in Supplementary Fig. 16.

Live fluorescence cell imaging

CNE14:egfp transgenic fish were crossed to sp7:mCherry fish or
col2alaBAC:mCherry fish, and fertilized eggs were collected.
Embryos with EGFP expression in the pectoral fin primordium were
selected under a fluorescent stereotype microscope at 31 hpf and
embedded in 1% low-melt agarose gel in a glass-bottom 3.5cm
dish*®. The gel covering the anterior half of embryos was removed to
allow normal growth of the embryos. E3 medium including tricaine
at 0.003% was added to the dishes, and the dishes were kept inside
an incubator chamber at 28 °C by a confocal microscope (Zeiss
LSM510) from 32 to 74 hpf. Z-stack images (3um z-interval,
~30-40 slices for each embryo) were obtained at 30 minutes time
intervals. The time lapse data were analyzed with Imaris (version
10.1) to manually track EGFP-positive cell movement and contribu-
tion to the cleithrum and scapulocoracoid. The replicate number is
three for each transgenic fish imaging.

Establishment of gli3, gli2b,;gli3, and gli3;shha compound
knockout fish

Gli3 single knockout fish with frameshift mutations in exon5 and
exonl4 were generated by injection of gRNAs complementary to target
sites and Cas9 mRNA into wildtype (*AB) fertilized eggs as previously
reported™'”, The detailed information of gRNAs and identified frame
shift mutations are summarized in Supplementary Fig. 1. Briefly, gRNA
and Cas9 mRNA were injected into zebrafish one-cell stage eggs, and
the injected eggs were reared to adult fish, which were subjected to T7
assay and sequencing to determine genetic mutations at the target
loci. The fish with frame-shift mutations (FO) were out- crossed to
wildtype fish to obtain heterozygous knockout fish (F1). To avoid any
off-target effects of CRISPR/Cas9 gene deletions on the phenotypic
analysis, we repeated outcrossing the heterozygous knockout fish to
wildtype fish (*AB) and raising offspring twice, obtaining F4 fish for the
analysis conducted in the paper. Then, gli3 ex5""™"* fish (F4) were
crossed with each other and gli3 ex5*"/4™ fish were established. The
survival rate of gli3 ex5*"/“"s zebrafish is not significantly different
from that of wildtype fish and the ratio of gli3 *'* gli3 ex5*"* and gli3
exsHns4ins follow Mendelian inheritance ratio. To obtain gli2/gli3
compound knockout fish, gRNA complementary to a target site in gli2b
exonl and Cas9 mRNA was injected into one-cell stage gli3 ex5!ns/t4ins
fertilized eggs. The injected eggs were reared to an adult stage and
subjected to a T7 assay and sequencing to identify frameshift muta-
tions. The fish with frameshift mutations were outcrossed to gli3
exSHins/14ins fish and the collected eggs were raised for three months and
genotyped for gli2b. Obtained gli2b”™"*; gli3 ex5S*™"*n fish were
crossed with each other and embryos were subjected to HCR in situ
hybridization.

To obtain gli3/shha compound knockout fish, gRNA com-
plementary to shha and Cas9 mRNA were injected into gli3 ex5!ns/i4ins
fertilized eggs. The tail fins of 3 month old adult fish were cut and
subjected to a T7 assay for the shha gene. The tail lysis of the mutant
fish was further subjected to deep sequencing of shha target loci to
determine frameshift mutation ratio among all mutations (Supple-
mentary Table 1).

All gRNA sequence and genotyping primers are summarized in
Supplementary Table 1. The frameshift mutations in all mutant fish are
in Supplementary Fig. 1.

Genotyping of gli3 and gli2b knockout fish

Adult or embryonic tails were excised and lysed as previously
described™. Using these tail lysis solutions as PCR templates, the gli3
and gli2 loci were amplified by PCR. The PCR primers used for PCR
amplification are summarized in Supplementary Table 1. For gli3, a
14 bp difference between wildtype and mutant fish was confirmed on
3% agarose gels. BSAJ1 was added to gli2b PCR products and the
treated PCR products were confirmed on 1% agarose gel (wildtype;
232 bp, gli2b"™; 130 + 123 bp).

Live fluorescence imaging of sp7 expression in the cleithrum
The whole body EGFP expression patterns of sp7:egfp; gli3"*, sp7:egfp;
g1i314ins/14ins’ sz.egfp; gli2b17ins/17ins; gll-314ins/14ins embryos were phOtO'
graphed at 72 hpf under Leica M205. The representative images are
shown in Supplementary Fig. 8. n =8 for each genotype.

Chemical inhibitor treatment of zebrafish embryos

Zebrafish embryos were cultured in 40 ml of E3 medium (5 mM NaCl,
0.17mM KCI, 0.33 mM CaCl,, 0.33 mM MgSO,) containing Smooth-
ened inhibitor (BMS-833923, Selleckchem) or Activin receptor type 1
inhibitor (LDN-193189, TOCRIS) in 10 cm plastic dishes from 32 hpf to
72 hpf. The concentration of BMS-833923 was 5 uM, and of LDN-193189
was 10 pM. At 72 hpf, these inhibitor-treated embryos were fixed by 4%
PFA and subjected to immunofluorescence staining or HCR. All raw
data, cell count results, and replicates are summarized in Supple-
mentary Table 5.

FACS sorting of EGFP-positive cells from CNE14;egfp fish
Approximately 100,000 EGFP-positive cells were collected from
CNEI4:egfp; gli3"* and gli3#m*ns fish by FACS as previously
described’'. Briefly, CNEI4:egfp; gli3""* or gli3“"™*"s fish were crossed
to wildtype fish or gli3*"*s fish, respectively, and fertilized eggs were
collected. The eggs were raised to 55 hpf at 27.5 °C. Approximately 200
embryos from each genotype were separately dissociated into single
cells. The yolk was removed by de-yolk buffer'® (55 mM NaCl, 1.8 mM
KCI, 1.25mM NaHCO;), and embryos were rinsed by PBS. Then,
embryos were dissociated into single cells by 0.25% trypsin-EDTA and
4 mg/ml Collagenase with mechanical stress of pipetting at 30 °C.
Trypsin was inactivated by adding DMEM-10%FBS medium, and dis-
sociated cells were collected by centrifugation. The cells were resus-
pended in DMEM-10%FBS and strained by a 40 um filter (Falcon).
Purified single cell suspensions were subject to FACS at Rutgers Flow
Cytometry Core Facility (http://rwjmsLrwjms.rutgers.edu/flow/).

RNA-sequencing

Total RNA was immediately extracted from 100,000 EGFP-positive
cells isolated by FACS using Trizol (Invitrogen). Briefly, the cell
suspension was mixed with 1 ml of Trizol by vigorous vortexing and
kept for 5min at room temperature. The mixed solution was
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centrifuged, and the supernatant was transferred to a new tube.
Chloroform (0.2ml) was added, vigorously vortexed, and cen-
trifuged for 15 min. The supernatant was mixed with 0.5 ml of iso-
propanol, kept for 10 min at room temperature, and then
centrifuged for 15 minutes. The precipitated RNA was washed by
70% ethanol and reconstituted in 30 pL water. The RNA samples
were submitted to Novogene (CA, USA), converted to sequencing
library, and sequenced.

ATAC-sequencing

ATAC-sequencing was performed according to the previously descri-
bed protocol®’. Approximately 100,000 EGFP cells isolated by FACS
were rinsed in PBS and resuspended in lysis buffer (10 mM Tris-HCI, pH
7.4,10 mM NaCl, 3 mM MgCI2, 0.1% NP40). Cells were kept on ice for
10 minutes and then centrifuged at 500 g for 10 min at 4 °C. The pellets
were resuspended in the reaction buffer (25 pL TD Buffer (Illumina Cat
#FC-121-1030), 2.5pL Tn5 Transposase (lllumina Cat #FC-121-1030),
and 22.5 puL H,0). Cells were kept at 37 °C for 30 minutes and then
purified by Qiagen MinElute Kit. The DNA was eluted with 10ul of
Elution buffer. Open chromatin regions flanked by the adapter
sequence were amplified with 14 cycles by the thermal cycler with
lllumina/Nextera i5 common adapter and i7 index adapters. The
amplified sequencing library was submitted to BGI and sequencing was
performed by the paired-end, 100 bp reading.

Sequencing data analysis

The quality of RNA-sequencing data (FASTQ format) was analyzed by
FastQC'”". Then, after the adapter sequencing primers were removed
by Trimmomatic'®®, the data were mapped on zebrafish genome
(GRcz10) by HISAT2'”’. The read numbers for genes were counted by
HTSeq", and differentially expressed genes were determined by
EdgeR™inR (R 4.2.2). Following differential gene expression analysis, a
heatmap and volcano plot were generated using the “Heatplus” and
“EnhancedVolcano” packages in R, respectively.

ATAC-Seq analysis was carried out through multiple programs in
Linux. FastQC was used to get a raw quality read of the data, then low-
quality reads and sequencing adapters were removed by Trimmo-
matic. HISAT2 mapped these reads on the zebrafish genome (GRCz10).
PCR duplicates were removed with Picard (http://broadinstitute.
github.io/picard/), and MACS2 was used to call peaks of open chro-
matin regions"2. HOMER was used to identify Gli3 binding regions in
ATAC-seq peaks and provide their gene name/specific chromosomal

location',

Phylogeny and synteny analysis

Activin receptor type 1 gene family members across vertebrate lineages
were identified via Blast searches in the Ensembl and NCBI genome
databases using sequences from lineage-representative species as
queries (e.g., spotted gar for ray-finned fishes). Survey results and
accession numbers are listed in Supplementary Table 8. Protein
sequences were aligned using MAFFT v7.490"™. A Maximum Like-
lihood phylogeny from lineage-representative species was generated
with PhyML v3.3.20180621" (LG model, 100 bootstrap replicates).
Synteny conservation around activin receptor genes was analyzed with
the Genomicus Browser version 04.02"°.

CT scanning and quantitative analysis

To identify adult zebrafish bone phenotypes, three-month old fish
(wildtype, gli3, and gli:Shh compound mutant lines, the total body
length spanning from 2.7 to 3.3cm) were fixed with 10% formalin
overnight, stained by 0.5% phosphomolybdic acid for a week followed
by water rinse several times, and micro-CT scanned at The University
of Chicago (PaleoCT: https://luolab.uchicago.edu/paleoct/). Voxel size
varied from 5.18 to 8.26 um depending on the distance between the
specimens and the beam directional tube. The pectoral girdle bones

were manually segmented, reconstructed into 3D, and visualized using
Amira 2019.4 (Fisher).

To quantify the size and shape of the pectoral girdle, twenty
landmarks were used (see Supplementary Fig. 13). The dorsal, anterior,
and posterior extremities of the cleithrum were defined as A, G, and C,
respectively. The attachment position of the scapula to the cleithrum
was defined as D. The length between the dorsal and posteroventral
extremities (A-D) was defined as the cleithrum height. The anterior-
posterior cleithrum length was measured by extending the horizontal
line anteriorly from C (B-C). The anterior-posterior coracoid length was
determined by the anterior and posterior extremities of the coracoid
(H-1). Following, a perpendicular line to the H-I line was drawn to
maximize its length (J-K) as a coracoid height. The scapula height was
determined by the dorsal and ventral extremities of the scapula (D-L).
To measure the scapula width, a perpendicular line to the D-L was
drawn at its center position (E-F). From the posterior view, a straight
line was drawn between the dorsal and ventral edges of the glenoid
fossa (M and N). Then, a perpendicular line from the M-N line to the
bottom of the glenoid fossa was drawn to maximize its length (O-P; the
glenoid fossa depth). The mesocoracoid height was determined by the
dorsal and ventral extremities of the mesocoracoid from the posterior
view (R-Q). An orthogonal line to the R-Q line at its center position was
drawn as the mesocoracoid width (S-T). Each length was measured in
Amira and standardized by the length of the skull height. The raw
measurements are in Supplementary Data 3. The volumes of the clei-
thrum, coracoid, and scapula of wildtype, gli3ins/4ns, gjj34ins/idins.
shha®®™ fish were digitally measured in Amira and summarized in
Supplementary Data 4. Replicates of CT analysis represent 3, 5, and 2
individuals for wildtype, gli3, and gli3;shh compound mutant fishes,
respectively. The telencephalon length along the anterior-posteior axis
was measured and standardized by the length from the most anterior
tip of the head to the first vertebrate in wildtype and gli3*"s/*4s fish
(three replicates each).

Immunofluorescence staining and signal quantification

Immunofluorescence staining of EGFP and phosphorylated Smad 1/5/8
was conducted following the previously described protocol®. After
EGFP or phosphorylated Smad 1/5/8 was stained, the plasma mem-
brane and nucli were stained by CellMask (1/1000 dilution, Invitrogen)
and DAPI (1/4000 dilution) in PBS containing 0.1% TritonX-100. EGFP
antibody (Abcam #ab290) and phosphorylated Smad 1/5/8 antibody
(Cell Signaling #13820) were used at 1/1000 and 1/100 dilution,
respectively. For the detection of the first antibody, anti-mouse Alexa
488 (Invitrogen #A21206) was used at 1/1000 dilution. The stained
pectoral fin and girdles were photographed by a confocal microscope
(LSM510). After photographing of the staining samples, the signal
intensity of phosphorylated Smad 1/5/8 was quantified using Image)J.
The cleithrum region is manually identified as Region Of Interest and
the sinal intensity/are size was measured by ImageJ function.

Gross observation and whole-mount bone and cartilage staining
Gross morphology observation of adult gli3!*ns4ins  gjjppl7ins/i7ins
gll-2b17ins/17ins,. g[i3l4ins/l4ins’ and gll-314ins/l4ins’. Shha30% fish were conducted
under Leica M205 steromicroscopy. The replicate number of each
genotype is 159, 21, 9, and 3, respectively. The total body length of
these fish were between 2.8 to 3.4 cm. The fish used for gross obser-
vation was subjected to whole mount skeletal staining. Whole-mount
skeletal staining of adult zebrafish with Alizarin red and Alcian blue was
conducted as follows. The specimens were anesthetized and fixed by
10% neutral-buffered formalin at room temperature overnight. After
rinsing with water, their entrails were manually removed, and the
remaining body was immersed in 70% ethanol. The soluion was
replaced by 70% ethanol / 30% acetic acid with 0.02% of Alcian Blue
8GX (Sigma-Aldrich A5268), and the samples were incubated at room
temperature overnight. The specimens were rinsed by a series of
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ethanol/water mix solutions (75%, 50%, 25%, and 0% ethanol) for an
hour each. Then they were immersed in 30% saturated sodium borate
for an hour. The specimens were treated by 0.25% trypsin for five hours
and washed by 1% potassium hydroxide solution twice. The solution
was replaced by 0.005% Alizarin red S (Sigma-Aldrich A5533) /1%
potassium hydroxide, and incubated at room temperature overnight.
The stained specimens were bleached in 25% glycerol/75% 0.1%
potassium hydroxide/0.15% hyrdoxidase solution for five hours. The
specimens were soaked through a series of 0.1% potassium hydroxide/
glycerol solutions (75%, 50%, 25%, and 0% potassium hydroxide) and
preserved in 100% glycerol solution. The replicate number of adult
gli3l4ins/l4ins, g[le7ins/17ins, gli2b17ins/17ins’.gli314ins/14ins, and g[i314ins/l4ins’. Shha}O%
fish used for skeletal staining were 7, 8, 5, and 3, respectively.

For juveniles at 13-30 dpf, to avoid acid demineralization of bones,
we conducted acid-free skeletal staining as previously published.
Briefly, we prepared two stock solutions. One is 0.02% alcian blue,
60 mM (13 dpf) or 120 mM (30 dpf) MgCl,, and 70% ethanol, and the
other is 0.5% alizarin red S powder dissolved in water. We mixed these
Alcian blue and alizarine red solutions at 100:1 ratio. Then, juveniles
fixed by 4% PFA for two hours at room temperature were stained in this
solution overnight. Next day, the juveniles were bleached in 1.5% H,0,
and 1% KOH solution and moved to 50 % glycerol solution. The juvenile
sizes for gross observation and skeletal staining are shown in the
Supplementary Fig. legends. Replicate number for each genotype at
each stage varies from 2 to 8. The number of obtained juveniles is
summarized in Supplementary Table 2.

A quantification for the dorsal shift of the pectoral girdle

The dorsoventral body height at the pectoral position was measured
with wildtype and gli3"""*"s fish, The vertical length between the
proximal end of the first fin ray and the ventral edge of the body was
also measured and standardized by the dorsoventral body height.

Skeletal preparation of the spotted gar pectoral girdle bone
An adult, wild-caught spotted gar (Lepisosteus oculatus, total length
was 61 cm) was euthanized with overdose of MS-222 (Tricaine) and
then boiled for 10 min in water. The pectoral girdle complex was dis-
sected out, and muscles and connective tissues were manually
removed by tweezers. The cleaned pectoral girdle bones were pho-
tographed by Canon EOS R6 camera.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Raw sequence and processed BAM files of RNA-seq and ATAC-seq are
available at the National Center for Biotechnology Information
Sequence Read Archives (NCBI SRA), www.ncbi.nlm.nih.gov/sra (Bio-
Project accession code no PRJNA767802). Source data are provided
with this paper.
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