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a b s t r a c t

Adaxial cells, the progenitors of slow-twitch muscle fibres in zebrafish, exhibit a stereotypic migratory
behaviour during somitogenesis. Although this process is known to be disrupted in various mutants, its
precise nature has remained unclear. Here, using in vivo imaging and chimera analysis, we show that
adaxial cell migration is a cell autonomous process, during which cells become polarised and extend
filopodia at their leading edge. Loss of function of the Prdm1a transcription factor disrupts the
polarisation and migration of adaxial cells, reflecting a role that is independent of its repression of
sox6 expression. Expression of the M- and N-cadherins, previously implicated in driving adaxial cell
migration, is largely unaffected by loss of Prdm1a function, suggesting that differential cadherin
expression is not sufficient for adaxial cell migration.

& 2015 International Society of Differentiation. Published by Elsevier B.V. All rights reserved.

1. Introduction

During morphogenesis, cells undergo characteristic changes in
their adhesion, shape and location, changes that are fundamental to
the generation of form. These processes are readily exemplified in the
development of the zebrafish myotome, in the course of which
highly ordered arrays of muscle fibres are generated from the groups
of progenitor cells that comprise each somite. The zebrafish myo-
tome is composed of slow-twitch and fast-twitch fibres that differ in
their patterns of gene expression and physiological properties (van
Raamsdonk et al., 1978, 1982). Most slow-twitch fibres are located on
the surface of the myotome, but they derive from so-called adaxial
cells, the most medially located paraxial mesodermal cells that lie
adjacent to the notochord (Devoto et al., 1996; Daggett et al., 2007).
This location underpins the specification of the slow-twitch fibres by
the Sonic hedgehog (Shh) protein that is secreted from the notochord
(Blagden et al., 1997; Du et al., 1997; Coutelle et al., 2001; Barresi
et al., 2000; Lewis et al., 1999). In response to Shh, adaxial cells
activate transcription of the gene encoding the transcription factor

Prdm1a, the activity of which is essential for slow-twitch fibre
differentiation (Baxendale et al., 2004; von Hofsten et al., 2008).

Adaxial cells initially exhibit a pseudo-epithelial organisation
but following their specification as slow-twitch progenitors, they
lose their columnar shape and begin an outward movement
through the somite before forming the superficial layer of differ-
entiated slow-twitch fibres. Various proteins, including M-and
N-cadherin, Hyaluronan synthase 2 and Prdm1a have been impli-
cated in this movement (Cortes et al., 2003; Bakkers et al., 2004;
Elworthy et al., 2008; von Hofsten et al., 2008), but the precise
nature of the process has remained poorly understood. In the most
detailed analysis to date, Cortes et al. (2003) proposed that
differential cell adhesion is the principal driver of adaxial cell
movement. This conclusion was based on a combination of live
imaging and gene expression analysis, which revealed a correla-
tion between the movements of adaxial and fast-twitch progenitor
cells and the dynamic patterns of expression of the genes encod-
ing two cadherins. In this model, the unique combination of high
level expression of both M- and N-cadherin in adaxial cells is
proposed to promote their homophilic adhesion and repulsion
from the surrounding fast-twitch myoblasts, effectively pushing
them towards the myotome surface. Such a cell-affinity based
process stands in marked contrast to the active migratory mechan-
isms associated with other cell populations, such as neural crest,
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that translocate during embryonic development. Neural crest
cells exit the neuroepithelium through a classical epithelial to
mesenchymal transition (EMT), before extending filopodial/lamel-
lipodial protrusions as they migrate away form the neural tube
(Clay and Halloran, 2010). Although adaxial cells undergo an EMT-
like process at the onset of their movement from the notochord,
whether or not they exhibit active migratory behaviour has
remained an open question.

Here we have re-examined the dynamics of adaxial cell migra-
tion in the zebrafish embryo and investigated the role of Prdm1a
in this process. Using live imaging and chimera analysis, we have
adduced evidence that the migratory behaviour of adaxial cells is
an autonomous property that requires Prdm1a activity. Using a
phosphatidylinositol 3,4,5-triphosphate (PIP3) reporter transgenic
line we observed PIP3 accumulation and filopodia formation at the
leading edge of adaxial cells, hallmarks of active migratory
behaviour. We also investigated whether the ectopic expression
of the Sox6 transcription factor or the aberrant fusion of adaxial
cells with fast twitch myoblasts that occur in prdm1a mutants, can
account for the adaxial cell migration defects.

2. Results

2.1. Transcription factor Prdm1a is required for adaxial cell
migration

Previous studies have reported that adaxial cell migration is
disrupted in prdm1a mutants (Elworthy et al., 2008). To analyse
the regulation of adaxial cell migration, we first characterized their
behaviour in wild-type and prdm1a mutant embryos. At 24 h post-
fertilization (hpf) when adaxial cell migration is completed, wild-
type adaxial cells expressing a prdm1a:gfp transgene formed
superficial slow-twitch fibres expressing slow myosin heavy chain,
as revealed by staining with the F59 monoclonal antibody
(Fig. 1A–C). In contrast, adaxial cells in prdm1a mutants were
dispersed throughout the myotome with only a few reaching the
surface and the pattern of F59 expression was also disrupted
(Fig. 1D–I). Adaxial cells that failed to migrate to the lateral surface
of the myotome were elongated and differentiated into multi-
nucleated fibres indicative of a transformation to fast-twitch fibre
type (Fig. 2). A similar phenotype was observed in embryos
mutant for two different alleles of prdm1a.

Next, we analysed the behaviour of adaxial cells during the
migratory phase. Migration of adaxial cells in prdm1a:gfp trans-
genic embryos was imaged in 4.3–5.6 mm slices along the dorsal–
ventral axis to cover the entire trunk myotome and subsequently
the migration profile was estimated by averaging the distance of
prdm1a:gfp signals from anterior–posterior axis (defined as
momentum) in each time point every 5 min from 16.5 hpf
(15 somites stage) to 22.5 hpf (Fig. 1J). Comparison of the mean
of momentum of GFP signals from the axis between wild-type and
prdm1a mutant embryos showed it to be consistently larger in
wild-type embryos than that in prdm1amutant embryos while the
increase of momentum volume was constant in both wild-type
and mutants (Fig. 1K). The estimated migration speed of adaxial
cells in prdm1a mutants was 1.08 mm4/h, more than 40% slower
than that in wild-type embryos (1.92 mm4/h).

2.2. Ectopic myoblast fusion is not responsible for aberrant migration
in prdm1a mutants

Following migration, adaxial cells differentiate into single-
nucleated slow-twitch fibres, in contrast to the multi-nucleated
fast-twitch fibres that are formed by myoblast fusion. In prdm1a
mutant embryos, adaxial cells show ectopic fusion with surrounding

myoblasts (Roy et al., 2001), raising the possibility that their migra-
tion may be inhibited by this aberrant behaviour. The heterophilic
cell surface receptor pair Jamb and Jamc are essential for fast-twitch
myoblast fusion in zebrafish and jamc is ectopically expressed in
prdm1a mutant adaxial cells (Powell and Wright, 2011). To examine
whether ectopic myoblast fusion is responsible for the disrupted
adaxial cell migration in prdm1a mutants, we use morpholino
oligonucleotide (MO) mediated knockdown of jamb and jamc to
inhibit their fusion in mutant embryos. Injection of MOs for jamb and
jamc almost completely inhibited fast myoblast fusion, with a mean
nuclei/fibre¼1.04 (n¼84) at 26–28 hpf compared to 2.36 (n¼95) for
uninjected controls, (Fig. 2A and B). Injection of JamMOs into prdm1a
mutant embryos did not rescue adaxial cell migration (Fig. 2C and D);
prdm1a:gfp positive fibres that failed to migrate were mononu-
cleated, indicating that their ectopic fusion was effectively blocked
(Fig. 2E–J). It follows that ectopic myoblast fusion is not the cause of
disrupted adaxial cell migration in prdm1a mutants.

2.3. Adaxial cells migrate autonomously

During zebrafish somitogenesis, adaxial cells in each somite
migrate synchronously. To examine whether this is a cell-auton-
omous or collective migration process, we generated embryos
chimeric for wild-type and mutant cells by cell transplantation.
Donor cells carrying the prdm1a:gfp transgene were transplanted
to host embryos at the blastula stage and the donor-derived
muscle fibres analysed at 26–28 hpf. Wild-type adaxial cells
migrated to the surface of the myotome in prdm1a mutant host
embryos and expressed the slow myosin heavy chain expression
as revealed by F59 labeling (Fig. 3A, B, D, E). By contrast, prdm1a
mutant adaxial cells failed to migrate to the surface of the
myotome in wild-type host embryos. Most donor-derived fibres
were intermingled with host-derived fast muscle fibres (Fig. 3C
and F) and were labelled by the fast myosin light chain specific
antibody, F310 (Fig. 3G–I) as well as by F59 (Fig. 3C, inset). Thus
Prdm1a functions cell-autonomously to promote the migration of
individual adaxial cells.

2.4. M- and N-cadherin expression is largely independent of Prdm1a
function

Previous study by Cortes et al. (2003) led to the suggestion that
adaxial cell migration is driven by the differential expression of M-
and N-cadherin. To examine whether Prdm1a regulates adaxial
cell migration by controlling the expression of these cell adhesion
proteins, we analysed the expression of the genes encoding them
in wild-type and prdm1amorphant embryos. In each case, the only
detectable differences in expression between wild-type and mor-
phant embryos were seen at the horizontal myoseptum, a struc-
ture formed by non-migratory muscle pioneer (MP) cells: thus at
19 hpf (20 somite stage), n-cad transcript was observed in MP cells
at the horizontal myoseptum (Fig. 4A, arrowheads), but was
absent from this region in prdm1a morphants (Fig. 4B). Conversely,
m-cad expression was repressed in MP cells in wild-type embryos,
but uniformly expressed in the myotome of prdm1a morphants
(Fig. 4C and D). Besides these minor effects, the expression of both
genes in prdm1a morphants was indistinguishable from that in
wild-type embryos. That disruption of adaxial cell migration by
loss of Prdm1a function does not correlate with the patterns of M-
and N-cadherin expression in prdm1a morphants, implies that
differential cadherin expression is not sufficient to drive adaxial
cell migration. In addition, the expression of cadherins in MP cells
is not essential for adaxial cell migration since wild-type adaxial
cells are capable of migrating in prdm1amutant hosts in which the
horizontal myoseptum is disrupted.
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2.5. The has2 gene is regulated by Prdm1a

Previous studies implicated Hyaluronan synthase 2 (Has2) in
cell migration during gastrulation and suggested it possible role in
adaxial cell migration (Bakkers et al., 2004). In line with this latter
possibility, has2 transcripts are expressed specifically in adaxial
cells during somitogenesis; we found that this expression was
decreased by MO mediated prdm1a knockdown (Fig. 5A and B).
Conversely, ectopic activation of the Hedgehog signalling pathway
by PKA inhibition (Hammerschmidt et al., 1996; Concordet et al.,
1996) which causes ectopic prdm1a expression (Baxendale et al.,
2004) resulted in ectopic has2 expression (Fig. 5C). These findings
are consistent with a role for Has2 in mediating the regulation of
adaxial cell migration by Prdm1a.

2.6. PIP3 accumulates at the leading edge of migrating adaxial cell

Localised PI3 kinase activity results in the accumulation of
phosphatidylinositol 3,4,5-triphosphate (PIP3) at the leading edge
of many types of migrating cells where it induces F-actin poly-
merization to promote migration. PIP3 accumulation has been
visualised at the leading edge of migrating neutrophils in zebrafish
embryos using an EGFP fusion to the pleckstrin homology domain
of the PIP3 binding Akt protein (Yoo et al., 2010; Wang et al., 2014).
To examine whether PIP3 accumulation is involved in adaxial cell
migration, we expressed this PHAkt-EGFP in adaxial cells using the
slow myosin heavy chain 1 (smyhc1) promoter. Localised expression
of the smyhc1:PHAkt-EGFP at the cell membrane was revealed by
the high fluorescent ratio to the membrane marker, lyn-tdTomato

(Fig. 6A–D). PHAkt-EGFP labeled filopodia-like protrusions mostly
at the leading edge of migrating adaxial cells (Fig. 6E, see Supple-
mentary Movie 1). In prdm1a morphant embryos, ectopic PHAkt-
EGFP localisation was observed at the trailing edge of adaxial cells
(Fig. 6F and G). These results suggest that Prdm1a promotes the
migration of adaxial cells by regulating their polarisation. Exposure
of embryos to the PI3K inhibitor LY294002 had no effect on slow-
twitch muscle patterning or PHAkt-EGFP localization (Fig. 6H–J),
but inhibited neutrophil migration as previously described (Wang
et al., 2014; Fig. S1).

PHAkt-EGFP was also found to localise at the ends of adaxial
cells in the latter period of migration (Fig. 6K, see Supplementary
Movie 2) suggesting its involvement in integrin signalling at the
myosepta boundaries. We also observed smyhc1:PHAkt-EGFP exp-
ression in fused somites (fssti1) mutant in which formation of
somite boundaries is disrupted through inactivation of tbx6 func-
tion (van Eeden et al., 1996, 1998; Nikaido et al., 2002). In fssti1

mutant, PHAkt-EGFP was localized at not only at the ends of
adaxial cell but also at their boundary with laterally adjacent cells
(Fig. 6L, see Supplementary Movie 3), suggesting that ectopic
connection sites are formed in the absence of somite boundaries
in fssti1 mutants.

2.7. Adaxial cell migration is independent of Sox6 function

Prdm1a promotes slow-twitch fibre differentiation by repress-
ing fast-twitch-specific genes in slow muscle cells as well as by
repressing expression of Sox6, a repressor of slow-specific genes
(von Hofsten et al., 2008;Wang et al., 2011; Jackson and Ingham, 2013;

Fig. 1. Patterning of slow-twitch fibres and adaxial cell migration in wild-type and prdm1a mutant embryos. (A–I) Patterning of adaxial cell-derived fibres and slow myosin
heavy chain expression in wild-type (A–C) and prdm1amutant embryos (prdm1aubo: (D–F), prdm1anrd: (G–I) at 24–28 hpf. Transverse sections (A, B, D, E, G, H) are at the yolk
extension site. In dorsal view images (C, F, I), prdm1a:gfp expression is also observed in some neural cells. Cell membrane is labeled by BODIPY TR Methyl Ester (red) and
anterior is top. Scale bars: 50 mm. EM, epaxial myotome; HM, hypaxial myotome; NC, notochord; NT, neural tube. (J) Schematic illustration of the profiling of adaxial cell
migration. Whole trunk myotome of prdm1a:gfp transgenic embryo was imaged every 5 min from 16.5 hpf (15 somites stage) to 22.5 hpf and subsequently the migration
profile was estimated by averaging the distance of prdm1a:gfp signals from manually annotated anterior–posterior axis in each time point. Each panel shows dorsal view of
the embryos at each time point. (K) Change of mean momentum of prdm1a:gfp signal from anterior–posterior axis. Wild-type (red, n¼4) and prdm1aubo mutant (blue, n¼4)
embryos were analysed from 16.5 hpf for 6 h.
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Fig. 2. Inhibition of fast myoblast fusion does not rescue adaxial cell migration in prdm1a mutant. (A and B) Fast-twitch fibres labeled by transient mylz2:gfp expression in
wild-type (A) and jamb and jamc morphant (B) embryos at 28 hpf. Cell nuclei in each fibre are identified by intensemylz2:gfp expression. Images show lateral view. (C and D)
Adaxial cells labeled by prdm1a:gfp are dispersed in the myotome of prdm1a mutant (C) and prdm1a mutant; jam morphants (D) at 28 hpf. Transverse sections were imaged
at the yolk extension site. (E and F) prdm1a:gfp positive mononucleated fibres form a superficial layer in wild-type embryos at 28 hpf. (G and H) In prdm1a mutant embryos,
adaxial cells ectopically fused with fast myoblasts and the multinucleated prdm1a:gfp positive fibres failed to reach the lateral surface. (I and J) Although prdm1a:gfp positive
fibres remained mononucleated in prdm1a mutant injected with jamb and jamc MOs, migration was not rescued. Images show lateral view (E, G, I) and dorsal view (F, H, J;
anterior is top). Scale bars: 50 mm.
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Jackson et al., 2015). To explore whether ectopic Sox6 expression in
prdm1a mutants disrupts in adaxial cell migration, we first expressed
a Sox6-gfp fusion protein ectopically in the adaxial cells by crossing a
UAS:sox6-gfpi295 transgenic line with a muscle specific Gal4 driver line
(actc1b:Gal4) or a heat shock promoter Gal4 (hsp70:Gal4) line. The
repressive activity of ectopic Sox6-gfp in adaxial cells was confirmed
by the reduction of smyhc1 expression in transgenic embryos (Fig. S2).
However, Sox6-gfp positive slow fibres were observed on the
myotome surface at 28 hpf and the patterning of slow twitch muscle
was not disrupted (Fig. 7A and B), showing that ectopic Sox6
expression in adaxial cell does not affect their migration. To confirm
these findings, we investigated whether loss of Sox6 function could
rescue adaxial migration in the absence of Prdm1a function. At 28 hpf,
33.0% of prdm1a:gfp-positive fibres were located in superficial part of
the myotome in prdm1a mutant (n¼8) and Prdm1a MO injected
embryo (n¼4, Fig. 7C, D, F). The percentage of superficially loca-
ted prdm1a:gfp-positive fibres was not significantly rescued by
simultaneous loss of Sox6 (36.8% in prdm1a/sox6i291 mutant; n¼6,

35.1% in Prdm1a MO/sox6i292 mutant; n¼4, Fig. 7E and F). Thus
adaxial cell migration is regulated by Prdm1a independently of Sox6
function.

3. Discussion

Myoblasts are allocated to different fibre type lineages early in
zebrafish embryogenesis and exhibit distinct behaviours during the
subsequent development of the myotome. Adaxial cells, the progeni-
tors of slow-twitch muscle fibres, are specified by Hedgehog signalling
and exhibit a characteristic migratory behaviour during somitogenesis.
As previously reported, prdm1amutants show disruption of adaxial cell
migration as well as aberrant slow-twitch fibre differentiation
(Elworthy et al., 2008). Analysis of the behaviour of adaxial cells in
individual embryos showed that the speed of migration is consistently
reduced from the onset of migration in the absence of Prdm1a

Fig. 3. Adaxial cells migrate cell-autonomously. (A–F) Transverse sections of chimeric embryos at the yolk extension site at 26–28 hpf. Fibres derived from donor adaxial cells
are labeled by prdm1a:gfp (green). Wild-type cells were transplanted into wild-type (A and D) or prdm1a mutant embryos (B and E), and prdm1a mutant cells were
transplanted into wild-type embryo (C and F). Slow myosin and pan-myosin are labelled by F59 (A–C) and MF20 antibody (D–F), respectively. (G–I) prdm1a mutant adaxial
cells (green) expressed fast muscle marker in wild-type host embryo (G). Fast myosin light chain is labelled by F310 antibody. Panel H and I show enlarged view of panel G.
Transverse images were taken at the yolk extension site at 27 hpf. Scale bars: 50 mm.
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function. This suggests that Prdm1a regulates specific cellular mechan-
ism throughout the migration period.

Slow-twitch fibres in the wild-type zebrafish embryo are mono-
nucleated in contrast to the multi-nucleated fast fibres that arise by
myoblast fusion. In prdm1a mutants, adaxial cells fuse with fast-
twitch myoblasts, raising the possibility that disruption of their
migration could be a secondary consequence of this aberrant
behaviour. However, inhibition of myoblast fusion by jamb and jamc
knockdown did not rescue migration in prdm1a mutants. Therefore,
the mechanism driving adaxial cell migration is distinct from the
suppression of myoblast fusion by Prdm1a.

Approximately 20 adaxial cells in each somite migrate syn-
chronously toward the lateral surface of the myotome. In a
previous study, Cortes et al. (2003) concluded that the movement
of adaxial cells from the midline to the surface of the myotome is
driven by the dynamic expression of the M- and N-cadherin cell
adhesion proteins. According to this view, the adaxial cells are
displaced towards the surface of the myotome as a result of
differential cell affinities generated by the two cadherins. Our
analysis of wild-type and prdm1a mutant embryos suggest instead
that the migratory behavior is an active cell autonomous property
during which cells are polarized and extend filopodia along their

Fig. 4. M- and N-cadherin expression in wild-type and prdm1a morphant embryos. (A and B) N-cadherin expression in wild-type (A) and prdm1a morphant (B) embryos. (C
and D) M-cadherin expression in wild-type (C) and prdm1a morphant (D) embryos. Arrowheads indicate the location of muscle pioneer cells at the horizontal myoseptum.
Transverse images were taken at the anterior yolk extension site at 19 hpf (20 somite stage). Scale bars: 20 mm.

Fig. 5. Has2 expression is regulated by Prdm1a and Hedgehog signalling. (A–C) has2 transcripts are expressed specifically in adaxial cells and presomitic mesoderm at the tail
tip in 8-somite stage embryo (A). has2 expression was down-regulated in prdm1a morphant embryos (B); expression was expanded throughout the paraxial mesoderm in
embryos injected with dnPKA mRNA (C). Scale bars: 100 mm.

Y. Ono et al. / Differentiation ∎ (∎∎∎∎) ∎∎∎–∎∎∎6

Please cite this article as: Ono, Y., et al., Adaxial cell migration in the zebrafish embryo is an active cell autonomous property that
requires the Prdm1a transcription factor. Differentiation (2015), http://dx.doi.org/10.1016/j.diff.2015.03.002i

http://dx.doi.org/10.1016/j.diff.2015.03.002
http://dx.doi.org/10.1016/j.diff.2015.03.002
http://dx.doi.org/10.1016/j.diff.2015.03.002


leading edge. Notably, the expression of m- and n-cad expression
was largely unaffected in prdm1a morphant embryos despite the
widely dispersed distribution of adaxial cells throughout the
myotome. Therefore, it seems that differential cadherin expression
is not sufficient to drive adaxial cell migration though it may be
necessary to facilitate their migration and proper arrangement.

PI3K activity and PIP3 accumulation are commonly associated
with the leading edge of migratory cells (Yoo et al., 2010; Wang
et al., 2014). Using a PHAkt-EGFP fusion protein marker we found
evidence of PIP3 accumulation at the leading edge of adaxial cells,
coinciding with filopodia formation; in addition, we observed
strong accumulation at the vertical myosepta which likely reflects
the activation of integrin signaling at the muscle attachment sites.
Whereas filopodia formation and PIP3 accumulation at the leading
edge were not disrupted in prdm1a morphants, ectopic filopodia

and PIP3 accumulation emerged at the trailing edge. These results
suggested that Prdm1a controls polarization of cells rather than
filopodia formation. In addition, inhibition of PI3K activity did not
affect the migration of adaxial cells. Further analyses are required
to determine whether PI3K independent chemotaxis mechanism
exists, as found in other cell migration contexts (Andrew and
Insall, 2007; Ferguson et al., 2007).

Previous studies have shown that Prdm1a regulates the slow-
twitch differentiation programme in part through repressing
expression of the Sox6 transcription factor (von Hofsten et al.,
2008; Wang et al., 2011). We found that adaxial cell migration
cannot be rescued by removal of Sox6 function from prdm1a
mutant embryos indicating that Prdm1a regulates adaxial cell
migration independently of Sox6. MO mediated knockdown of
the has2 gene has previously implicated Hyaluronan synthase

Fig. 6. PHAkt-EGFP expression in adaxial cells. (A–D) Transient expression of smyhc1:PHAkt-EGFP (A) and cytoplasmic smyhc1:gfp (C) in smyhc1:lyn-tdTomato transgenic
embryo at 19.5 hpf. Ratio of GFP signals to that of tdTomato at cell membrane is shown by pseudocolor (B and D). White arrows show the direction of migration. (E) Transient
smyhc1:PHAkt-EGFP expression labels filopodia-like protrusions at the leading edge of adaxial cells (yellow arrowheads). Time-lapse imaging was started from 21 hpf
(approximately 24 somite stage, shown as 0 min). (F and G) smyhc1:PHAkt-EGFP localization in adaxial cells in wild-type (F) and prdm1a morphant (G) embryos. Time-lapse
images were acquired from 19.5 hpf (21 somite stage) for 90 min and the change of smyhc1:PHAkt-EGFP localization at yellow line was plotted along t axis (F0 and G0). Red and
blue arrowheads indicate leading and trailing edge, respectively. (H–J) treatment with PI3K inhibitor LY294002 did not affect adaxial cell migration. Adaxial cells reached the
lateral surface of the myotome in 23 hpf embryo treated with LY294002 (H). PHAkt-EGFP was still localized at the leading edge of adaxial cell (I) and filopodia-like protrusion
(J, arrowhead) during migration period approximately at 19 hpf. Embryos were incubated in 75 mM LY294002 from 16 hpf, approximately 1 h before the onset of migration.
Arrows show the direction of migration. (K and L) Time-lapse image of smyhc1:PHAkt-EGFP expression in wild-type (K) and fssti1 mutant (L) embryos. Image acquisition
started from 19 hpf and PHAkt-EGP localization at the somite boundary is observed from 20 hpf (white arrowheads). In fssti1 mutant, PHAkt-EGFP is also localized in ectopic
connection sites of the cells (yellow arrowheads). Lower magnification views of embryos at 23 hpf are shown in panel K0 and L0 . PHAkt-EGFP signals are shown by
pseudocolor. All images show dorsal view. Scale bars: 20 mm.
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activity in adaxial cell migration (Bakkers et al., 2004). Our finding
that expression of has2 in adaxial cell is regulated by Hedgehog
signaling and Prdm1a, suggests that Has2 may be an effector of
Prdm1a function. Further analysis of Has2 by targeted mutagenesis
will be required to explore this possibility.

Our analysis highlights the key role played by Prdm1a as a
regulator of adaxial cell migration as well as of their differentiation
and fusion. Our data suggest that each event is independently
regulated by Prdm1a; how it exerts these multiple regulatory
functions remains unclear. Whereas Prdm1a functions as a tran-
scriptional repressor in slow-twitch fibre specification, in other
contexts it has been reported to function both as an activator as well
as a repressor (Powell et al., 2013). Prdm1a interacts with several
epigenetic modifiers through its zinc finger DNA binding domain
and proline/serine rich region (Ancelin et al., 2006; Bikoff et al.,
2009; John and Garrett-Sinha, 2009), providing a means to control
distinct transcriptional pathway by switching cofactors. Identifica-
tion of the key targets and epigenetic cofactors of Prdm1a will help
reveal the molecular basis of adaxial cell migration.

4. Materials and methods

4.1. Zebrafish strains and husbandry

Previously described zebrafish mutants used were prdm1aubo

(ubotp39, van Eeden et al., 1996; Baxendale et al., 2004), prdm1anrd

(nrdm805, Hernandez-Lagunas et al., 2005), and fssti1 (van Eeden
et al., 1996, 1998; Nikaido et al., 2002). Previously described
transgenic strains used were Tg(PACprdm1:GFP)i106 and Tg(smyhc1:
gfp)i104 (Elworthy et al., 2008), Tg(smyhc1:lyn-tdTomato)i261 (Wang
et al., 2011), Tg(actc1b:GAL4)i269 (Maurya et al., 2011), hsp70:Gal4
(Scheer et al., 2002), and Tg(mpx:GFP)i114 (Renshaw et al., 2006).
Sox6i291 and i292 mutants and UAS:sox6-GFPi295 are described by
Jackson et al. (2015). Adult fish were maintained 28 1C in the
zebrafish facility in AnSTAR Institute of Molecular and Cell Biology,
certified by Agri-Food and Veterinary Authority of Singapore.
Experiments were performed under the review by AnSTAR Biolo-
gical Resource Centre (IACUC #110638). Embryos were kept at
28 1C and staged as described previously (Kimmel et al., 1995).

Fig. 7. Adaxial cell migration is independent of Sox6 function. (A and B) Slow-twitch fibres ectopically expressing a Sox6-gfp fusion protein reached the lateral surface of the
myotome at 28 hpf (arrowheads). Sox6-gfp was expressed in the myotome by crossing UAS:Sox6-gfp transgenic line with actc1b:gal4 (A) or hsp70:gal4 line (B). Hsp70:gal4
expression was induced by incubating 4 somite-stage embryos at 37 1C for 1 h. Images show dorsal view and anterior is left in both images. EM, epaxial myotome; NT, neural
tube. (C–E) Transverse sections showing the localization of adaxial cell-derived fibres in wild-type (C), prdm1a mutant (D) and prdm1a; sox6 double mutant (E) embryos.
Sections are at the yolk extension site at 28 hpf. Scale bars: 50 mm. (F) Ratio of prdm1a:gfp-positive fibres at the surface of the myotome. Error bars represent standard
deviation.
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4.2. Generation of Tg(smyhc1:PHAkt-EGFP)i281 transgenic line

471 bp sequence encoding first 157 amino acids of zebrafish
Akt2 protein containing pleckstrin homology domain (PHAkt) was
isolated from lyz:PHAkt-EGFP construct (Wang et al., 2014) using
NcoI restriction enzyme and cloned into NcoI site at the 50 end of
EGFP coding sequence in 9.7 kb smyhc1:gfp construct (Elworthy
et al., 2008). The smyhc1:PHAkt-EGFP construct was co-injected
with 0.2 U/ml I-SceI restriction enzyme (New England Biolabs) at
one-cell stage to generate stable transgenic line. Approximately
1 nl DNA solution was injected at 20 ng/ml.

4.3. Morpholino oligonucleotides

Jamb ATG MO (50-GCACACCAGCATTTTCTCCACAGTG-30) and
Jamc ATG MO (50-TTAACGCCATCTTGGAGTCGGTGAA-30) were co-
injected at 0.25 mM each (Powell and Wright, 2011) in Danieau
solution (58 mM NaCl, 0.7 mM KCl, 0.4 mM MgSO4, 0.6 mM Ca
(NO3)2, 5 mM HEPES, pH 7.6). Prdm1a splice-site MO (50-
TGGTGTCATACCTCTTTGGAGTCTG-30) was injected at 0.2–0.3 mM
(Baxendale et al., 2004). To label fast-twitch fibres transiently,
40 ng/ml mylz2:gfp construct (Ju et al., 2003; Moore et al., 2007)
was co-injected. Microinjection was performed at one-cell stage
and approximately 1 nl solution was injected. Morpholino oligo-
nucleotides were supplied by Gene Tools.

4.4. In situ hybridization and immunofluorescence

Standard whole-mount in situ hybridization of zebrafish embryo
was performed as described (Westerfield, 2000). Digoxigenin (DIG)-
labelled probes for has2 (Bakkers et al., 2004) and smyhc1 (Elworthy et
al., 2008) were synthesized using DIG RNA labelling mix (Roche) and
T7 or SP6 RNA polymerase (Roche) after linearization of plasmids.
Images were acquired using Zeiss Axio Imager.M2microscopy and Axio
Vision software. For immunofluorescence, embryos were fixed in 4%
paraformaldehyde in PBS overnight at 4 1C and stored in methanol at
�20 1C. Fixed embryos were rehydrated in PBTX (PBS with 0.1%
TritonX-100) and blocked in PBDT (PBS with 1% bovine serum albumin,
1% dimethyl sulfoxide, and 0.5% Triton X-100) for 1 h at room
temperature. Primary antibodies used are F59 (used in 1:50, DSHB),
F310 (1:50, DSHB), MF20 (1:50, DSHB), and Rabbit anti-eGFP (1:2500,
Torrey Pines). Secondary antibodies used are anti-mouse IgG Alexa488
(1:1250, Invitrogen), anti-mouse IgG Alexa546 (1:800, Invitrogen) and
anti-rabbit IgG Alexa488 (1:2500, Invitrogen). Embryos were incubated
with antibody overnight at 4 1C. Cell nuclei were counterstained by
1 mg/ml 40, 6-diamidino-20-phenylindole dihydrochloride (DAPI)
together with secondary antibody. Frozen sections were prepared at
20–35 mm thickness and sample slides were incubated in acetone at
�20 1C for 5min before rehydration step. Fluorescent images were
acquired using Olympus Fluoview FV1000 confocal microscopy and
analysed using viewer software FV10-ASW (Olympus) and Volocity
image analysis software (Perkin Elmer).

4.5. Cell transplantation

Standard cell transplantation was performed as described (Kemp
et al., 2009). Zebrafish eggs at 1–2 hpf were incubated in embryo
medium containing 0.5 mg/ml pronase for 2 min to remove egg
chorion. At 4 hpf sphere stages of blastula period, approximately
20–50 donor cells were transplanted to host embryos using micro-
manipulator (MN-153, Narishige) and microinjector (IM-9B, Nar-
ishige). Cell transplanted embryos were incubated in glass petri dish
with 0.5� E2 embryo medium (7.5 mM NaCl, 0.25 mM KCl, 0.5 mM
MgSO4, 0.075 mM KH2PO4, 0.025 mM Na2HPO4, 0.5 mM CaCl2,
and 0.35 mM NaHCO3).

4.6. Live imaging of zebrafish embryos

For live imaging, zebrafish embryos were mounted in 1.0% low
melting agarose (MO BIO laboratories) in 0.5�E2 embryo medium
containing 250 mg/ml tricaine. To counterstain cell membrane,
embryos are incubated in embryo medium containing 100 mM
BODIPY TR Methyl Ester (Invitrogen) for 30 min and washed three
times by PBS for 3 min before imaging. To inhibit PI3K activity,
embryos were incubated in 75 mM LY294002 (Sigma) from 16 hpf,
approximately 1 h before the onset of migration. Images were
acquired using Olympus Fluoview FV1000 confocal microscopy
with Mai tai HP multi-photon laser unit (Spectra-Physics) and
analysed using FV10-ASW software.

4.7. Quantitative analysis of adaxial cell migration

Time-lapse images of adaxial cell migration were acquired from
Tg(PACprdm1:GFP)i106 embryos. Embryos were mounted in 0.8%
low melting agarose in 0.5� E2 embryo medium containing
250 mg/ml tricaine and images were acquired using Nikon A1R
MP multi-photon microscopy with Apochromat LWD 25�WD
lens. First, image preprocessing was performed as the x, y and z
axis have different resolutions in original image stacks. The
acquired image stacks were reconstructed and the voxels size
was normalized using linear interpolation. The scales of voxels
were then isotropic after the reconstruction, i.e. each voxel is
1.0�1.0�1.0 mm. Then images were smoothed by Gaussian kernel
in order to reduce the noise and enhanced based on the histogram.
Next, segmentation of adaxial cell was performed. To formalize the
segmentation problem, the pre-processed image stacks at each
time point were defined on a subset of three-dimensional space
Ω� R3. We used f ðx; y; zÞ : Ω-R to represent the GFP intensity
after the pre-processing. The intensity function of the image stack
was normalized such that f nðx; y; zÞA ½0;1�. We then determined a
threshold value to detect the GFP-positive regions based on the
histogram. Small regions caused by noise were filtered out. After
this step, we had a binary image b(x, y, z) where 1 represents the
regions belong to adaxial cell denoted byΩ and 0 for background,
i.e.:

bðx; y; zÞ
¼ 1; AΩ
¼ 0; =2Ω

(
ð1Þ

To quantify the migration of adaxial cells at different time
points, we defined a parameter called mean momentum. As our
images were acquired in 3D and adaxial cells are symmetrically
located, we needed to define an axis to measure this parameter.
We manually annotated the axis in the z plane where the centre of
the notochord is located. Once we have this axis, for each point in
our binary image b(x, y, z), we calculated the minimum distance to
this annotated axis, which is defined d(x, y, z)¼arg min(D{(x, y, z),
(x0, y0, z0)}), where D is the Euclidean distance and (x0, y0, z0) is any
point at the axis. For each point in Ω, we then calculated the
distance and took the maximum likelihood estimation of such
value as the mean momentum, shown in Fig. 1K.
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