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PATTERNS & PHENOTYPES

Runx2 Is Essential for Larval Hyobranchial
Cartilage Formation in Xenopus laevis
Ryan Kerney,1* Joshua B. Gross,2 and James Hanken1

The vertebrate transcription factor protein Runx2 is regarded as a “master regulator” of bone formation
due to the dramatic loss of the osseous skeleton in the mouse homozygous knockout. However, Runx2 mRNA
also is expressed in the pre-hypertrophic cartilaginous skeleton of the mouse and chicken, where its
developmental function is largely unknown. Several tiers of Runx2 regulation exist in the mouse, any of
which may account for its seeming biological inactivity during early stages of skeletogenesis. Unlike mouse
and chicken, zebraﬁsh require Runx2 function in early cartilage differentiation. The present study reveals
that the earlier functional role of Runx2 in cartilage differentiation is shared between zebraﬁsh and
Xenopus. A combination of morpholino oligonucleotide injections and neural crest transplants indicate that
Runx2 is involved in differentiation of the cartilaginous hyobranchial skeleton in the frog, Xenopus laevis.
Additionally, in situ hybridizations show runx2 mRNA expression in mesenchymal precursors of the
cartilaginous skull, which reveals the earliest pre-patterning of these cartilages described to date. The early
distribution of runx2 resolves the homology of the larval suprarostral plate, which is one of the oldest
controversies of anuran skull development. Together these data reveal a shift in Runx2 protein function
during vertebrate evolution towards its exclusive roles in cartilage hypertrophy and bone differentiation
within the amniote lineage. Developmental Dynamics 236:1650 –1662, 2007. © 2007 Wiley-Liss, Inc.
Key words: Xenopus laevis; Runx2; cartilage formation; suprarostral; Pipidae; evolution
Accepted 30 March 2007

INTRODUCTION
The runt-domain-containing transcription factor Runx2 (also known as
Aml3, Cbfa1, Osf2, Pebp2alphaA,
Pebp2, and Sl3-3 enhancer factor 1) is
critical in osteoblast differentiation
and chondrocyte maturation in amniotes. The homozygous Runx2 knockout mouse is notable for its complete
loss of bone (Komori et al., 1997) and
mutations in its coding sequence result in the human autosomal dominant disorder cleidocranial dysplasia,
in which several dermal bones are reduced or absent (Mundlos et al., 1997).
The function of Runx2 in determining
the osteoblast cell lineage is in oppo-

sition to the role of the chondrocyte
regulator Sox9. Osteoblasts and chondrocytes that express Runx2 mRNA
are daughter cells of the Sox9-expressing lineage in mouse (Mori-Akiyama
et al., 2003), and overexpression of either transcription factor can drive the
differentiation of progenitor cells towards cartilage or bone in vivo (Ueta
et al., 2001; Eames et al., 2004).
Whereas runx2 is known to be expressed in mature osteocytes in the
adult frog, Xenopus laevis (Moriishi et
al., 2005), little attention has been
given to its expression or function during earlier stages of anuran development.

1

Runx2 belongs to a family of transcription factors collectively called the
runx genes. Three vertebrate paralogs, derived from a triplication of an
ancestral runx (Levanon et al., 2003;
Glusman et al., 2004), share the
highly conserved DNA-binding “runt”
domain. While Runx2 is of primary
importance in bone development
(Banerjee et al., 1997; Ducy et al.,
1997; Komori et al., 1997; Otto et al.,
1997), Runx1 and 3 are also expressed
in the developing skeleton (Yamashiro
et al., 2002; Lian et al., 2003; Smith et
al., 2005) suggesting some functional
redundancy between these family
members (Cameron et al., 2003;
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Fig. 1. Xenopus laevis runx2 structure and expression. A: Exon distribution based on a pairwise Blast with the Xenopus tropicalis scaffold 328 (Joint
Genome Institute). Exon lengths (bp) are shown inside boxes; intron lengths are shown above lines. Hollow boxes denote untranslated regions (UTR’s),
and ﬁlled boxes indicate protein-coding sequences. The two isoforms vary in their 5⬘ UTR through the ﬁrst few coding bases. They begin with the amino
acid sequences MRIP (runx2-I) and MASN (runx2-II). The majority of the coding region is shared between both isoforms. All known runx proteins end
with the conserved amino acid sequence VWRPY. Introns are not distributed to scale. B: Protein alignment of runx2-II among Xenopus laevis, Danio
rerio (zebraﬁsh), Gallus gallus (domestic chicken), and Mus musculus (mouse). Two versions of the runx2 gene are found in Danio, each with two
separate isoforms. The 22–amino acid transactivation domain (underlined) found in mouse is not shared with other vertebrates. Amino acids shared
with the Xenopus sequence are highlighted in grey. Dashed lines indicate gaps. C: RT-PCR analysis of the separate isoforms in various Nieuwkoop
and Faber (NF) stages and tissues. Runx2-I appears by stage 33/34 and remains transcriptionally active through metamorphosis (stage 62), whereas
runx2-II appears later (stage 42). Both transcripts are found in the froglet long bone. Histone-4 RT-PCR, used as a positive control, was expressed
throughout development.

Flores et al., 2006). Overexpression
and RNA interference of mouse Runx1
has revealed its role in early cartilage
formation (Wang et al., 2005). However, Runx1 is not involved in zebraﬁsh cartilage formation, where
Runx2 appears to have taken over the
functional role in chondrogenesis
(Flores et al., 2006). Runx family
members interact with core binding
factor beta (also known as Cbfb, Pea2,
Pebp2, Pebp2b, Pebpb2), which increases their transcriptional activity
(Speck and Dzierzak, 2001; Kundu et
al., 2002). All three runx genes have a
variable amino terminus, which is de-

rived from two separate isoforms.
These are under the control of two
separate promoters, which vary in the
ﬁrst few amino acids. In all runx
genes, the type II isoform begins with
the amino acid sequence MASN,
whereas the type I isoform begins
with the amino acid sequence MRIP
(Cameron et al., 2003; Rennert et al.,
2003; Ito, 2004; Blyth et al., 2005). In
Runx2, these isoforms show temporal
and spatial variation in expression
(Choi et al., 2002; Lengner et al., 2002;
Stock and Otto, 2005), and selective
knockouts of individual isoforms indicate unique developmental roles for

type I and type II RUNX2 (Harada et
al., 1999; Choi et al., 2002).
In amniotes, Runx2 mRNA is
present in mesenchymal precursors of
osteoblasts and in those chondrocytes
fated to be replaced by bone (Inada et
al., 1999; Enomoto et al., 2000; Enomoto-Iwamoto et al., 2001; Iwamoto et
al., 2003; Eames et al., 2004). Its early
expression in chondrocytes does not
appear to have any functional role until later stages of cartilage hypertrophy and osteogenesis (Kim et al.,
1999; Ueta et al., 2001). During early
stages of cartilage differentiation, the
mature protein may be suppressed by

Fig. 2. In situ hybridizations of runx2 and sox9 in the
mandibular neural crest stream. A: Anterior views of
the head showing the distribution of both transcripts
over several developmental stages. Runx2 mRNA
expression is ﬁrst apparent in the pre-chondrogenic
suprarostral plate (SP) by stage 31. Additional expression appears in the cranial trabeculae (CT) by
stage 35/36 (see Fig. 3). This expression is in a
subset of the mandibular arch crest (MA), which
expresses sox9. The expression of sox9 mRNA is
progressively restricted to co-localize with runx2. By
stage 39, both transcripts overlap in the presumptive suprarostal plate (SP). The expression of runx2
decreases in the suprarostral plate by stage 41,
although some expression persists in the palatoquadrate anlagen (PQ). Sox9 expression in the suprarostral plate is fused in the midline by stage 41,
with continued expression in the palatoquadrate
and new expression in the infrarostral (IR) and
Meckel’s cartilages (MC). B: Ventral views of stage
39 embryos stained with runx2 and sox9. The cement gland has been removed with a scalpel. Both
transcripts are expressed in the future ceratohyal
(CH) and palatoquadrate cartilages. The latter is
clearly divided into a posterior sub-ocular arc (SA)
and anterior quadratocranial commissure (QC),
which connects to the suprarostral plate dorsally.
There is a small ﬂange of staining off of the palatoquadrate in both preparations that reveals the future
Meckel’s cartilage (asterisk).

Fig. 3.
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any of several levels of regulation, including splice variation, ubiquitination, acetylation, and phosphorylation, as well as functional control
through various DNA binding partners and inhibitors (reviewed in
Franceschi and Xiao, 2003; Iwamoto
et al., 2003; Bae and Lee, 2005; Lengner et al., 2005; Goldring et al., 2006).
Zebraﬁsh have two copies of many
genes, including runx2 (Flores et al.,
2004; van der Meulen et al., 2005).
Early suppression of runx2a function
does not affect early cartilage formation. However, the zebraﬁsh runx2b
paralog, which is strongly expressed
in precursors of the pharyngeal arch
cartilages, is essential for pharyngeal
cartilage formation (Flores et al.,
2006). This developmental role of
runx2b differs from the amniote
model, and may indicate a replacement of runx1 function in zebraﬁsh
cartilage formation. The present
study will describe the early distribution and function of two runx2 isoforms in Xenopus laevis, and will compare its early role in hyobranchial

Fig. 3. In situ hybridizations of runx2, sox9,
collagen2a1, and cbfb. All images are lateral
views, anterior to the right. Runx2 expression
begins in the presumptive suprarostral plate
(SP). It expands to the anlage of the cranial
trabeculae (CT) and a faint portion of the hyoid
arch crest (HA) by stage 35/36. Runx2 staining
includes the future ceratobranchial (CB) and
ceratohyal (CH) cartilages by stage 39, and is
additionally found in the otic capsule (OC) by
stage 41. The expression of runx2 in the ceratohyal decreases during stage 41 as this element begins to chondrify. The distribution of
sox9 is more extensive than that of runx2 by
stage 33/34, with strong expression in the mandibular (MA), hyoid (HA), and branchial (BA)
arch neural crest streams. Its expression in the
crest becomes restricted by stage 35/36 with a
clear distribution in the precursors of the future
palatoquadrate and continued expression in the
hyoid and branchial arches. By stage 39, both
runx2 and sox9 are co-expressed in the future
cartilaginous elements. Sox9 expression in the
ceratohyal is also diminished by stage 41 with
the onset of chondrogenesis. Col2a1 is distributed through the notochord and otic capsule
along with a subset of the branchial arches (BA)
and presumptive suprarostral plate by stage
33/34. Col2a1 is expressed widely throughout
the head during the stages examined with intensifying staining in the presumptive cranial
cartilages by stages 39 and 41. The runx cofactor cbfb is expressed throughout the head
during development, with stronger expression
in the presumptive ceratohyal and palatoquadrate by stage 39.

cartilage formation to zebraﬁsh and
amniote models.

RESULTS
Xenopus laevis Runx2 Gene
Structure
Xenopus runx2 genomic structure was
determined by a pairwise BLAST
comparison of the full-length Xenopus
laevis runx2 cDNA, which was cloned
in this study, against the Xenopus
tropicalis scaffold 328 (Joint Genome
Institute, Walnut Creek, CA). The
gene consists of eight exons and seven
introns ranging in size from 9 to 91 Kb
(Fig. 1A). The presence of two isoforms
beginning with amino acids MASN
(type II) and MRIP (type I) is conserved in all vertebrate runt-domain
genes examined to date. The order of
appearance, from 5⬘ to 3⬘, of the ﬁrst
MASN isoform open reading frame
followed by an intron, which is then
followed by the MRIP open reading
frame, is also shared with other vertebrate runt-domain genes (Fig. 1A).
The Xenopus laevis Runx2-I protein
shares 83% amino acid sequence identity with Mus musculus RUNX2-I,
and 81 and 70% identity with Danio
rerio Runx2a-I and Runx2b-I, respectively. The Xenopus protein has a
short poly-glutamine/alanine repeat
region with only ten glutamine residues and two alanines (Fig. 1B). These
repeat sequences are longer in the
chicken, mouse, and human orthologs
of the gene. The high ratio of glutamine to alanine in Xenopus may indicate a relatively higher level of
Runx2 transcriptional activity (Fondon and Garner, 2004). Xenopus, zebraﬁsh, and chicken sequences lack a
22–amino acid stretch found in the
mouse sequence beginning with the
amino acid sequence DDTAT (underlined in Fig. 1B). This region is a
transactivation domain in mammals
(Thirunavukkarusu et al., 1998), but
it is not found in any orthologs outside
of the mammalian RUNX2.

Runx2 Expression
Tissue-speciﬁc, reverse-transcription
PCR of the two isoforms shows the
temporal distribution of the runx2
transcripts during embryonic development (Fig. 1C). The runx2-I isoform is

transcriptionally active by stage 33/
34, which is before the histological differentiation of any skeletal anlagen in
the developing embryo (Nieuwkoop
and Faber, 1994). The runx2-II isoform is transcriptionally active by
stage 42. Its later expression correlates with the formation of cartilaginous extracellular matrix in the palatoquadrate, ceratohyal, and basihyal,
the ﬁrst three cartilages to form during embryonic development (stage 42;
Nieuwkoop and Faber, 1994). However, this stage-speciﬁc RT-PCR analysis does not rule out earlier expression of runx2-II between stages 33/34
and 42. Similar expression differences
between these two isoforms are found
in the mouse, where Runx2-I also is
expressed earlier than Runx2-II
(Stock and Otto, 2005). Both isoforms
continue to be expressed through
metamorphosis.
Anti-runx2 in situ hybridizations
were performed with a probe that targets a region of the runx2 gene, which
is conserved between the two isoforms
and includes the 3⬘ untranslated region (UTR). Isoform-speciﬁc probes
were not made, as the two sequences
differ in only a few amino acids on
their 5⬘ ends. Based on the RT-PCR
results, the distribution of runx2 during early stages (up to and including
stage 33/34) indicates expression of
the runx2-I isoform. Staining between
stages 33/34 and 41 may represent the
distribution of either isoform.
Runx2 expression ﬁrst appears during stage 31 in two small regions of
the anterior head dorsal to the stomodeum (Fig. 2A). This staining pattern
coincides with the future location of
the larval suprarostral plate (Trueb
and Hanken, 1992; Seufert et al.,
1994), and is similar to the anterior
anlagen of the suprarostral cartilages
described for Rana temporaria (Spemann, 1898). These paired stains are
separate from the presumptive cranial trabeculae, which do not express
runx2 until stage 35/36. By stage 39,
the cranial trabeculae anlagen fuse to
the precursors of the suprarostral
plate, which have expanded towards
the midline (Fig. 2A).
Early sox9 staining within the mandibular crest stream overlaps anterior
runx2 staining in stage-31 embryos.
Sox9 mRNA expression in the mandibular arch subsequently shrinks

Fig. 4.

Fig. 5.

Fig. 4. Effects of morpholino antisense oligonucleotide injections on cartilage formation. All images are ventral views of larval skulls with anterior
at the top. A: Cartilages stained with anti-collagen
II antibody appear red. Morpholino-injected cell
lineages appear green. The effects of both runx2
isoform-speciﬁc morpholinos are shown along
with a mis-pair control morpholino and an uninjected control. Cartilage formation is prevented
on the injected side of both anti-runx2 morpholinos, but is normal in the mis-pair control and
uninjected control. B: Cartilage formation defect
due to an anti-runx2-II morpholino revealed
through Alcian blue staining in a stage-46 tadpole. Black line marks the midline of each embryo. CH, ceratohyal cartilage.
Fig. 5. Anti-runx2 morpholino effects on cartilage
formation. Cartilage loss in combined isoformspeciﬁc morpholinos are compared to individual
isoform-speciﬁc morpholinos and the 5-base
mis-pair control. A: Effect of unilateral injection
into a two-celled embryo on subsequent cartilage
formation. Failure to form cartilage was always
conﬁned to the injected side. B: Effect of injection
into a single-celled zygote on later cartilage formation. Failure to form cartilage was observed on
both sides. A,B: Each anti-runx2 morpholino
treatment was signiﬁcantly different from the mispair controls from both unilateral and single-cell
injections (P ⬍ 0.0001 asterisks above “5-base
mis-pair control”). The runx2-II and “Both Isoform” morpholino treatments also signiﬁcantly
differed from the runx2-I isoform in from both
unilateral (P ⬍ 0.0015) and single-cell (P ⬍
0.0001) injections (asterisks above runx2-I). There
was no signiﬁcant difference between the runx2-II
and “Both Isoform” treatments from either unilateral (P ⫽ 0.4025) or single-cell (P ⫽ 0.1136)
injections.

Fig. 6.
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over the next several developmental
stages. By stage 39, expression of sox9
is mostly restricted to the same areas
that express runx2; corresponding to
condensations of the suprarostral
plate (Fig. 2A), palatoquadrate, ceratohyal, and ceratobranchials (Figs.
2B, 3). The mRNA of both genes is
distributed in a loop that runs along
the mandibular arch and connects to
the cranial trabeculae and suprarostral plate anlagen dorsally (Fig. 2B).
This loop corresponds to different regions of the palatoquadrate cartilage.
The posterior-most segment of the
loop is the future subocular arch. The
anterior-most segment is the future
quadratocranial commissure, which
connects the palatoquadrate with the
anterior neurocranium. Medial to
these loops are faint processes of skeletal anlagen that correspond to the
future infrarostral and Meckel’s cartilages. These small processes enlarge
and join at the midline by stage 41
(Fig. 2A). Sox9 staining at stage 41
reveals a continuous band of skeletal
precursors between the paired Meckel’s cartilages and the fused infrarostrals. Separation of the medial infrarostals from the lateral Meckel’s
cartilages occurs later in development
and may coincide with the activity of
skeletal segmentation-speciﬁc genes
(Newman and Krieg, 1999; Svensson
and Haas, 2005).
Expression of both runx2 and sox9
decreases in the ceratohyal by stage
41 as this cartilage begins to chondrify
(Fig. 3). Both genes are eventually undetectable in more mature cartilages
(data not shown). Runx2 staining also
is present for the ﬁrst time in the otic
capsule, which does not begin to form
cartilage matrix until stage 46 (Nieuwkoop and Faber, 1994). The early expression of sox9 in the otic capsule is

also diminished as the capsule begins
to chondrify.
The cartilage-dominant collagen,
col2a1, is restricted to the otic capsule
and notochord along with a subset of
the branchial arches and future suprarostral plate at stage 33/34. Its expression co-localizes with runx2 and
sox9 in the precursors of the palatoquadrate and ceratohyal by stage 39,
and by stage 41 it is also found in the
ceratobranchial anlagen. Epithelial
staining also increases during these
later stages (Fig. 3).
The runx co-factor cbfb is essential
for proper runx2 function in the amniote skeleton (Kundu et al., 2002). In
Xenopus, cbfb mRNA is widely distributed throughout the head during embryonic development. By stage 39, its
expression intensiﬁes in the palatoquadrate and ceratohyal anlagen, possibly indicating the onset of runx2
function in these cartilaginous precursors (Fig. 3).

Effects of Anti-Runx2
Morpholinos on Cartilage
Formation
Morpholinos targeting the 5⬘ UTR of
both runx2 isoforms were injected into
two-celled embryos and single-celled
zygotes. Distribution of each morpholino was tracked with a ﬁxable ﬂuorescent dextran, which was co-injected as a lineage tracer. Cartilage
loss is evident in both cleared-andstained and anti-collagen-II antibodystained preparations (Figs. 4, 5). Cartilage loss was scored through
analysis of the hyobranchial skeleton,
although more extreme loss included
absence of the cartilaginous neurocranium as well (Fig. 4B). The runx2-II
speciﬁc morpholino causes cartilage
loss on the injected side in 100% of

unilaterally injected embryos, with
complete loss on the injected side in
95% (N ⫽ 62). The runx2-I speciﬁc
morpholino also causes a cartilage
loss in 100% of unilateral injections,
with 65% showing complete cartilage
loss on the injected side (N ⫽ 71). A
mis-pair morpholino, which shares all
but ﬁve bases with the runx2-I isoform, was used as a control. This morpholino causes only slight loss of the
ceratobranchials in 12% of the injected embryos, whereas 88% are wild
type (N ⫽ 99). The runx2-II and
runx2-I morpholinos combined cause
cartilage loss in 100% of unilaterally
injected embryos; 89% show complete
loss on the affected side (N ⫽ 151).
Results from single-celled zygote injections are similar to the two-celled
embryo injections. The runx2-II morpholino causes cartilage loss in 100%
of injected embryos, with 97% showing complete loss (N ⫽ 94); the runx2-I
morpholino causes cartilage loss in
99% of injected embryos, with 42% exhibiting complete loss (N ⫽ 91); and
the two morpholinos combined causes
cartilage loss in 100% of injected embryos, with 88% showing complete bilateral loss (N ⫽ 99). The 5-base mispair control causes a slight loss on the
injected side in 6% of embryos, with
94% showing a wild-type phenotype
(N ⫽ 229). This slight loss may be
attributable to partial binding of the
control morpholino to the target sequence.
There is a highly signiﬁcant difference between the cartilage loss observed in the anti-runx2 morpholinoinjected groups compared to the
5-base mis-pair control from both unilateral and single-cell injections
(Pearson’s chi-square tests; df ⫽ 3,
P ⬍ 0.0001; Fig. 5). This difference is
more pronounced in the runx2-II and

Fig. 6. Anti-runx2 morpholinos knock down EGFP protein production (A–D), and the combined morpholinos have no apparent effect on cell death or cell
proliferation (E,F). A–D: Combined ﬂuorescent images of stage-33/34 embryos; lateral views; anterior to the left. A portion of the right side is visible in A and
B due to body torsion. The green cells are expressing egfp, and the red cells are the morpholino-injected lineage revealed through a rhodamine dextran
lineage tracer. A: Unilateral knockdown of egfp protein production following an initial injection of the zygote with pCS2:runx2-I 5⬘:egfp mRNA, and a second
injection with the anti-runx2-I morpholino (red) after the ﬁrst cell division. B: Same experiment as A with the runx2-II isoform sequence attached to the egfp
(green), and anti-runx2-II morpholino (red) injected after the ﬁrst cell division. Both isoforms are capable of inhibiting egfp production in one half of the embryo,
resulting in no overlay of the egfp and rhodamine dextran. C,D: The reciprocal morpholino injections do not inhibit egfp production. Unilateral injection of the
runx2-II morpholino did not inhibit pCS2:runx2-I 5⬘:egfp mRNA (C), and the unilateral injection of the runx2-I morpholino did not inhibit pCS2:runx2-II 5⬘:egfp
mRNA expression (D). E,F: Coronal sections of stage-42 hatchlings injected with combined anti runx2 morpholinos; anterior is to the top. Both are overlaid
ﬂuorescent images of rhodamine, FITC, and cy5 channels. Morpholinos were injected in a two-cell embryo along with the ﬂuorescein dextran (green). The
hatchling is stained with both anti-collagen-II (red) and either anti-caspase-3 to assay apoptosis (blue in E), or anti-phospho-histone-3 to assay mitosis (white
in F). Both apoptosis and cell proliferation are evident on the morpholino-injected and uninjected sides (white arrows in both E and F), and neither marker
is overexpressed in the morpholino-injected mesenchyme that has failed to form cartilage. EY, eye; other abbreviations as in Figure 4.
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“Both Isoform” groups than the
runx2-I group, which has a less consistent cartilage-loss phenotype (Fig.
5). There are signiﬁcant differences
between the effects of the runx2-I and
runx2-II morpholinos (Pearson’s chisquare; unilateral X ⫽ 17.8, df ⫽ 3,
P ⫽ 0.0005, bilateral X ⫽ 66.6, df ⫽ 3,
P ⬍ 0.0001), and between the runx2-I
morpholino and both isoform-speciﬁc
morpholinos combined (unilateral X ⫽
16.0, df ⫽ 3, P ⫽ 0.0012, bilateral X ⫽
45.0, df ⫽ 3, P ⬍ 0.0001). However,
the slight differences between the
runx2-II morpholino and both isoform-speciﬁc morpholinos combined
were insigniﬁcant (unilateral X ⫽ 2.9,
df ⫽ 3, P ⫽ 0.4025, bilateral X ⫽ 6.0,
df ⫽ 3, P ⫽ 0.1136).

Morpholino Controls
Several morpholino controls were performed. These included knocking
down egfp translation with the antirunx2 morpholinos, testing mitotic activity and apoptosis in the morpholino-injected cells, and rescuing the
morpholino injections with full-length
runx2 mRNA injections. Unilateral
egfp knockdowns were performed to
test the anti-runx2 morpholinos’ ability to inhibit translation. This required two sequential injections into
the same embryos. The 5⬘ runx2-II
and runx2-I isoform sequences were
inserted just before the translation
start site on a pCS2:egfp construct.
Synthetic egfp mRNA was then injected into single-celled zygotes. After
the ﬁrst cell division, runx2-II or
runx2-I morpholinos were injected
into one blastomere of the two-celled
embryo along with a rhodamine dextran lineage tracer. The resulting
stage 33/34 embryos showed unilateral expression of the EGFP protein as
determined by ﬂuorescence microscopy (Fig. 6A,B). The dextran label
was distributed on the side that did
not express EGFP protein, indicating
that the morpholinos are capable of
preventing protein translation. The
reciprocal experiment was also performed; egfp constructs were injected
in the zygote and the non-corresponding morpholino was injected into the
two-celled embryo. The resulting embryos co-express both EGFP and carry
the rhodamine lineage tracer on the
morpholino-injected side (Fig. 6C,D).

Two polyclonal antibodies were
used to investigate the condition of
morpholino-injected cells. An anticaspase-3 antibody was used to detect apoptosis in morpholino-injected
hatchlings. Caspase-3-positive cells
were evenly distributed on injected
and unjected sides, indicating that the
anti-runx2 morpholino did not increase apoptosis in the pre-cartilaginous mesenchyme (Fig. 6E). An antiphospho-histone-3 antibody was used
as a mitosis marker to determine
whether morpholino toxicity was responsible for cartilage loss. Histone-3
was evenly expressed between injected and uninjected sides of the
stage 42 tadpole, indicating that morpholino injection did not affect normal
cell division.
Single-cell morpholino injections of
both transcripts were rescued with exogenous full-length runx2 mRNA (Fig.
7). Morpholinos were co-injected with
ﬂuorescein-labeled dextran into the
single-celled zygote, and full-length
isoform-speciﬁc mRNA’s were co-injected with rhodamine-labeled dextran after the ﬁrst cell division. Cartilages stained with the collagen II
antibody were found in stage 42
hatchlings on the mRNA-injected
sides (Fig. 7).

Neural Crest Transplants
Reveal the Timing of Runx2
Function
Reciprocal cranial neural crest transplants were performed between wild
type and morpholino-injected embryos. In both sets of experiments, ectoderm of the neural fold was peeled
back on the right side of a host embryo
and a portion of the underlying cranial neural crest was removed. These
cells then were replaced by a corresponding portion of neural crest from
the same region of a donor embryo. In
one experiment, a section of neural
crest was transplanted into a wildtype host from donors injected in one
of two cells with the combined runx2-I
and runx2-II morpholinos plus ﬂuorescein dextran. After 24 hr, the
transplanted neural crest was observed migrating ventrally from the
neural tube along the visceral arches.
Portions of the hyoid and branchial
migratory streams contained dextranpositive donor cells (Fig. 8A). By stage

44, these hosts exhibited a reduction
in the ceratobranchial cartilage, a hyoid arch crest derivative, in a distal
region populated by the morpholinoinjected cells (Fig. 8B). The reciprocal
experiment was also performed, in
which wild-type crest was transplanted into a morpholino-injected
embryo (Fig. 8C,D). The wild-type donor was labeled with rhodamine dextran, and the transplanted neural
crest was observed migrating in the
hyoid stream at stage 33/34 (Fig. 8C).
While the dextran label did not persist
through the antibody staining, a partial rescue of the ceratobranchial was
observed on the transplanted side
(Fig. 8D).
Migration of neural crest cells in
morpholino-injected specimens was
also characterized with sox9 in situ
hybridization. Distribution of this
transcript is identical on both sides of
an individual injected with the combined runx2 morpholinos in a twocelled embryo, with strong expression
in the migrating neural crest, otic capsule, eye, and brain (Fig. 8E,F). Overexpression of either runx2 isoform
through single-cell mRNA injection
also failed to affect the distribution of
sox9 transcripts (data not shown).

DISCUSSION
This study reveals an important role
of the transcription factor Runx2 in
larval cartilage differentiation in the
frog, Xenopus laevis. Runx2 mRNA is
initially expressed in a subset of sox9expressing cranial neural crest cells in
the embryo. In subsequent stages,
both transcription factors are co-expressed in cartilage precursors. Their
distributions correspond to some of
the earliest patterning of the larval
head skeleton. The role for Runx2 in
the formation of the larval hyobranchial skeleton was investigated
through anti-runx2 morpholino oligonucleotides. Neural crest transplants
between morpholino-injected and wild
type embryos reveal a normal pattern
of crest migration in runx2-deﬁcient
cells, which fail to form chondrocytes
detectable through the collagen-II antibody. This indicates a role for runx2
in the terminal differentiation of the
crest-derived chondrocyte lineage.
While several morpholino-injected individuals also exhibit loss of mesoder-
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Fig. 7. Morpholino injections rescued with
full-length runx2 messenger RNA injections. An
anti-runx2 morpholino was co-injected into a
single-celled zygote with ﬂuorescein dextran
(green) and the corresponding full-length runx2
mRNA was co-injected with rhodamine dextran
after the ﬁrst cell division. A,B: Ventral views of
the chondrocranium stained with the anti-collagen-II antibody (white). A: The unilateral runx2-II
mRNA partially rescues the ceratohyal (CH) on
the injected side. B: The unilateral runx2-I
mRNA partially rescues the ceratohyal and
basibranchial (BB) on the injected side. The
rhodamine label faded during the antibody
staining.

mally derived cartilages in the neurocranium (Fig. 4B), only hyobranchial
skeletal loss was screened due to its
early formation in Xenopus embryos.

Early Cranial Patterning
Revealed by Runx2 and
Sox9 Distribution
Co-expression of runx2 and sox9
mRNA in precursors of the larval
skull reveals the earliest pre-patterning of the tadpole chondrocranium yet
reported. Extensive expression of sox9
in the neural crest overlaps the more
limited expression of runx2 in the
mesenchymal precursors of Meckel’s
cartilage, the palatoquadrate, and the
suprarostral plate (Fig. 2A). By stage
39, both transcription factors are
mostly co-expressed in a pattern that
closely corresponds to the future skeletal elements (Fig. 2B). The anlagen
for these cartilages do not appear as
distinct condensations until stage 40

Fig. 8. Anti-runx2 morpholino injections do not affect cranial neural crest cell migration. A and C
are lateral views of live stage-33/34 hosts that have received neural crest transplants. B and D are
the stage-44 hatchlings of the same individuals as A and C, which have been stained with the
anti-collagen II antibody (red in B, white in D). A: Live image of a wild-type host that has received
neural crest from a morpholino-injected donor. Portions of the presumptive hyoid and branchial
neural crest streams have been replaced with morpholino-injected cells (green), which are migrating normally. B: Same individual as A at stage 44, stained with anti-collagen II to reveal cartilage
formation (red). The ceratohyal cartilage is truncated on the transplanted side, with a population of
donor cells derived from the hyoid stream concentrated on the distal end (arrow). C,D: Neural crest
transplanted from a wild-type donor into a morpholino-injected host can rescue cartilage loss. C:
Live image of a morpholino-injected host that has received wild-type neural crest. The rhodamine
labeled wild-type crest (red) migrates normally in the morpholino-injected host (green). D: Same
individual as C at stage 44, stained with anti-collagen II (white). The ceratohyal is partially rescued
on the morpholino-injected side (arrow). The rhodamine-label of the wild-type crest did not persist
through antibody staining. E,F: Sox9 in situ hybridization in a single stage-32 embryo unilaterally
injected with both runx2-I and runx2-II isoform-speciﬁc morpholinos. E: Wild-type side of the
embryo, showing normal neural crest morphology revealed by the distribution of the sox9 probe.
F: Anti-runx2-morpholino-injected side showing the same sox9 staining pattern as the wild-type
side. The ﬂuorescein label did not persist through the whole mount in situ hybridization. Abbreviations as in Figures 2 and 4.

(Sadaghiani and Thièbaud, 1987;
Seufert et al., 1994) and do not form
cartilage matrix until stage 42 (Nieuwkoop and Faber, 1994).
The unique expression pattern of

runx2 may resolve a long-standing debate regarding the homology of the suprarostral plate, a unique cranial cartilage found in Xenopus and other
members of the family Pipidae. Most
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anurans have paired suprarostral cartilages that constitute the larval upper
jaws. These cartilages form initially as
separate chondrogenic condensations in
the anterior ethmoid region, which later
fuse with the cranial trabeculae posteriorly (e.g., Rana temporaria; Spemann,
1898; reviewed in de Beer, 1937).
Paired suprarostral condensations are
not seen in standard histological reconstructions of early Xenopus embryos
(Föske, 1934; reviewed in Roček, 2003).
Instead, a single, continuous and median plate of cartilage is ﬁrst visible in
histological sections through the anterior ethmoid region. Several studies
have accepted the homology between
the paired suprarostrals of most anurans and the median suprarostral
plate of pipids (Sokol, 1975, 1977; Trueb
and Hanken, 1992; Swart and de Sá,
1999; Pugener et al., 2003). Others,
however, have denied this homology because the suprarostral plate does not
appear to form from paired chondrogenic precursors (de Beer, 1937; Sedra
and Michael, 1957; Roček and Vesley,
1989; Roček, 2003). Some even have
accepted an alternative name for the
median cartilage as the ethmoid trabecular plate (Sadaghiani and Thièbaud, 1987; Nieuwkoop and Faber,
1994). Both runx2 and sox9 are expressed in the precursors of the suprarostral plate in X. laevis as early as
stage 31, several stages before overt
cartilage differentiation is detected by
standard histological techniques. The
expression of runx2 shows, for the
ﬁrst time, that the larval suprarostral
plate does arise from paired anterior
anlagen (Fig. 2A). These precursors
fuse in the midline by stage 41, creating a plate of continuous staining before the condensation fully differentiates as cartilage. This result provides
strong support for the homology between the paired suprarostral cartilages of most larval anurans and the
suprarostral plate of Xenopus and
other pipid frogs.
The ventral portion of the mandibular crest stream gives rise to the larval
lower jaw (fused infrarostrals and
Meckel’s cartilage) and its suspension
(palatoquadrate) (Sadaghiani and Thièbaud, 1987). The distribution of runx2
and sox9 mRNA in the ventral mandibular crest reveals the early patterning
of these cartilages. The palatoquadrate
initially appears as a ventrally directed

loop of staining. By stage 39, the anterior arm of this loop is continuous with
the dorsal and anterior cranial trabeculae along with the precursors of the suprarostral plate (Fig. 2B). This portion
of the palatoquadrate corresponds to
the future quadratocranial commissure. The posterior section of the loop
corresponds to the future subocular
arch of the palatoquadrate. This arch
eventually fuses to the ventrolateral
process of the neurocranium, which
forms the larval ascending and otic
processes (Trueb and Hanken, 1992).
The medial and ventral portion of
the loop is continuous with a faint
patch of staining, which corresponds
to the future Meckel’s and infrarostral cartilages. This early distribution
reveals a lateral to medial formation
of the palatoquadrate, Meckel’s, and
fused infrarostral cartilages within
the mandibular arch.
Runx2 mRNA is not expressed in
the presumptive cartilaginous otic
capsule until stage 41, well after the
expression of both sox9 and col2a1 in
this cartilage. This later staining of
runx2 corresponds to the initial formation of the otic capsular cartilages,
which appear at stage 46 (Nieuwkoop
and Faber, 1994). The otic capsules
and posterior cranial trabeculae provide the only two examples of runx2
expression in non-crest-derived cartilages (Sadaghiani and Thièbaud,
1987). The relatively late formation of
these cartilages makes assessment of
runx2 function in their differentiation
difﬁcult. Several stage-46 clearedand-stained tadpoles injected with
both morpholinos lack cranial trabeculae and otic capsules (Fig. 4B), as has
been demonstrated for zebraﬁsh
runx2b-II (Flores et al., 2006). However, many hatchlings recover from
the effect of morpholinos by this stage.
While the translation of runx2 can be
inhibited through morpholino oligonucleotides during hyobranchial cartilage formation, other methods of gene
silencing are required to sufﬁciently
determine its function in the rest of
the larval chondrocranium, and in the
differentiation of cartilage and bone
during metamorphosis.

Isoform-Speciﬁc Differences
We were able to inhibit the translation of individual runx2 isoforms by

injecting morpholinos that target the
5⬘ untranslated region and ﬁrst exon
of either runx2-I or runx2-II. Silencing Xenopus runx2-II creates a significantly stronger and more consistent
cartilage loss phenotype (Fig. 5). This
stronger effect is shared with the zebraﬁsh runx2b-II morpholino in comparison with runx2b-I (Flores et al.,
2006). Mouse cell culture studies also
have found the RUNX2-II protein to
have a greater effect on regulating the
osteocalcin gene than RUNX2-I
(Harada et al., 1999), which indicates
a stronger role for this isoform as a
transcription factor during bone formation. The stronger effect of the
runx2-II isoform over runx2-I appears
to be conserved in the formation of
both bone and cartilage. The combined injection of both isoform-speciﬁc
morpholinos created an effect that
was intermediate between the
runx2-II and runx2-I morpholinos.
This combined-morpholino effect was
still statistically different from the
runx2-I morpholino effect, and not
statistically different from the
runx2-II morpholino (Fig. 5).

The Evolution of Cartilage
Differentiation
Studies in mouse and chicken have
shown Runx2 mRNA to be transcriptionally active in the early cartilaginous skeleton (Inada et al., 1999; Enomoto et al., 2000, 2004; EnomotoIwamoto et al., 2001; Iwamoto et al.,
2003; Eames et al., 2004). However,
neither species requires the gene
product to be functional during early
cartilage formation. Runx2⬘s inactivity during amniote cartilage formation may be attributed to several different levels of regulation imposed on
the gene product (Franceschi and
Xiao, 2003; Xiao et al., 2003; Wang et
al., 2004; Bae and Lee, 2005; Lengner
et al., 2005; Goldring et al., 2006). A
change in post-transcriptional modiﬁcation of Runx2 or in the function of
one of its co-factors may account for
the possible evolutionary loss of the
transcript’s function during cartilage
formation within the amniote lineage.
There is some evidence that the
RUNX1 protein has an earlier functional role in mouse limb cartilage formation, which may replace any functional requirements for the RUNX2
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protein in these cartilages (Smith et
al., 2005; Wang et al., 2005). Additionally, runx1 morpholinos have no effect
on early zebraﬁsh cartilage formation
(Flores et al., 2006). The function of
Runx1 and Runx3 proteins in cartilage formation has not been investigated in Xenopus. Such additional
studies would help resolve the evolution of runx gene function in vertebrate skeletal development.
The developmental role of runx2 in
Xenopus and zebraﬁsh larval cartilage
differentiation is shared with amniote
secondary cartilage formation. Runx2
knockout mice do not form the condylar cartilage, which suggests a role for
RUNX2 protein in its differentiation
(Shibata et al., 2004, 2006). This cartilage may be derived either from the
periosteum of the dentary or from a
sesamoid that is independent from the
rest of the developing jaw (reviewed in
Hall, 2005, p 155–159). The missing
condyle shows an interesting parallel
to cartilage loss in Xenopus and zebraﬁsh injected with anti-runx2 morpholinos. These similarities may indicate a shared mode of differentiation
between certain types of cartilages
and at the same time reveal an unexpected developmental diversity in vertebrate skeletogenesis.

EXPERIMENTAL
PROCEDURES
Cloning of Xenopus laevis
runx2
Xenopus laevis runx2 was ampliﬁed
from bone-derived cDNA using degenerate PCR. The initial fragment ampliﬁed was a 528 – base pair (bp) product. The 5⬘ and 3⬘ regions of the gene
were subsequently ampliﬁed from the
pDNR:Tad2 cDNA library (a gift from
Dr. Donald Brown) through PCR. Internal forward and reverse primers
were designed from the initial Xenopus laevis runx2 sequence and used
along with the M13 sequencing primers in the library’s pDNR vector. Two
separate isoforms were ampliﬁed and
cloned into the pCRII vector using the
Invitrogen “TOPO TA” cloning kit. A
1.2-Kb fragment was also cloned into
the pCRII vector and used to synthesize antisense RNA probe for in situ
hybridizations. Speciﬁc forward primers were designed for both the

runx2-II and runx2-I isoforms and
used to amplify full-length transcripts
from Xenopus laevis bone-derived
cDNA with a 3⬘ UTR reverse primer
based on the Xenopus tropicalis
genomic sequence. These 1,831-bp
(runx2-II; Genbank accession EF029871)
and 1,856-bp (runx2-I; EF029872)
products were sub-cloned into the
EcoR1 sites of the pCS2 expression
vector for in vitro transcription and
mRNA injections.

Runx2 Alignments
Mouse Runx2 (GenBank accession;
Q08775), and Danio rerio runx2a
(47086321) and runx2b (47086313)
were downloaded in FASTA format
and edited using Mesquite (Maddison
and Maddison, 2005). Protein sequences were aligned in ClustalX
(Chenna et al., 2003). The Xenopus
laevis cDNA sequence was pair-wise
blasted against scaffold 328 of the Xenopus tropicalis draft genome sequence (Joint Genome Institute, Walnut Creek, CA) to determine intronexon structure.

RT-PCR Analysis of Runx2
Isoforms
Whole-embryo and tissue-speciﬁc
cDNAs were synthesized from total
RNA. Animals were euthanized with
buffered tricaine methane sulfonate
(MS-222; pH 7.4). cDNA was synthesized for Nieuwkoop and Faber (1994)
stages 7, 20, 25, 33/34, 42, 59, and 62,
and for adult long bone (humerus) and
stage-59 tadpole brain. One microgram of total RNA was used for each
reverse-transcription reaction. Speciﬁc forward primers for both isoforms
were used along with a conserved internal reverse primer to give 457-bp
(runx2-II) and 415-bp (runx2-I) products. A 250-bp region of the Xenopus
laevis histone-4 gene was ampliﬁed
from these tissues as a positive control
(Ding et al., 1998). Single replicates of
each PCR were performed to verify
the results.

In Situ Hybridizations
Probes for in situ hybridization were
generated with digoxygenin-conjugated UTP (Roche, Indianapolis, IN)
using Ambion (Austin, TX) “Maxi-

script” transcription kits. Anti-runx2
riboprobe was generated from a
1.2-Kb region of Xenopus laevis runx2
that is shared by both isoforms. Antisense probes also were generated for
Xenopus laevis pGEMT:sox9 following
the protocol of Spokony et al. (2002),
and for pCS2-AS-collagen II following
the protocol of Larrain et al. (2000).
An anti-cbfb probe was generated
from an EST clone (XL065o21) provided by Dr. Naoto Ueno of the National Institute of Basic Biology (Okazaki, Japan).
Whole-mount in situ hybridizations
were performed on albino embryos following Sive et al. (2000). Embryos
were ﬁxed in MEMFA and stored in
70% ethanol at ⫺20°C prior to initial
use. All hybridizations were carried out
overnight at 55°C. Stained embryos
were stored in 70% glycerol at 4°C.

Morpholino Antisense
Oligonucleotide and mRNA
Injections
Antisense morpholino oligonucleotides were targeted to the 5⬘ untranslated regions (UTRs) of the two Xenopus laevis runx2 isoforms. Isoformspeciﬁc morpholino sequences were 5⬘
TACGGGAATACGCATCACAACAGCC 3⬘and 5⬘ TGTTGGACGCCATTGACTTTCTTGC 3⬘ for runx2-I and
runx2-II, respectively. A control morpholino was also used, which differed
from the runx2-I sequence by ﬁve base
pairs (5⬘ TACGGCAATAGCCATCAGAACACCC 3⬘; mis-paired bases underlined). All morpholinos were supplied by GeneTools (Philomath, OR).
Gametes were harvested and fertilized, and the resulting zygotes dejellied following the protocols of Sive et
al. (2000). Between 50 and 60 ng of
morpholino were injected, in a volume
of 10 nl, into either single-celled zygotes or two-celled embryos with a
Femtojet microinjector (Eppendorf,
NY). This concentration and the injection procedures followed the protocol
of Khokha et al. (2005). Combined isoform knockdowns were performed by
mixing and co-injecting 25 ng of each
morpholino. A ﬂuorescein-labeled dextran (6.25 mg/ml, lysine ﬁxable, Invitrogen) was co-injected as a lineage
tracer of morpholino-injected cells. Injections were carried out in 0.5⫻
MMR with 4% Ficoll (EM Science,
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Darmstadt, Germany). Injected embryos were immediately transferred to
0.3⫻ MMR with 4% Ficoll. After 24 hr,
the embryos were transferred into
0.1⫻ MMR without Ficoll. Embryo
culture solutions were supplemented
with 50 g/ml gentamycin to prevent
infection. Embryos were raised in the
dark at 18°C for six days before the
cartilage-loss phenotype was scored.
Full-length runx2 mRNA injections
were performed to rescue the cartilage-loss phenotype. The pCS2:MASNrunx2 and pCS2:MRIPVrunx2 vectors were linearized with Not1 and
transcribed with the SP6 RNA polymerase using a “mMessage mMachine” kit (Ambion). Between 50 and
60 ng of morpholino was injected into
the single-celled zygotes with ﬂuorescein-labeled dextran. A total of 600 pg
of mRNA was injected into one side of
the same embryos after their ﬁrst cell
division, along with a rhodamine-labeled dextran (6.25 mg/ml, lysine ﬁxable, Invitrogen). Embryos were raised
to stage 42 and scored for cartilage gain
on the mRNA-injected side.

Phenotype Scoring and
Immunohistochemistry
Cartilage-loss phenotypes of morpholino-injected hatchlings were assayed
using an anti-collagen II monoclonal
antibody (1:100, Linsenmayer and
Hendrix, 1980) in conjunction with
the dextran lineage tracer. This antibody has been effective as a marker
for early stages of cartilage formation
in Xenopus laevis (Seufert et al.,
1994). Several specimens were also
stained with an anti-phospho-histone-3 polyclonal mitosis marker (1:
500; Upstate Biotechnology, Lake
Placid, NY) to assess the survival of
the injected cell lineage, or the anticaspase-3 apoptosis marker (1:500;
BD-Biosciences, Franklin Lakes, NJ)
to assess apoptosis in the morpholinoinjected cells (after Schreiber et al.,
2001). Hatchlings were ﬁxed in 4%
PFA and stored in PBS prior to immunohistochemistry. Following permeabilization with 10 g/ml of proteinase K and reﬁxation in 4% PFA,
specimens were dehydrated in methanol and bleached in Mayor solution
(Mayor et al., 1995). Specimens were
blocked in PBS containing 5% normal

goat serum (Gemini Bio-Products,
Woodland, CA) and incubated in primary antibodies overnight at 4°C. After several washes in PBST, a goatanti-mouse Alexa Fluor 546 secondary
antibody (Invitrogen) was added for
monoclonal antibodies, and a goat-antirabbit Alexa Fluor 647 (Invitrogen) was
added for polyclonal antibodies. Goatanti-mouse Alexa Fluor 647 was used
for the wild-type neural crest transplants and mRNA rescue experiments.
Embryos were again incubated overnight at 4°C, washed and photographed
in 75% glycerol. Double-stained collagenII/phospho-histone-3 and collagenII/
caspase-3 specimens were embedded in
OCT, frozen, and sectioned at 10 m
after whole-mount staining.
The cartilage-loss phenotype was
scored according to the amount of individual element loss from the hyobranchial skeleton. This loss varied in
severity from the lateral to medial
ends of each paired cartilage, and
from posterior to anterior within the
hyobranchial skeleton. Less severe effects only truncated lateral ends of the
ceratobranchial cartilages, whereas
more severe effects also truncated the
lateral ends of the larger ceratohyal
cartilage. This latter element was lost
entirely in the most dramatically affected hatchlings, along with the ceratobranchials. The most dramatically
affected embryos also consistently
failed to form the neurocranium on
the injected side. Scoring of the cartilage loss phenotype followed this pattern of effect. Absence of cartilage in
dextran-positive regions of the chondrocranium was designated “complete
loss”; loss of the ceratobranchials and
most of the ceratohyal was designated
“moderate loss”; reduction of the ceratobranchials with a normal ceratohyal
was designated “slight loss”; and retention of the entire cartilaginous
skeleton was designated “wild type.”
Embryos injected with morpholinos in
one-celled zygotes were compared to
uninjected controls from the same
clutch. Embryos injected after the ﬁrst
cell division exhibited a unilateral distribution of the dextran lineage tracer,
and cartilage was affected on only one
half of the hatchling. These were also
compared with wild type hatchlings
from the same clutch along with the
unilaterally unaffected side of the
same experimental animal.

Cartilage Staining
Specimens were cleared and stained
according to the protocol of Dingerkus
and Uhler (1977) with the exclusion of
alizarin red steps, which are used to
stain bone. Samples were ﬁxed in 10%
neutral-buffered formalin (Sigma), dehydrated in ethanol, and stained for
several hours in an 8GX Alcian blue
working solution. Samples were then
rehydrated and macerated in 1% trypsin in 30% saturated aqueous sodium
borate. They were transferred to 100%
glycerol for clearing and photography.

EGFP Translation Inhibition
Controls
Isoform-speciﬁc morpholino sequences
were inserted into the 5⬘ region of a
pCS2:egfp construct. Complimentary
oligonucleotides matching the target sequence of the morpholinos were designed with 5⬘ BamH1 and 3⬘ Nco1
overhangs. The oligonucleotides were
combined in an annealing buffer of 40
mM Tris, 20 mM MgCl2, and 50 mM
NaCl, heated to 100°C for 5 min, and
allowed to cool to room temperature.
Constructs were ligated into BamH1/
Nco1 double-cut pCS2:egfp. The ﬁnal
construct was then linearized and transcribed with SP6 (mMessage mMachine; Ambion). Single-celled Xenopus
laevis zygotes were injected with 1,000
pg of the morpholino-sequence-linked
egfp mRNA. After the ﬁrst cell division,
the same embryos were injected again
with the isoform-speciﬁc morpholino using the protocol described above. A rhodamine-labeled dextran lineage tracer
(6.25 mg/ml, Invitrogen) was co-injected
with the morpholinos instead of the ﬂuorescein-labeled dextran to contrast the
EGFP protein expression. The reciprocal experiment was also performed,
where the injected isoform-speciﬁc morpholino did not correspond to the egfp
construct sequence.

Neural Crest Transplants
Grafts of embryonic cranial neural
crest were transplanted between neurula stage wild-type and morpholinoinjected embryos following the protocol of Gross and Hanken (2004).
Brieﬂy, a piece of overlying ectoderm
was cut on three sides to access the
underlying neural crest on the right
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side of the neural plate. The crest cells
were removed in host embryos and replaced with cells from the same location in stage-matched donors. One experiment consisted of transplanting
combined runx2-II and runx2-I morpholino-injected cells, labeled with the
ﬂuorescein dextran, into a wild-type
host. An additional experiment consisted of transplanting wild-type neural crest, labeled with rhodamine dextran, into a host injected with both
anti-runx2 morpholinos. Morpholinos
were injected into one cell of twocelled embryos following the protocol
described above. These embryos were
later screened for a unilateral distribution of dextran before transplantation. In both sets of transplants, a
large portion of the presumptive hyoid
stream was transferred along with
smaller portions of the branchial
streams. The hyoid stream-derived
ceratohyal cartilage showed the most
dramatic loss or gain in each of the
two experiments (Fig. 8A–D). Embryos were raised at room temperature to stage 44. They were then
stained with the collagen II antibody
to reveal cartilage gain or loss in the
transplanted cells.
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