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Abstract

Satellite cells, also known as muscle stem cells, are responsible for skeletal muscle growth and
repair in mammals. Pax7 and Pax3 transcription factors are established satellite cell markers
required for muscle development and regeneration, and there is great interest in identifying
additional factors that regulate satellite cell proliferation, differentiation, and/or skeletal muscle
regeneration. Due to the powerful regenerative capacity of many zebrafish tissues, even in adults,
we are exploring the regenerative potential of adult zebrafish skeletal muscle. Here, we show that
adult zebrafish skeletal muscle contains cells similar to mammalian satellite cells. Adult zebrafish
satellite-like cells have dense heterochromatin, express Pax7 and Pax3, proliferate in response to
injury, and show peak myogenic responses 4-5 days post-injury (dpi). Furthermore, using a pax7a-
driven GFP reporter, we present evidence implicating satellite-like cells as a possible source of
new muscle. In lieu of central nucleation, which distinguishes regenerating myofibers in
mammals, we describe several characteristics that robustly identify newly-forming myofibers from
surrounding fibers in injured adult zebrafish muscle. These characteristics include partially
overlapping expression in satellite cells and regenerating myofibers of two RNA-binding proteins
Rbfox2 and RbfoxI1, known to regulate embryonic muscle development and function. Finally, by
analyzing pax7a;, pax7b double mutant zebrafish, we show that Pax7 is required for adult skeletal
muscle repair, as it is in the mouse.
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INTRODUCTION

Analysis of frog leg muscles by electron microscopy led to the discovery of mononuclear
cells located between the plasmalemma of muscle fibers and the surrounding basement
membrane (Mauro, 1961). These cells, termed satellite cells based on their location, were
hypothesized to play an important role in muscle regeneration and to function as adult
muscle stem cells. Satellite cells have since been established as adult muscle stem cells; they
are set aside early in development and remain as a largely quiescent cell population into
adulthood (Bentzinger et al., 2012; Montarras et al., 2013). Satellite cells are activated in
response to injury and give rise to differentiating myogenic precursor cells (MPCs) (Zammit
et al., 2006), as well as other differentiated cell types including bone and brown fat (Asakura
etal., 2001; Seale et al., 2008; Shefer et al., 2004).

Mammalian satellite cells reliably express the Pax7 transcription factor (Dumont et al.,
2015; Seale et al., 2000). Additionally, Pax3 is expressed in satellite cells in certain
mammalian skeletal muscle tissues such as the diaphragm (Montarras et al., 2005). Studies
in mouse have identified several transcription factors that regulate satellite cell specification,
proliferation, and differentiation (Bentzinger et al., 2012; Davis et al., 1987; Dumont et al.,
2015; Rudnicki and Jaenisch, 1995; Weintraub et al., 1991). The most extensively studied of
these is Pax7, which is required for murine satellite cell specification, maintenance, and
adult skeletal muscle regeneration (Gunther et al., 2013; Seale et al., 2000; von Maltzahn et
al., 2013).

Because zebrafish show a high capacity for regeneration, even in some adult tissues for
which mammalian counterparts regenerate poorly (Poss et al., 2002; Reimer et al., 2008),
the model has emerged as one in which to probe stem cell and regenerative biology. It is well
established that larval zebrafish muscle contains satellite-like cells (Devoto et al., 2006;

Feng et al., 2006; Gurevich et al., 2016; Knappe et al., 2015; Li et al., 2013; Nord et al.,
2013; Otten et al., 2012; Seger et al., 2011; Siegel et al., 2013; Stellabotte et al., 2007;
Windner et al., 2015), suggesting that they may also be present in adult muscle. Separate
studies have noted the presence of Pax7-positive cells in adult zebrafish skeletal muscle and
on isolated myofibers from adult zebrafish (Hollway et al., 2007; Tee et al., 2012; Zhang and
Anderson, 2014); however, it is still unclear how similar zebrafish satellite-like cells are to
mammalian satellite cells. Definitions of regeneration and repair vary in the literature; for
this study, we use the term ‘regeneration’ to indicate replacement of a large portion of a
tissue or organ and ‘repair’ to indicate the healing of a damaged portion of a tissue or organ.
Zebrafish are competent in both regeneration (e.g., regeneration of the heart; Poss et al.,
2002) and repair (e.g., healing after focal needle-stick injury; Gurevich et al., 2016; Knappe
et al., 2015; Mérz et al., 2011; Rowlerson et al., 1997; Seger et al., 2011). A few studies have
examined skeletal muscle repair (Rowlerson et al., 1997; Tee et al., 2012) and regeneration
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(Saera-Vila et al., 2015; Saera-Vila et al., 2016) after injury in adult zebrafish. The work
from Rowlerson and colleagues (1997) was performed before the identification of satellite
cell markers such as Pax7 and Pax3, and thus did not address whether adult zebrafish
possess myogenic progenitor cells that function as satellite cells. A second study (Tee et al.,
2012) observed Pax7-positive cells after needle-stick injury of adult zebrafish trunk
musculature; however, only one time-point was examined and the contribution of Pax7-
expressing cells to muscle repair was not assessed. Most recently, regeneration of
extraocular muscle was found to occur through Fgf-regulated myocyte dedifferentiation that
does not employ classic Pax7-positive satellite-like cells (Saera-Vila et al., 2015; Saera-Vila
et al., 2016). Here, we have undertaken a comprehensive study to define the cells employed
and steps involved during trunk skeletal muscle repair.

In addition to known satellite cell markers Pax7 and Pax3, there is active interest in
identifying additional markers that may mark and/or regulate satellite cells and regenerating
skeletal muscle. We have shown previously that Rbfox1l and Rbfox2, members of the Rbfox
family of RNA binding proteins, are required for zebrafish embryonic muscle development
and function (Gallagher et al., 2011). In mammals, the Rbfox family includes Rbfox1
(A2BP1; HRNBP1; FOX-1), Rbfox2 (RBM9; FOX-2) and the neural-specific Rbfox3
(NeuN; FOX-3) (Kuroyanagi et al., 2009). Rbfox proteins regulate alternative splicing in
metazoans and their target intronic binding sites are extensively conserved among
vertebrates (Gallagher et al., 2011; Lovci et al., 2013; Minovitsky et al., 2005; Yeo et al.,
2007). Human RBFOX2 is required for human embryonic stem cell survival (Yeo et al.,
2009) and promotes differentiation of pluripotent stem cells (MVenables et al., 2013),
suggesting a potential role for RBFOX2 in stem or progenitor cell regulation in multiple
tissue types and organ systems. During zebrafish embryonic myogenesis, rbfox2is
expressed in the presomitic mesoderm (a muscle progenitor domain) and newly-formed
myotomal segments, but only weakly as muscle progenitors differentiate, whereas rbfox1/is
expressed weakly in the progenitor domain and strongly in differentiating muscle cells
(Gallagher et al., 2011). Previous studies corroborate muscle-specific embryonic expression
of rbfox1/(Baxendale et al., 2009; Jin et al., 2003). Given these early expression patterns,
we hypothesized that Rbfox2 and Rbfox1l may mark satellite-like cells and newly-forming
myofibers, respectively, during injury-induced skeletal muscle repair in adult zebrafish.

In this study, we investigated the process of muscle repair in adult zebrafish skeletal muscle.
Using transmission electron microscopy (TEM), immunohistochemistry, and transgenic
reporter lines, we identify cells that closely resemble satellite cells within adult zebrafish
skeletal muscle. Mechanical injury results in robust activation of Pax7 and pax3a.GFP-
expressing satellite-like cells by 4-5 dpi. Acute EdU labeling of S-phase cells indicates that
adult zebrafish satellite-like cells have proliferative potential, and perdurance of pax7a
driven GFP in new myofibers that form after muscle injury suggests that new muscle is at
least partially derived from satellite-like cells. Lastly, our analysis of adult pax7a; pax7b
double mutant zebrafish reveals that Pax7 function is required for adult skeletal muscle
repair. Our findings further establish the adult zebrafish as a model to study satellite cell
biology, and set the stage for future studies assessing Rbfox1l and Rbfox2 function in
satellite cells, injury-induced repair, and muscle disease.
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RESULTS

Pax7-expressing satellite-like cells are found within adult zebrafish skeletal muscle

Satellite cells were originally identified by electron microscopy (EM) in frog leg muscle as
cells with dense heterochromatin (Mauro, 1961). Transmission electron microscopy (TEM)
studies have also identified satellite cells in mammals (Seale et al., 2000). We performed
TEM to determine whether cells resembling satellite cells are present in adult zebrafish
skeletal muscle and find cells containing dense nuclear heterochromatin in both slow- and
fast-twitch muscle fiber domains (Fig.1A, B; white arrowheads) that are easily distinguished
from muscle fiber nuclei (myonuclei) (Fig. 1A, B; blue arrowheads). As in mammals (Seale
et al., 2000), these satellite-like cells are located outside of the muscle fiber membrane and
are surrounded by basal lamina (Fig. 1A”, B'; red arrows). In addition to morphological
criteria, mammalian satellite cells also reliably express the Pax7 transcription factor (Seale
et al., 2000). Previous studies have shown that Pax7-positive cells are present in larval
zebrafish and are activated in response to injury and under disease conditions (Berger et al.,
2010; Knappe et al., 2015; Seger et al., 2011). As described previously (Hollway et al.,
2007; Tee et al., 2012), we also find Pax7-positive cells in adult zebrafish muscle (Fig. 1C,
D). Pax7-positive cells are located beneath the basal lamina of the surrounding basement
membrane (Fig. 1C-C"”) and external to the muscle membrane, which is marked in a
Dystrophin FlipTrap insertion line, dmat™%aGt that expresses a functional Dystrophin-
Citrine fusion protein (Trinh et al., 2011) (Fig. 1D, D”). These data show that satellite-like
cells in adult zebrafish express well-described satellite cell markers and are located in
positions consistent with the location of satellite cells in other organisms (Bentzinger et al.,
2012).

To evaluate the pax7a. GFP231 BAC transgenic zebrafish line (Seger et al., 2011) as a marker
for adult satellite-like cells, we examined overlap of Pax7 and pax7a:GFP expression in
uninjured muscle sections (Fig. SLA-B”). As expected, almost all Pax7-positive cells
express the pax7a:GFPtransgene (98%; 302/308 cells; n=3). The converse comparison
reveals that although the majority of pax7a:GFP transgene-expressing cells express Pax7
(72%; 302/422 cells; n=3), some are Pax7-negative (28%; 120/422 cells; n=3), possibly
reflecting GFP perdurance, ectopic transgene expression, or cytoplasmic cellular protrusions
for which the nucleus is out of the plane of section. To further clarify, we performed
experiments to assess overlap of pax7a:GFP, Pax7, and DAPI labeling (Fig. S1C-D”). Only
11% of pax7a:GFP-positive cells lack a DAPI-positive nucleus (42/398 cells; n=3) and thus
likely represent cytoplasmic protrusions of cells for which nuclear expression cannot be
assessed. Of the remaining pax7a:GFP-positive, DAPI-positive cells, the majority are Pax7-
positive (70%; 248/356 cells; n=3); those that are Pax7-negative (30%; 108/356 cells; n=3)
likely reflect GFP perdurance or ectopic transgene expression. Finally, virtually all Pax7-

positive cells are DAPI-positive (253/255 cells; n=3) (Fig. 1C-C™), further validating Pax7
as a bona fide satellite-like cell nuclear marker.

We find that the pax3a:GFPZ50 BAC transgene (Seger et al., 2011) is also expressed in adult
zebrafish satellite-like cells (Fig. S2). In uninjured adult muscle, a large fraction of Pax7-
expressing cells express the pax3a:GFPtransgene (90%; 75/84 cells; n=3), and conversely, a
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majority of pax3a:GFP-expressing cells also express Pax7 (67%; 75/112 cells; n=3) (Fig.
S2C, C’, C”, mustard arrowheads). Although we utilize pax3a.GFPand pax7a.GFP
transgenes as satellite-like cell markers in this work, we note that both are also expressed in
non-myogenic cells in the skin (pax3a.GFP expression at the outer edge in Fig. S2A,;
pax7a:GFPexpression at the outer edge in Fig. S2B) and spinal cord (Fig. S2A, arrowhead,
for pax3a:GFP expression; Fig. S1D, for pax7a:GFPexpression). In subsequent
experiments, a nuclear label (Pax7, DAPI, or EdU) is usually included to assess and quantify
marker and/or transgene expression.

Satellite-like cells are localized predominantly in the slow muscle domain

As in mammals, zebrafish slow muscle fibers contain many mitochondria compared to fast
muscle fibers (Fig. 1A, B; an example indicated by a mustard arrow) (Schiaffino and
Reggiani, 2011; Talbot and Maves, 2016; van Raamsdonk et al., 1980; Waterman, 1969),
consistent with the distinct oxidative capacity of these two cell types. However, unlike in
mammals, where slow and fast fiber types are often intermingled within muscles, zebrafish
slow and fast fibers are segregated into spatially distinct domains (see Fig. 2A) (Bassett and
Currie, 2003; Devoto et al., 1996; Elworthy et al., 2008; Jackson et al., 2015; Ju et al., 2003;
Nord et al., 2014; Waterman, 1969). To identify slow and fast muscle domains, we used two
transgenic lines: 7g(smyhcl:GFP)1%4 that expresses GFP in slow muscle (Fig. 2C, D)
(Elworthy et al., 2008) and Tg(mylpfa:mCherry)*?3327 that expresses mCherry in fast muscle
(Fig. 2E, F) (Ignatius et al., 2012). These two transgenes robustly identify the majority of
muscle fibers in the respective slow and fast muscle domains, but there are some non- or
weakly-expressing cells at the border between them that may be intermediate fiber types
(Elworthy et al., 2008; van Raamsdonk et al., 1980; Waterman, 1969). As expected, we find
that satellite-like cells are sparsely localized throughout most of the adult myotome;
however, they are enriched near the horizontal myoseptum, a slow muscle domain
(schematized in Fig. 2A). To quantify the difference, we counted Pax7-positive cells within
domains definitively labeled as slow muscle (Fig. 2C, D; cells to the left of the dotted blue
line in the symhcl:-GFP-positive domain) or fast muscle (Fig. 2E; cells to the right of the
dotted brown line in the mylpfa.mCherry-positive domain) and normalized to total myofiber
number in each domain. We find that Pax7-positive cells are 21-fold enriched in slow muscle
relative to fast muscle (Fig. 2B), with very few Pax7-positive cells seen deep within the
ventral myotome, a fast muscle domain (Fig. 2F).

Mechanical injury of adult zebrafish skeletal muscle results in Pax7-positive satellite-like
cell proliferation and a concomitant increase in Pax7-positive cells at the injury site

Pax7-expressing satellite cells are required for skeletal muscle regeneration after injury in
mammals (Lepper et al., 2011; Sambasivan et al., 2011). To determine whether adult
zebrafish satellite-like cells behave similarly, we injured tail skeletal muscle by a single
needle stick as previously described (Rowlerson et al., 1997) in the ventral myotome, to
avoid the dorsally-located spinal cord and the satellite-like cell populations near the
horizontal myoseptum (Fig. 3A). Fish were sacrificed daily from 2—7 dpi to assess whether
and when satellite-like cells are activated by skeletal muscle injury (Fig. 3A). We find that
Pax7-positive satellite-like cells increase after injury, peaking at 4 dpi and declining
thereafter (Fig. 3B; Fig. S3G). The increase in Pax7-positive cells in the injured region
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contrasts sharply to the minimal number of Pax7-positive cells found within the same ventral
myotome region of uninjured fish (see Fig. 2B, F”).

To assess proliferation after injury, we acutely labeled cells using EdU at each post-injury
time-point and observed the greatest numbers of EdU-positive cells at 2 and 3 dpi (Fig. 3C;
Fig. S3A-F, H). Consistent with the expectation that non-activated satellite cells are a
quiescent, non-dividing population, few Pax7-positive cells show EdU label in uninjured fish
(Fig. S2C’, C”, C”, white arrowheads); by contrast, many Pax7-positive, EdU-positive cells
are detected after injury, peaking at 3 dpi (Fig. 3D, E; Fig. S3A-F). Additionally, the
percentage of Pax7-positive cells that are EdU-positive is nearly 50% at 2 dpi, ~35% at 3
dpi, and less than 10% by 4 dpi (Fig. 3F). Between 2 and 4 dpi, we observe a 3-fold increase
in the number of Pax7-positive cells at the injury site (Fig. S3G), suggesting an expansion of
the Pax7-expressing cell population as a result of proliferation during that timeframe. Taken
together, these data show that Pax7-expressing satellite-like cells in adult zebrafish skeletal
muscle proliferate locally and robustly after needle stick injury.

Most Pax7-positive satellite-like cells express pax3a:GFP during adult zebrafish skeletal
muscle repair

After needle stick injury in the pax3a.GFP%? transgenic line (Seger et al., 2011), we
observe that pax3a:GFP-positive cell number, like Pax7-positive cell number, gradually
increases at the injury site and peaks in parallel with Pax7-positive cells (Fig. S4A, B). By 5
dpi, we observe a localized and robust activation of pax3a: GFP expression at the injury site
(Fig. S4D). Satellite-like cells that are Pax7-positive and pax3a.GFP-positive are found at
the injury site during a time of peak satellite-like cell response (Fig. S4D, D', white
arrowheads; Fig. S5D, G, white arrowheads). Quantification at 4 dpi indicates that 94% of
Pax7-positive cells are also pax3a. GFP-positive (Fig. S5G, white arrowheads, 544/575 total
cells counted; n=3), whereas only 6% are pax3a. GFP-negative (Fig. S4D’, blue arrowheads;
Fig. S5G, blue arrowheads, 31/575 total cells counted; n=3). Due to the cytoplasmic
localization of GFP, it is difficult to accurately quantify the percentage of pax3a. GFP-
positive cells that express Pax7 in sections (pax3a:GFP-positive, Pax7-negative cells are
shown by purple arrowheads in Fig. S4D" and Fig. S5G). Since a large fraction of Pax7-
expressing cells in uninjured muscle also express pax3a.GFP, it is not surprising that we find
that cells expressing both Pax7 and pax3a. GFP proliferate in response to injury (Fig. S5C,
mustard arrowheads; Fig. SSD-G, mustard arrowheads in G; compare with proliferation of
Pax7-positive cells in Figure 3). These data show that satellite-like cells expressing both
Pax7 and pax3a. GFPincrease in number near the injury site after skeletal muscle needle
stick injury.

Myoblast- and/or myogenic precursor-like cells that express myf5:GFP and myoD:GFP are
present during adult zebrafish skeletal muscle repair

At 4 dpi, we observe cells that are Pax7-negative, pax3a:GFP-positive, and EdU-positive at
the injury site (Fig. S5C, brown arrowheads). We hypothesized that these cells may be
derived from satellite-like cells that have down-regulated Pax7 (and are likely no longer
actively transcribing pax3a.GFP) and thus represent proliferating myogenic precursor cell
(MPC)-like cells or myoblasts that are progressing toward differentiation. In mammals,

Dev Biol. Author manuscript; available in PMC 2018 April 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Berberoglu et al.

Page 7

MPCs and myoblasts express the myogenic regulatory factors Myod and Myf5 (Bentzinger
et al., 2012), while late-stage myoblasts express Myogenin (Myog) as they differentiate into
myofibers. To determine whether myoblasts are present after injury, we performed injury in
the myod:GFP124 BAC transgenic line (Seger et al., 2011). We find myod:-GFP-positive
cells at the injury site at 4 dpi, some of which label with an acute pulse of EdU, suggesting
that injury induces a proliferating myoblast-like population in adult zebrafish (Fig. 4A-A",
arrowheads). myod:GFP-positive cells make up 15%, on average, of the total proliferative
population present at the injury site (4 dpi), slightly fewer than (but not significantly
different from) the percentage of proliferating Pax7-positive cells present (25%; Fig. 4B-C).
The number of cells expressing both myod:GFP and Pax7 is minor; the large majority of
Pax7-positive cells are myod:GFP-negative (90%; Fig. 4B-B”, white arrowheads; Fig. 4D),
further suggesting the existence of a myogenic population of cells distinct from (or possibly
derived from) the Pax7-expressing satellite-like cell population. Additionally, we further
investigated the presence of myaoblast-like cells by performing injury in adult zebrafish
carrying two transgenes: -80.0myf5:GFP?7 (myf5-driven GFP, hereafter ‘myf5:GFFP; Chen
et al., 2007) and myog-HZB-mRFP (myog-driven H2B (nuclear)-mRFP; Tang et al., 2016)
(Fig. 4E). At 5 dpi, we find myf5:GFP-positive cells at the injury site, some of which are
also myog:H2B-mRFP-positive (Fig. 4E-E”). The former are presumptive myoblasts or
MPCs, whereas the latter may be late-stage myoblasts or newly-forming myofibers in which
myi5-driven GFP perdures (Fig. 4E”, arrowheads). These data establish the presence of a
proliferating myoblast-like population post-injury in adult zebrafish skeletal muscle.

Rbfox2 and Rbfox1l RNA-binding proteins are differentially expressed in Pax7-positive
satellite-like cells during adult muscle repair

We previously showed that zebrafish rofox1/and rbfox2 genes are critical for embryonic
skeletal muscle development and function (Gallagher et al., 2011) and hypothesized that
they may also play important roles in adult skeletal muscle satellite-like cells. We generated
antibodies against Rbfox1l and Rbfox2, and verified specificity by western blot of wild-type
and Rbfox-depleted embryo extracts (Fig. S6A). In uninjured adult muscle, we find that
Rbfox2 is expressed prominently in Pax7-positive cells (Fig. S6B-B”; white arrowheads)
and in a minor subset of other nuclei (Fig. S6B-B”; gray arrowheads). Interestingly, some
cells within the myotome have nuclear-localized Rbfox2, while in other cells Rbfox2 is
cytoplasmic (Fig. S6E). Since Rbfox2 localizes with Pax7 in the nucleus of satellite-like
cells (Fig. S6B-B”) we infer that cytoplasmic Rbfox2 marks other, non-myogenic cell types
(such as blood or immune cells). In contrast, Rbfox1l is expressed in a subset of Pax7-
positive cells (Fig. S6C-C”; white arrowheads) but more prominently in most, if not all,
myog-H2B-mRFP-positive adult myofibers (Fig. S6D-D”), consistent with known muscle-
specific rbfox1/expression (Baxendale et al., 2009; Gallagher et al., 2011). In uninjured
muscle, Rbfox1l is consistently localized to the nucleus, seen by strong overlap with DAPI
(Fig. S6F).

To assess Rbfox expression during muscle repair, we performed immunohistochemistry to
detect Rbfox1l and Pax7 or Rbfox2 and Pax7 on adjacent sections at post-injury time-points
2—7 dpi (Fig. 5A). Rbfox1l is robustly expressed at the height of the satellite-like cell
response (4 dpi; Fig. 5B). The absolute number of Pax7-positive, Rbfox1l-positive cells at
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the injury site ranges from 10-35 cells, with no significant differences observed among post-
injury time-points (Fig. 5B; magnified 4 dpi example shown in Fig. 5C-C”; purple
arrowheads). Between 2—7 dpi, the percentage of Pax7-positive cells that are Rbfox1l-
positive ranges between 28-43%, with no significant difference observed among post-injury
time-points (Fig. 5D). Rbfox2 expression also peaks at 4 dpi, and precedes Rbfox1l
expression as deduced by examining adjacent sections (Fig. 5B, E; Fig. 5F-F”; purple
arrowheads). The absolute number of Pax7-positive, Rbfox2-positive cells at the injury site
ranges from 34-101 cells, with the greatest number observed at 3 and 4 dpi (Fig. 5E),
consistent with Pax7-positive cell response post-injury. In contrast with Rbfox1l, post-injury
Rbfox2 expression closely mirrors that of Pax7; almost all (98-99.5%) Pax7-positive cells
are Rbfox2-positive between 2—7 dpi, with no significant difference observed among time-
points (Fig. 5G). We also observe Rbfox2-positive cells that are Pax7-negative (Fig. 5F-F”,
blue arrowheads) and thus not satellite cells. These may represent differentiating myogenic
cells, or even non-myogenic and/or immune or blood cells, as Rbfox2 is expressed quite
broadly in zebrafish embryos (Gallagher et al, 2011) and in lymphocytic B-cells and
hematopoietic progenitor cells in mammals (Ponthier et al., 2006). These data show that
although RNA-binding proteins Rbfox1l and Rbfox2 are both expressed in quiescent and
activated satellite-like cells at some level, Rbfox2 is more prevalent in satellite-like cells
than Rbfox1l under both conditions. Additionally, during skeletal muscle repair, Rbfox2
expression precedes Rbfox1l expression at the injury site.

Rbfox1l, in contrast to Rbfox2, is expressed in differentiating muscle cells after injury

We hypothesized that Rbfox-expressing non-satellite cell populations might represent
differentiating myogenic cells. To test this, we analyzed Rbfox1l expression post-injury in
the myog.H2B-mRFP transgenic line (Fig. 6; myonuclei labeled in red). We find
myog-HZB-mRFP-expressing cells at the injury site starting largely at 4 dpi and persisting
thereafter, corresponding with onset of new myofiber formation (Fig. 6B). The absolute
number of Rbfox1l; myog.H2B-mRFP double-positive cells similarly increases at the injury
site (Fig. 6C, D). As in uninjured muscle (Fig. S6D”), Rbfox1l expression post-injury is
found mainly within differentiating cells, with myog-HZB-mRFP-positive nuclei accounting
for 71-95% of the total Rbfox1I-positive population between 4 and 7 dpi (Fig. 6E, 6F'—H’;
white arrowheads). Interestingly, Rbfox1l is expressed in nuclei (Fig. 6F —=H"; white
arrowheads) and cytoplasm (Fig. 6F'—H’; brown arrowheads) of newly-forming myofibers.

In similar experiments designed to characterize the Rbfox2-expressing non-satellite cell
population, we observe that Rbfox2 is expressed in fewer myonuclei during skeletal muscle
repair (Fig. 7A-C; F-H’, white arrowheads). Although the number of Rbfox2; myog:H2B-
mRFP double-positive cells trends upward after 3 dpi and until 6 dpi, the data are not
statistically significant among time-points (Fig. 7D). Additionally, myog.HZ2B-mRFP-
positive myonuclei only account for 23-35% of the Rbfox2-expressing population between
4 and 7 dpi (Fig. 7E), with no significant difference observed among post-injury time-points.
The Rbfox2-positive, myog.H2B-mRFP-negative cells we observe (see Fig. 7F'-H’ for
magnified example at 4 dpi) likely include a combination of Pax7-positive satellite-like cells
(Fig. 5F-G; Fig. STA-C) and other cell types. Together, these data show that although there
is overlap in Rbfox2 and Rbfox1l expression during post-injury repair, there are temporal
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expression differences, with Rbfox2 expressed earlier and predominantly in Pax7-positive
satellite-like cells and Rbfox1l expressed later in newly-forming myofibers.

New myofibers that form after injury in adult zebrafish skeletal muscle may be derived
from Pax7-positive satellite-like cells

Because murine satellite cells proliferate in response to injury and give rise to new muscle
during skeletal muscle regeneration (Bentzinger et al., 2012; Montarras et al., 2013), we
investigated whether adult zebrafish satellite-like cells give rise to new myofibers during
injury-induced repair. We used the Tg(pax7a:GFP)3L BAC transgenic line, which drives
GFP expression under control of pax7aregulatory elements (Seger et al., 2011), in
combination with Pax7 antibody labeling, to infer lineage relationships between satellite-like
cells and newly-forming myofibers (Fig. 8). As expected, we find satellite-like cells at the
injury site expressing both pax7a:GFPand Pax7 protein at 5 dpi (Fig. 8B-B”, arrowheads
point to examples). Other cells express GFP but no Pax7 protein (Fig. 8B—B”); these
pax7a.GFP-positive cells also express Myosin heavy chain (MyHC) (Fig. 8C-E; shown at 4
dpi), which is robustly expressed in newly-forming, small diameter myofibers. Detection of
pax7a:GFPin newly-forming myofibers (in the absence of Pax7 protein) suggests that
pax7a-driven GFP may perdure in satellite-like cells that give rise to new myofibers. We
observe a similar pattern in the pax3a:GFPtransgenic line at 4 dpi (Fig. 8F), with weaker
GFP expression in newly-forming myofibers that overlaps with differentiation marker
myog.-HZB-mRFP (Fig. 8F; white arrowheads). Additionally, we note that most of the newly
forming myofibers in adult zebrafish have peripheral nuclei, and only in rare cases is central
nucleation observed (Fig. 8F”, blue arrowhead). These observations implicate satellite-like
cells as a source of new muscle during adult zebrafish skeletal muscle repair.

Pax7 is required for skeletal muscle repair in adult zebrafish

Given that Pax7 is necessary for proper muscle development and regeneration in mammals
(Gunther et al., 2013; Oustanina et al., 2004; Seale et al., 2000; von Maltzahn et al., 2013),
we investigated whether Pax7 is required for adult zebrafish muscle repair. Due to a teleost-
specific genome duplication event, the zebrafish has two pax7 genes: pax7aand pax7b.
Because pax7aand pax7b are both expressed in larval and/or adult zebrafish satellite-like
cells and are implicated in repair and/or regeneration (Devoto et al., 2006, Feng et al., 20086,
Gurevich et al., 2016; Hollway et al., 2007, Knappe et al., 2015; Li et al., 2013; Nord et al.,
2013; Otten et al., 2012; Pipalia et al., 2016; Seger et al., 2011; Siegel et al., 2013;
Stellabotte et al., 2007; Windner et al., 2015; this study), we made loss-of-function
mutations in both genes (Fig. 9A, B). pax7a frame-shifting mutants (pax7a°?29 and
pax7a°%23) are Pax7 protein null by immunohistochemistry (Fig. S8A-B), are viable, and
show no obvious defects in skeletal muscle repair at 5 dpi (Fig. S8C-D). Similarly,
pax7b°?32 homozygous mutants display no significant difference in new myofiber formation
at 4 dpi, compared to wild-type siblings (Fig. S9). To fully investigate Pax7 function in
zebrafish muscle repair, we generated the pax7a®?2%, pax7b°%52 double mutant. pax7a°%23;
pax7b°?32 double mutants have pigmentation defects and survive to adulthood, consistent
with recently published observations (Nord et al., 2016). Using the needle-stick injury
paradigm, we find dramatic defects in adult skeletal muscle repair in pax7a; pax7b double
mutants (Fig. 9). At 4 dpi, newly-forming MyHC-positive, Rbfox1l-positive myofibers are
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readily apparent at the injury site in wild-type adults (Fig. 9C; pax7a*'~; pax7b*' sibling
control). In contrast, we observe a near-complete absence of Rbfox1l and MyHC labeling at
the injury site in pax7a ", pax767" double mutants (Fig. 9D). We counted myofibers in 75
um? regions within the injury site and find on average only 4 newly-forming myofibers in
pax7a": pax7b~ double mutants compared to an average of 45 newly-forming myofibers
per 75 um?2 within the injury site in pax7a*/~; pax76*'~ sibling controls (n=2 adults per
genotype; p<0.01, Student’s t-test; 176 total myofibers counted in pax7a*", pax7b*", 15
total myofibers counted in pax7a~; pax76~""). These data reveal that Pax7 function is
required for adult zebrafish skeletal muscle repair.

DISCUSSION

Muscle injury induces satellite-like cell activation and muscle repair in adult zebrafish
skeletal muscle

The discovery of Pax7 as a reliable marker for satellite cells in mouse (Seale et al., 2000) has
allowed investigators to examine whether similar cells are present in other model systems.
Building on the identification of Pax7-positive satellite-like cells in larval and adult zebrafish
(Berger et al., 2010; Hollway et al., 2007; Knappe et al., 2015; Seger et al., 2011; Siegel et
al., 2013; Tee et al., 2012; Zhang and Anderson, 2014), we investigated whether adult
zebrafish possess satellite-like cells that function in skeletal muscle repair. We find cells
situated within the basal lamina that contain dense heterochromatin, express Pax7,
proliferate in response to injury, and likely give rise to new myofibers during adult skeletal
muscle repair, all properties of satellite cells in mammals. Additionally, we have identified
that Rbfox2 and Rbfox1l are expressed predominantly in satellite-like cells and newly-
forming myofibers, respectively, during the muscle repair process (Fig. 10A, B). Overall, we
find Pax7, pax3a:GFP and Rbfox2 are expressed and EdU is incorporated during the time of
progenitor cell expansion and proliferation, while Rbfox1l and myog.H2B-mRFP are
expressed during later stages of myofiber differentiation during adult zebrafish skeletal
muscle repair (Fig. 10B). A summary of markers and their relative expression (or
incorporation, for EdU) levels during the post-injury time-course is depicted in Fig. 10B.
Our findings illustrate that the zebrafish is a suitable vertebrate model system to study adult
satellite cells and skeletal muscle repair.

Zebrafish adult muscle repair shares similarities with larval skeletal muscle repair

Previous studies in larval stage zebrafish revealed a population of Pax7-positive satellite-like
cells (Berger et al., 2010; Knappe et al., 2015; Seger et al., 2011). Additionally, pax7a-driven
GFP expression has been detected in cells concentrated at injury sites within 24-48 hours
post injury of larval zebrafish at 4-5 days post-fertilization (dpf) (Knappe et al., 2015; Seger
etal., 2011) and 7 dpf (Knappe et al., 2015). Similarly, we show that Pax7-expressing cells
in adult zebrafish muscle increase after injury, peaking at 4 dpi and then declining sharply;
this brief window of satellite cell expansion was not described in a previous adult study (Tee
et al., 2012) because the time-point examined (7 dpi) occurs after the transient period of
satellite cell expansion. Also similar to our adult findings, larval myofibers express
pax7a:.GFP after cardiotoxin injury at 4-5 dpf (Seger et al., 2011) and after extensive needle-
stick injury (using a wider-bore needle) at 4 and 7 dpf (Knappe et al., 2015), suggesting that
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pax7a-expressing zebrafish satellite-like cells contribute to new myofiber formation after
injury at both larval and adult stages. A previous study found that a large injury (in contrast
to small focal injury) is needed to induce pax7a:GFP expression in myofibers during larval
muscle repair (Knappe et al., 2015). Although it is possible that our adult needle stick
paradigm causes more extensive injury than focal injury in larval fish (Knappe et al., 2015),
we note that the pax7a.GFPtransgenic line used by Knappe and colleagues (2015) is distinct
from the line used in the cardiotoxin study (Seger et al., 2011) and our current study. Future
adult injury studies in both transgenic lines, that incorporate both small and large injuries
will aid in addressing potential differences. In all these studies, GFP perdurance in newly-
forming myofibers was used to infer that they are derived from pax7a:GFP-expressing
satellite-like cells, thus differences between lines, injury paradigms, or adult and larval
programs, could contribute to differences among studies. CreER-based lineage tracing
approaches will more definitively address the extent to which Pax7-expressing cells
contribute to new muscle after injury.

Injury-induced skeletal muscle repair in adult zebrafish: the use of stem/progenitor cells
versus dedifferentiation

Our findings indicate that adult zebrafish possess satellite-like cells that function like
mammalian satellite cells during skeletal muscle repair. Although pax7-driven GFP protein
perdurance supports the idea that satellite-like cells contribute to new muscle after injury, it
is not a definitive demonstration, and it is possible that new muscle forms by satellite cell-
independent mechanisms. Some adult zebrafish tissues, like heart, fin, extraocular muscle,
and retina, regenerate via dedifferentiation of mature cell types without using a specific
precursor population (Geurtzen et al., 2014; Jopling et al., 2010; Knopf et al., 2011; Poss et
al., 2002; Ramachandran et al., 2010; Saera-Vila et al., 2015; Saera-Vila et al., 2016; Sousa
etal., 2011; Stewart et al., 2012; Wan et al., 2012). Particularly relevant to our study, post-
injury regeneration of adult extraocular skeletal muscle uses dedifferentiation (Saera-Vila et
al., 2015; Saera-Vila et al., 2016), demonstrating that some skeletal muscle types are
repaired using satellite cell-independent mechanisms. However, another study using Cre/lox-
based lineage tracing approaches found that dedifferentiation does not occur during
regeneration of larval zebrafish tail muscle following amputation (Rodrigues et al., 2012).
Additionally, recent studies have described larval zebrafish trunk muscle progenitor cell
populations that contribute to new muscle fibers during repair after needle-stick injury
(Gurevich et al., 2016; Pipalia et al., 2016). Using lineage tracing, Gurevich and colleagues
(2016) found no evidence for dedifferentiation during larval trunk skeletal muscle repair.
Our work strongly suggests that a local satellite-like cell population contributes to adult
zebrafish skeletal muscle repair, but future lineage tracing studies will provide definitive
evidence.

Pax3-expressing cells also contribute to muscle repair in both fish and mice

In this study, we have shown that zebrafish pax3a:GFP-positive satellite-like cells, like
pax7a:.GFP-positive satellite-like cells, are induced at the site of muscle injury and likely
contribute to the repairing myotome. Because baseline pax3a:GFP transgene expression in
larvae and adults is different, it is difficult to directly compare our results to a study
performed in pax3a. GFPtransgenic larval fish (Seger at el., 2011). In our study, the number
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of pax3a.GFP-expressing cells is very low in uninjured adult muscle and robustly increases
after injury; by contrast, there are already many pax3a:GFP-expressing cells in uninjured
larval skeletal muscle and further increases are not observed after cardiotoxin-induced
muscle injury (Seger et al., 2011). Additional larval studies are needed to distinguish
whether the difference reflects variation in regenerative potential of pax3a.GFP-expressing
cells or in differential expansion of the population.

In mammals, Pax3 is differentially expressed in satellite cells associated with different
muscles; the mouse diaphragm contains more Pax3-expressing cells than Pax7-expressing
cells, whereas tibialis anterior (TA) satellite cells primarily express Pax7 and not Pax3
(Kassar-Duchossoy et al., 2005; Montarras et al., 2005; Relaix et al., 2005). Coupled with
knockout studies (Gunther et al., 2013; Relaix et al., 2005; Seale et al., 2000; von Maltzahn
et al., 2013), the idea emerged that Pax3 and Pax7 may have both overlapping and distinct
functions in murine satellite cells. In adult zebrafish, we find Pax7-expressing and
pax3a.GFP-expressing cells in injured muscle, some of which express both Pax7 and
pax3a.GFP (94% of Pax7-positive cells are also pax3a.GFP-positive), whereas others
express only Pax7 or pax3a:GFP. Using GFP perdurance in pax7a.GFPand pax3a:GFP
transgenic lines, we infer that both pax7a:GFP- and pax3a:GFP-expressing cells can
generate new myofibers after injury; however, whether there is an independent population of
Pax3-positive (but Pax7-negative) satellite-like cells that contributes to muscle repair after
injury remains to be determined. As little is currently known about satellite cell sub-
populations and whether they are differentially involved in skeletal muscle repair, future
studies may provide novel insight into satellite cell heterogeneity and function.

Satellite-like cell localization in the zebrafish myotome and implications for the muscle
stem cell niche and fiber type repair and regeneration

We have shown that adult zebrafish satellite-like cells are enriched within uninjured slow
muscle, at the horizontal myoseptum, and at the boundary between fast and slow muscle
domains. The differential localization of satellite-like cells is readily apparent due to the
well-described spatial segregation of slow and fast muscle domains of the zebrafish
myotome (Bassett and Currie, 2003; Devoto et al., 1996; Elworthy et al., 2008; Jackson et
al., 2015; Ju et al., 2003; Nord et al., 2014; Waterman, 1969). In the zebrafish larval
myotome, pax7a-expressing satellite-like cells are also concentrated largely around the
edges of the slow muscle domain and at the horizontal myoseptum (Hollway et al., 2007;
Knappe et al., 2015; Seger et al., 2011). We hypothesize that these areas represent a satellite-
like cell niche. Intriguingly, previous work in the mouse also reported that more satellite
cells associate with slow versus fast fibers (Collins et al., 2005; Shefer et al., 2006). Does the
preferential association of satellite cells with slow muscle fibers have implications for
regenerative capacity of slow versus fast fibers? Do resident satellite cells give rise to slow
and fast muscle equivalently, or is there a hierarchical process (Wang et al., 2015)? Finally,
do pax7aand/or pax3a-expressing satellite-like cell populations differentially contribute to
fast and slow muscle? Studies that employ lineage-tracing methods and fiber type-specific
transgenic lines will further investigate the relationship between satellite cell sub-
populations and muscle fiber type regeneration.
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Functional implications for Rbfox1l and Rbfox2 in skeletal muscle repair

It has long been appreciated that many molecular mechanisms regulating development of
embryonic cells into differentiated tissue types are re-utilized during tissue regeneration and
repair in adults. In this work, we show that Rbfox2 and Rbfox1l protein expression in the
zebrafish adult myotome parallels what we previously described for rbfox2and rbfox1/
transcript expression in embryos (Gallagher et al., 2011), with Rbfox2/rbfox2 expression
higher in less differentiated myogenic progenitor cells and Rbfox1l/rbfox1/expression
increasing as cells differentiate into muscle. We hypothesize that Rbfox proteins regulate a
muscle-specific splicing program that is employed first during embryonic muscle
development and later in adult skeletal muscle satellite cells. Based on their expression
patterns, we propose that Rbfox2 promotes satellite-like cell specification and/or
maintenance, while Rbfox1l promotes satellite-like cell differentiation.

Do Rbfox proteins function in muscle regeneration and repair? RBFOX2 is required for
human embryonic stem cell survival (Yeo et al., 2009) and promotes differentiation of
human induced pluripotent stem cells (Menables et al., 2013). While Rbfox2 is expressed in
many mammalian cell types including muscle, blood, embryonic, and neuronal cells
(Dietrich et al., 2015; Underwood et al., 2005; Yeo et al., 2007), most Rbfox2 studies have
focused on neuronal function (Gehman et al., 2012; O’Brien et al., 2012; Underwood et al.,
2005; Weyn-Vanhentenryck et al., 2015; Yeo et al., 2007), though one recent study focused
on Rbfox2 function in the mouse heart (Wei et al., 2015). However, whether Rbfox2 is
expressed in mouse satellite cells, and/or functions during skeletal muscle development,
growth, and/or regeneration has not been studied. The closest murine Rbfox1l homolog,
Rbfox1, is primarily studied as a regulator of neuronal splicing (Gehman et al., 2011;
Hamada et al., 2016; O’Brien et al., 2012; Weyn-Vanhentenryck et al., 2015), but is also
expressed in heart and skeletal muscle (Kalsotra et al., 2008; Kiehl et al., 2001; Underwood
et al., 2005). Surprisingly, conditional and partial Rbfox1 depletion in satellite cells does not
affect muscle regeneration, with the caveat that only ~70% knockdown was achieved
(Pedrotti et al., 2015). Recent work in C2C12 cells has identified a requirement for Rbfox1
and Rbfox2 in myotube differentiation in vitro (Runfola et al., 2015). Future studies in
satellite cells in vivo and during regeneration may shed light on potential roles for Rbfox
RNA-binding proteins in satellite cell regulation and skeletal muscle regeneration in
vertebrates.

Do Rbfox proteins have non-nuclear functions?

We observe strong cytoplasmic Rbfox1l expression in newly-forming myofibers, which is
intriguing since Rbfox proteins have been largely studied as regulators of alternative
splicing, a nuclear function. We also observe cytoplasmic Rbfox2 in what appear to be non-
muscle cells located between uninjured muscle fibers. Similarly, cytoplasmic Rbfox
expression has been observed in neural tissue (Hamada et al., 2013; Lee et al., 2016), in
germ cells (Carreira-Rosario et al., 2016), and various cell lines (Lee et al., 2009; Nakahata
and Kawamoto, 2005), and a recent study has identified a role for cytoplasmic Rbfox1 in
cortical development (Hamada et al., 2015). Since rbfox transcripts themselves are also
targets of alternative splicing (Baraniak et al., 2006; Damianov and Black, 2010; Dredge and
Jensen, 2011; Lee et al., 2009; Nakahata and Kawamoto, 2005; Yang et al., 2008), it is
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possible that cytoplasmic Rbfox1l reflects post-transcriptional auto-regulation that tunes the
level of Rbfox1l-regulated splicing events in the nucleus. Alternatively, or perhaps
additionally, Rbfox1l may have cytoplasmic function(s) that influence transcript stability,
localization, and/or translation as has been described for other RNA binding proteins (RBPs)
(Blech-Hermoni and Ladd, 2013; Darnell and Richter, 2012). There is precedent for RNA-
binding proteins having dual roles in both the nucleus and cytoplasm, as has been reported
for Drosophila ELAV proteins (HuB, C, and D) (Bolognani and Perrone-Bizzozero, 2008;
Fukao et al., 2009; Zhu et al., 2006). Indeed, recent work shows that RBFOX1/Rbfox1 may
promote mRNA stability in mammals (Ray et al., 2013; Lee et al., 2016); for example,
cytoplasmic Rbfox1 has been shown to regulate expression of autism-associated genes by
binding neuronal transcript 3° UTRs at sites that overlap significantly with miRNA binding
sites (Lee et al., 2016). Additionally, regulation by Rbfox1 has been observed at the level of
translation, whereby Drosophila Rbfox1 represses translation of transcripts containing
3’UTR Rbfox binding elements (Carreira-Rosario et al., 2016). Interestingly, Rbfox2 can
regulate miRNA biogenesis by binding to miRNA precursors in mammalian cells (Chen et
al., 2016). Taken together, we conclude that Rbfox proteins have important and conserved
cellular regulatory functions in both the nucleus and cytoplasm.

Is Pax7 function in adult skeletal muscle repair conserved among vertebrates?

Several studies have established that Pax7 is required for proper adult skeletal muscle
regeneration (Gunther et al., 2013; Oustanina et al., 2004; von Maltzahn et al., 2013), though
another study indicated that Pax7 is dispensable (Lepper et al., 2009). The former studies
found that regeneration was impaired after cardiotoxin injury in Pax7 mutants, especially
after multiple rounds of injury (Gunther et al., 2013; Oustanina et al., 2004; von Maltzahn et
al., 2013). In our study, we have shown that pax7a;, pax7b double mutant zebrafish are
defective in adult skeletal muscle repair, revealing that pax7function is conserved during
skeletal muscle regeneration in mice and zebrafish.

Is impaired regeneration in Pax7 knockout mice due to a diminished satellite cell population
or a diminished ability of satellite cells to participate? Pax7 is required for satellite cell
maintenance in adult mice, as conditional knockout of Pax7 results in decreasing numbers of
satellite cells over time (Gunther et al., 2013; von Maltzahn et al., 2013). However, it is
unclear from these studies whether the few remaining satellite cells are able to proliferate
and mount a satellite cell response post-injury, as satellite cell numbers were assessed at
later post-injury time-points when regeneration is normally complete. Intriguingly, a
previous study has reported that Pax7-lacZ-positive cells actually increase after injury in
adult Pax7knockout mice (Oustanina et al., 2004), suggesting that satellite cells may be able
to proliferate post-injury, but are unable to properly differentiate. Whether Pax7 is required
for proliferation and/or maintenance of satellite cells or for satellite cell differentiation
remains to be confirmed. Future work in both mice and fish will resolve which aspects of
regeneration are controlled by Pax7.
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EXPERIMENTAL PROCEDURES

Zebrafish Strains and Maintenance

Zebrafish strains were maintained according to The Ohio State University Institutional
Animal Care and Use Committee (IACUC). Adult zebrafish between 2 and 6 months of age
were used in our experiments, except in Figure 4E-E” where the fish were 12 months old.
Three to five adult zebrafish (of random sex) were used in experiments shown in Figs. 1, 2,
and 8. Two adult zebrafish (of random sex) were used for each time-point and/or genotype in
injury time-course experiments (Figs. 3, 5, 6, 7 and supplements to these figures), pax7a,
pax7b double mutant analysis (Fig. 9, S8, S9), and Fig. 4 A-D (3 adults were analyzed in
Fig. 4E). Zebrafish lines used were the AB wildtype strain, the BAC transgenic lines

T9BAC (pax3a:GFP)50 and TgBAC(pax7a:GFP)13I (Seger et al., 2011), the dmart9%aGt
transgenic insertion line that expresses Dystrophin-Citrine fusion protein (Trinh et al., 2011)
and is referred to as Dystrophin FlipTrap in our work, Tg(smyhcl:EGFP)1%4 (Elworthy et
al., 2008), Tg(mylpfa:mCherry)°?3327 (Ignatius et al., 2012), TgBAC(myod-GFP)124 (Seger
etal., 2011), Tg(-80.0myf5:EGFP)F’7 (Chen et al., 2007), Tg(actal:GFP)*™23 (also known
as alpha-actin.GFP, Higashijima et al., 1997), and 7g(myog:HZ2B-mRFP) (Tang et al.,
2016). pax7a°?19, pax7a°723 and pax76°?52 mutant zebrafish were generated in this study
(see below). All mutant experiments were performed on zebrafish derived from F2 or later
filial generation incrosses. The allele combination used for double mutant analysis was
pax7a%%23. pax 760732,

Needle-stick injury procedure

Needle-stick injury was performed as previously described (Rowlerson et al., 1997). Adult
zebrafish were anesthetized with Tricaine (0.004% diluted in fish system water), and muscle
injury was performing by inserting and withdrawing a 27 gauge needle (0.4 mm) into the
ventral myotome of the post-anal tail. Ventral myotome injury was performed to avoid
damaging satellite-like cell populations at the horizontal myoseptum and the spinal cord.
Zebrafish were returned to fresh water and monitored after injury. Zebrafish lacking full
recovery (e.g. showing excessive bleeding and/or lethargic swimming) were euthanized.
Injured zebrafish were housed and fed per normal protocols for 2 to 7 dpi until analysis.

Rbfox1l and Rbfox2 antibody production

Using Genomic Antibody Technology (SDIX LLC), polyclonal antibodies were raised in
rabbits against divergent N-terminal regions of zebrafish Rbfox1l and Rbfox2. For anti-
Rbfox1l, an immunogen of 81 amino acids spanning positions 30-110 was affinity purified
and validated by ELISA against recombinant Rbfox1l protein. For anti-Rbfox2, an
immunogen of 80 amino acids spanning positions 34-113 was affinity purified and validated
by ELISA against recombinant Rbfox2 protein. Immunogenic peptides are:

Rbfox1l Immunogen sequence:
GAAAQEAGPGNGDPSLPQVYAPPPSYPPPGQAPPTPAARLPPLDFSAAHPNSE
YADHHQLRY YQGPQHDGTESITASNTDD
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Rbfox2 Immunogen sequence:
PPPQNGLSLEFSSGGGGSSVYSSSGQTEAVAGTSSGASNPSTQLSDASPQPDNQ
LVLVSNAV AIREDSSEAKGTPKRLHV

Rbfox1l and Rbfox2 antibody validation

Zebrafish Rbfox1l and Rbfox2 polyclonal antibodies were validated by immunoblot analysis
of embryo lysates from uninjected wild-type and Rbfox1l- and/or Rbfox2-depleted
morphant embryos. To obtain Rbfox-depleted morphant samples, rbfox1/and rbfox2 splice-
blocking morpholinos, 5 -GCATTTGTTTTACCCCAAACATCTG-3” and 5'-
TATAATGCTTTATATACCCCGAACA-3’, respectively, were injected into the yolk of 1-cell
stage embryos as previously described (Gallagher et al., 2011) and raised at 28.5°C for 24
hours. Zebrafish embryos were manually dechorionated at the 24 hpf stage and rapidly
pipetted in cold Cell Resuspension Buffer (116 mM NaCl, 2.9 mM KCI, 5.0 mM HEPES,
pH 7.2, 0.1 mg/mL Soybean Trypsin Inhibitor, Complete Protease Inhibitor Cocktail
[Roche]). Cell lysis was performed in 2X LDS Buffer (Life Technologies). Cell extract
equivalent to 2 embryos was loaded per lane, electrophoresed, and transferred to PVDF
membrane using the Iblot semi-dry transfer system (Invitrogen). The blot was first probed
with anti-Rbfox2 primary antibody (1:2500) and AP-conjugated goat anti-rabbit secondary
antibody (1:10,000), developed, stripped according to the Western Superstar protocol, and
then re-probed with anti-Rbfox1l primary antibody (1:2500) and AP-conjugated goat anti-
rabbit secondary antibody (1:10,000). Blots were developed using the Western Superstar Kit
(Applied Biosystems) according to manufacturer protocol. A separate blot loaded with the
same protein lysates was processed at the same time, probed with anti-alphaTubulin primary
antibody (1:2500) and AP-conjugated anti-mouse secondary antibody (1:10,000).

pax7a and pax7b mutant generation

pax7aand pax7b zebrafish mutants were generated using previously described CRISPR
methods (Talbot and Amacher, 2014). For pax7a, a guide RNA (gRNA) targeting Exon 2
was synthesized from the following CRISPR target sequence:
GGCGGATAGACCCGGTCTCC. gRNA and Cas9 mRNA were co-injected into one-cell
stage zebrafish embryos. Injected embryos were grown to adulthood, and progeny from
wild-type outcrosses were screened to identify germline-transmitting founders. Two frame-
shifting alleles were generated: 0z19 (10 base-pair insertion) and 0223 (2 base-pair deletion)
(see Fig. 9A). Genotyping for 0z19was performed using pax7a forward 5'-
TATCCGACCCTGTGTTATCTCCAGAC-3” and reverse 5'-
AATCGTTCACTCACCCTCGGTTTG-3" primers. The pax7a°?29 amplicon (147 bp) is
distinguished from the wild-type amplicon (137 bp) by size on an agarose gel. Genotyping
for 0z23was performed using pax7a forward 5" -GGTCAAGGTCGAGTCAATCAAC-3’
and reverse 5" -AGCTGAACATCCCTGGATTCTC-3" primers. Avall digestion cuts the
pax7a°%23 amplicon into two products (300 bp, 176 bp), whereas the wild-type amplicon is
not cut (478 bp). For pax7b, a guide RNA targeting Exon 2 was synthesized from the
following CRISPR target sequence: GGATTTTGGACACGCAGCCA. A 1 bp frame-shifting
allele, 0232, was generated (see Fig. 9A). Genotyping for 0z32was performed using pax7b
forward 5"-CATCAATGGCAGGCCTTTGC-3" and reverse 5’-
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CACACCCCGTCCTTCAACAG-3" primers. Fnu4HI digestion cuts the wild-type amplicon
into two products (425 bp, 110 bp), whereas the pax76°232 amplicon is not cut (534 bp).

Tissue processing and immunohistochemistry

Adult zebrafish were anesthetized with Tricaine (0.004% diluted in fish system water) and
fixed overnight in 4% PFA by immersion fixation. The following day, tail skeletal muscle
was isolated using a razor blade and washed in a glass vial containing 1X PBS for 10
minutes. Subsequently, 1X PBS solution was replaced with a solution of 30% sucrose in 1X
PBS (cryopreservation), and samples were placed on a rocker for approximately 3 hours at
room temperature until tissue samples sank to the bottom of vial. Muscle tissue was
embedded in OCT (Sakura Finetek), frozen on a slab of dry ice, and cut using a Microm 550
cryostat into 25 um thick cryosections onto Superfrost Plus Microscope slides (Thermo
Fisher Scientific) and stored at —20°C. Sections of the injury area anterior to and including
the needle lesion were collected. Immunohistochemistry was performed as previously
described for adult zebrafish tissue sections (Berberoglu et al., 2009; Berberoglu et al.,
2014). Briefly, slides were washed in 1X PBS at room temperature to rehydrate tissue and
remove OCT, and then incubated in PBS + 0.5% Triton X-100 for 10 minutes to
permeabilize membranes. Slides were washed in 1X PBS for 15 minutes, blocked in PBS
+ 3% bovine serum albumin (BSA) for 1-2 hours at room temperature, and incubated in
primary antibody overnight at 4°C. The following day, slides were washed 2-3 times with
1X PBS over 1 hour, followed by PBS + 0.1% Triton X-100 for 10 minutes. Slides were
then incubated in secondary antibody (diluted in PBS + 0.1% Triton X-100) for 2 hours at
room temperature. Slides were washed 2—-3 times for 30 minutes in 1X PBS, mounted with
fluorescent mounting medium (Dako), and coverslipped. In our experiments, anti-GFP
antibody was used to amplify GFP signal.

The following primary antibodies were used at the indicated dilutions: mouse anti-Pax7
(DSHB; 1:20); chicken anti-GFP (ab13970, Abcam; 1:2000), rabbit anti-Rbfox2 (1:1000),
rabbit anti-Rbfox11 (1:1000), rabbit anti-Laminin (L9393, Sigma; 1:100), mouse anti-MyHC
(A4.1025, DSHB; 1:1000). The following Alexa Fluor secondary antibodies were used at
1:200 dilution: anti-chicken 488, anti-rabbit and anti-mouse 488, 568, and 647 (Thermo
Fisher Scientific).

Intraperitoneal EdU injection to label S-phase cells

For EdU labeling experiments, adult zebrafish were injected intraperitoneally following
Tricaine anesthetization with 20 uL of 10 mM EdU (5-ethynyl-2”-deoxyuridine; Life
Technologies) diluted in 1X PBS. Zebrafish were returned to fresh water after injection and
monitored for recovery from anesthesia. Fish that did not regain consciousness were
euthanized per IACUC protocol. For EdU pulse experiments (acute EdU labeling), zebrafish
were housed for 4 hours to allow for EAU incorporation before fixation and tissue processing
as described above. For EdU labeling on tissue sections, the click-chemistry reaction was
performed as described (Invitrogen Life Technologies). Following PBS + 0.5% Triton
incubation and 15 minute 1X PBS wash (described above), a 10 minute incubation of EdU
labeling solution (in the dark) is the optimal labeling time used in our experiments.
Incubation is followed by a 15-minute wash with 1X PBS before blocking.
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Transmission Electron Microscopy

Transmission electron microscopy was performed according to standard procedures set by
the OSU Campus Microscopy & Imaging Facility. Methods were adapted for adult zebrafish
skeletal muscle as follows. In brief, adult zebrafish were anesthetized and then decapitated to
sacrifice. Skin was removed from tail muscle region of interest, and a transfer pipette was
used to place a few drops of fixative (2% glutaraldehyde in 0.1M phosphate buffer, pH 7.4)
onto the tissue. After a few minutes, tail muscle tissue was dissected out and fixed (same
fixative) an additional 15 minutes (in a small dish). Tissue from both slow and fast-twitch
muscle fiber domains was cut into small pieces (Imm x 2mm, to aid in orientation, using a
fine scalpel) and fixed in vials overnight at 4°C. Samples were embedded using standard
procedures for TEM, and thick sections were taken and stained with toluidine blue.
Orientation was assessed, and thin sections (70-90 nm; cross-sections) were then taken from
a smaller area of the block for labeling and imaging.

Confocal imaging, image processing, and statistical analyses

Samples were imaged using a Leica TCS SL point-scanning laser confocal inverted
microscope or an Andor Revolution WD spinning disk laser confocal microscope system
(Inverted Nikon TiE microscope). Confocal projection images (~15um or narrower) and
single confocal z-sections (0.5-1 um) were used to assess co-localization of markers. For
quantification, all cells counted had at least one marker localized to the nucleus to ensure
accurate cell counts. Cells were counted manually on 2 sections from each of 2—3 adult
zebrafish per genotype and/or time-point using NIH ImageJ. Cell counts over 2 sections
were averaged per adult zebrafish; percentages of cells are reported based on an average of
averages (for statistical comparisons). Numbers of cells counted in experiments are reported
as absolute numbers (without averaging between sections). Graphpad Prism 7 was used for
statistical analysis. Adobe Photoshop CS6 and NIH ImageJ were used for image processing.
Student’s t-test was performed for statistical comparison of two conditions. For injury time-
course experiments, a One-Way ANOVA followed by Tukey’s multiple comparisons test
was performed. p*<0.05, p**<0.01, p***<0.001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

Cells similar to mammalian satellite cells are present in adult zebrafish
skeletal muscle.

Adult Pax7-positive satellite-like cells proliferate and contribute to skeletal
muscle repair after injury.

RNA-binding proteins Rbfox2 and Rbfox1l are expressed in satellite cells
and regenerating myofibers, respectively, during skeletal muscle repair.

Pax7 is required for skeletal muscle repair in adult zebrafish.
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Figure 1. Cells with satellite cell features are present in adult zebrafish skeletal muscle
(A-B) Transmission electron microscopy (TEM) on adult zebrafish tail skeletal muscle from

slow-twitch (A-A") and fast-twitch (B-B”) muscle fiber domains. (A) TEM of slow muscle
reveals mitochondrial-rich muscle fibers (mustard arrow points to a cluster of dark gray
mitochondria), putative satellite-like cells (SLCs; white arrowheads), and myonuclei (MN;
blue arrowhead points to a myonucleus). (A") Higher magnification view of a SLC
containing dense heterochromatin (white arrowhead) and surrounded by basal lamina (red
arrow). (A”) A myonucleus (MN; blue arrowhead) located within the muscle fiber
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membrane. Myonuclei are characterized by a lack of dense heterochromatin and often by a
prominent nucleolus (orange arrow). An adjacent myofibril is indicated by a blue arrow. (B)
TEM of fast muscle reveals fewer mitochondria, a putative SLC (white arrowhead), as well
as myonuclei (MN, blue arrowheads). (B") Higher magnification view of a SLC containing
dense heterochromatin (white arrowhead) and surrounded by basal lamina (red arrow). (B”)
A myonucleus (MN; blue arrowhead) located within the muscle fiber membrane shows
similar characteristics to slow muscle myonuclei. (CC’”) Pax7-positive cells (red; white
arrowheads) are localized within the basal lamina of adult zebrafish skeletal muscle (anti-
Laminin in green) (inset shows enlarged view of Pax7-positive cell). DAPI labeling confirms
Pax7 localization in nuclei. (D-D") Pax7-positive cells (red; arrowheads) are located outside
of the muscle fiber membrane, marked by a Dystrophin FlipTrap transgenic line. (D”)
Magnified view of boxed region in D. Scale bar in A, Bis 2 um, in A", A”,B” is 1 ym, in

’

B” is 500 nm, and in C and D is 30 pum.
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Figure 2. Adult zebrafish satellite-like cells are concentrated predominantly in slow muscle
(A) Schematic of cross-section through adult zebrafish trunk musculature, depicting fast-

twitch (red) and slow-twitch (green) muscle fiber domains and a concentration of SLCs
(black dots) within the slow muscle domain. The horizontal myoseptum is indicated by a
brown line; the gray circle at the dorsal midline depicts the spinal cord. (B) The number of
Pax7-positive cells, normalized to total myofiber number, is significantly higher in slow
versus fast muscle; Student’s t-test (p**<0.01). (C-C”) Pax7-positive cells (in red) are more
common within slow muscle. Slow muscle fibers are marked with smy#hci-driven GFP (left
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of the dotted blue line). The boundary between slow and fast muscle fiber domains is
marked by a dotted white line. The area between dotted blue and dotted white lines may
represent muscle fibers with an intermediate identity. The horizontal myoseptum is indicated
by a brown line. (D-D”) Higher magnification view of slow muscle. For quantification
shown in B, Pax7-positive cells (D”; examples depicted by blue arrowheads) within the
smyhcl:.GFP-positive domain (left of the dotted blue line) were counted and normalized to
the number of smyhcl:GFP-positive myofibers in the same area. (E-E”) Pax7-positive cells
(in green) are rare within ventral fast muscle. Fast (ventral) muscle fibers are marked with
mylpfa-driven mCherry (right of the dotted brown line). The area between dotted brown and
white lines (weakly expressing myilpfa:-mCherry) may represent intermediate muscle fiber
identity. A dotted white line separates fast and slow muscle domains. (F-F”) Higher
magnification image of fast muscle. For quantification shown in B, Pax7-positive cells (F”;
blue arrowheads) within the myipfa:mCherry-positive domain were counted and normalized
to the number of myipfa:mCherry-positive myofibers in the same area. Scale bar in C” and
E” is 150 um and in D” and F” is 75 pm.
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Figure 3. Satellite-like cells in adult zebrafish skeletal muscle proliferate after mechanical injury
(A) Schematic of experimental procedure, in which mechanical injury is performed by a

single needle-stick into tail skeletal muscle. The approximate position of needle-stick injury
in the ventral myotome is indicated in cross-sectional view. EAU was administered (gray
arrowhead) by intraperitoneal injection at each post-injury time-point, allowing for EdU
incorporation into S-phase cells, and fish were sacrificed 4 hours later (acute EdU labeling).
Tissue was collected at 2, 3, 4, 5, 6, and 7 dpi. (B) Pax7-positive cell numbers increase at the
injury site and peak at 4 days post-injury (dpi). (C) Acute EdU labeling indicates robust
proliferation at the injury site at 2 and 3 dpi that declines thereafter. (D) Overlap of Pax7 and
EdU at 3 dpi indicates satellite-like cell proliferation post-injury. (E) Quantification of Pax7
and EdU double positive cells at each post-injury time-point reveals a peak number of
proliferating satellite-like cells at 3 dpi in an 375 um? area encompassing the injury site:
p*<0.05; p**<0.01. (F) Quantification of the percentage of Pax7-positive cells that are EdU-
positive (out of total Pax7-positive cell population) at each post-injury time-point indicates
that nearly 50% of Pax7-positive cells are proliferating at 2 dpi, and ~35% are proliferating
at 3 dpi. The percentage of Pax7-positive cells that are EdU-positive at later post-injury
time-points (4-7 dpi) is significantly less; p*<0.05; p**<0.01. One-way ANOVA followed
by Tukey’s multiple comparisons test was performed for statistical analyses. Scale bar in all
panels is 75 pm.
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Figure 4. Myoblast-like cells, detected using myf5: GFP and myod: GFP transgene expression, are
present post-injury in adult zebrafish skeletal muscle

(A) The myod:GFPtransgenic line identifies myoblast-like cells at 4 dpi. (A"-A"")
Magnified view of boxed area in A, showing myod:GFP expression (A"), EdU incorporation

r

after an acute EdU pulse (A”), and the overlay (A" ") at 4 dpi. Double-positive cells are

r

indicated by arrowheads. (B-B" ") At 4 dpi, myod:GFP-expressing cells are largely Pax7-
negative (examples indicated by arrowheads). (C) Percentage of total proliferating cells (i.e.
those that incorporate EdU) at 4 dpi that are Pax7-positive (25%) versus myod:GFP-positive
(15%). The percentage of proliferating cells that are Pax7-positive (25%) is similar to that
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shown in Fig. S31 and is slightly higher than the percentage of proliferating cells that are
myod.-GFP-positive (15%), although the difference is not statistically significant. (D)
Percentage of Pax7-expressing cells at 4 dpi that are myod:GFP-positive (10%) versus
myod.:GFP-negative (90%), p**<0.01. (E) myf5:GFP-positive cells are present at the injury
site at 5 dpi. (E”) Magnified view of boxed region in E. (E”) Magnified view of boxed region
in E” reveals myf5:GFP-positive cells that are myog.H2B-mRFP-positive (arrowheads).
Scale bar in A and E” is 75 pm, in E is 150 um, and in A’-B”” and E” is 30 pm.
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Figure 5. Satellite-like cells express Rbfox1l and Rbfox2 RNA-binding proteins after mechanical
injury of adult zebrafish skeletal muscle

(A) Schematic of experimental procedure, which is identical to that described Fig. 3A. (B)
Rbfox1l (green) is robustly expressed beginning at 4 dpi, coinciding with the onset of new
myofiber formation. Pax7 expression (overlaid in red) is the same as shown in Fig. 3C; the
merge here shows overlap of Pax7 and Rbfox1l expression. The boxed region at 4 dpi is
magnified in C-C”. (C-C”) Magnified view of boxed area in B, showing expression of
Rbfox1l (C) and Pax7 (C"), and the overlay (C”) at 4 dpi. Examples of Pax7-positive,
Rbfox1I-positive cells are indicated by purple arrowheads and of Pax7-negative, Rbfox1l-
positive cells by blue arrowheads. Rbfox1l expression is observed in the cytoplasm of
presumptive newly-forming myofibers (orange arrowheads indicate examples). Rbfox1l
expression in uninjured areas surrounding the injury site appears less uniform in muscle
fiber nuclei (compared to Fig. S6 D-D”) as laser intensity was reduced to prevent over-
saturation of signals within the injury site. (D) Ratio of Pax7-positive cells that are Rbfox1I-
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positive at post-injury time-points 2—7 dpi. (E) Onset of Rbfox2 expression (green) at 3 dpi
is earlier than Rbfox1l, and closely resembles post-injury Pax7 expression (overlaid in red).
The sections are alternating with those in B. The boxed region at 4 dpi is magnified in F—F".
(F-F) Magnified view of boxed area in C, showing expression of Rbfox2 (F) and Pax7 (F"),
and the overlay (F”) at 4 dpi. Examples of Pax7-positive, Rbfox2-positive cells are indicated
by purple arrowheads, and of Pax7-negative, Rbfox2-positive cells by blue arrowheads. (G)
Ratio of Pax7-positive cells that are Rbfox2-positive at post-injury time-points 2—7 dpi.
Scale bar in B and E is 75 pm, and in C-C” and F—F" is 30 um.
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Figure 6. Rbfox1l is expressed predominantly in the nucleus and cytoplasm of newly-forming
myofibers during skeletal muscle repair

(A) Injury time-course experiment performed in the myog-HZB-mRFPtransgenic line
showing Rbfox1l expression at each post-injury time-point. (B) myog:HZ2B-mRFP
expression is readily observed within the injury site by 4 dpi. (C) Overlay of Rbfox1l and
myog.-HZB-mRFP expression. (D) Total number of Rbfox1l, myog-H2B-mRFP double-
positive cells at 2—7 dpi in a 75 um? area within the injury site (to exclude Rbfox1l-positive;
myog.-HZB-mRFP-positive myonuclei within surrounding uninjured fibers). (E) Ratio of
Rbfox1I-positive cells that are myog:HZB-mRFP-positive at 2—7 dpi. One-way ANOVA
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followed by Tukey’s multiple comparisons test was performed for statistical analyses in D
and E (p*<0.05; p**<0.01). (F-H) Higher magnification view of 4 dpi injury site shown in
A-C. (F'-H") Area shown is the boxed region in F-H. A majority of Rbfox1I-positive
nuclei are also positive for myog.H2B-mRFP (examples indicated by white arrowheads), as
expected from the large overlap of these two markers in differentiated muscle outside of the
injury site. Rbfox1l expression in uninjured areas surrounding the injury site appears less
uniform in muscle fiber nuclei in this figure (compared to Fig. S6 D-D”) as laser intensity
was reduced to prevent over-saturation of signals within the injury site. Some newly-forming
myofibers that express Rbfox1l in the nucleus and/or cytoplasm are myog:HZ2B-mRFP-
negative (examples indicated by brown arrowheads). Scale bar in all panels is 75 um.
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Figure 7. A subset of Rbfox2-expressing cells are myog: H2B-mRFP-positive during skeletal
muscle repair
(A) Injury time-course experiment performed in myog.H2B-mRFP transgenic line showing

Rbfox2 expression (on alternating sections with those described in Fig. 6). (B) As shown in
Fig. 6B, myog.H2B-mRFP expression is readily observed within the injury site by 4 dpi. (C)
Overlay of Rbfox2 and myog.H2B-mRFP expression. (D) Total number of Rbfox2,
myog.HZB-mRFP double-positive cells at 2-7 dpi. (E) Ratio of Rbfox2-positive cells that
are myog.H2B-mRFP-positive at 2—7 dpi. One-way ANOVA followed by Tukey’s multiple
comparisons test was performed for all of the above statistical analyses; differences among
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time-points are not statistically significant. (F-H) Higher magnification view of 4 dpi injury
site shown in A-C. (F'=H") Area shown is the boxed region in F-H that highlights examples
of Rbfox2-expressing cells that are myog:HZB-mRFP-positive (white arrowheads) and
myog.HZB-mRFP-negative (blue arrowheads). Scale bar in all panels is 75 pum.
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Figure 8. GFP perdurance in the pax7a:GFP transgenic line implicates satellite-like cells as a

source of new muscle fibers during injury-induced repair

(A) Schematic diagram depicting Pax7 protein and pax7a:GFP transgene expression in
satellite-like cells and myofibers. pax7a:GFP-positive; Pax7-positive cells represent satellite-
like cells. Cells that show pax7a:GFP expression within the cytoplasm but are Pax7-negative
are likely differentiating or differentiated cells in which pax7a-driven GFP perdures. (B-B”)
At 5 dpi, pax7a:GFPand Pax7 double-positive satellite-like cells are present at the injury
site (arrowheads); however, GFP expression is also detected in Pax7-negative presumptive

newly-forming myofibers. (C-E) At 4 dpi, many cells expressing MyHC (A4.1025), a
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differentiation marker, also express pax7a.GFP. (C’'-E”) Magnified view of boxed region in
C-E highlights the overlap of pax7a:GFPand MyHC expression. (F-F”) pax3a:GFPand
myog-HZB-mRFPtransgene expression overlap in presumptive newly-forming myofibers at
4 dpi (white arrowheads), but pax3a.GFP-positive, myog.HZB-mRFP-negative are also
present (mustard arrowheads). A rare presumptive newly-forming myofiber with a centrally-
located nucleus is indicated by a blue arrowhead. Scale bar in B-E is 75 um, inC’, D’, E’
and F—=F" is 30 um.
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Figure 9. Pax7 function is required for skeletal muscle repair in adult zebrafish
(A) DNA lesions for pax7aalleles (0219, 0z23) and the pax7b (0z32) allele. Mutant allele

sequence is shown below the wild-type sequence. Red letters and dashes indicate the lesion
as well as single nucleotide changes near the CRISPR-induced frameshifting mutation. (B)
CRISPR-induced frameshifting mutations in exon 2 of pax7aand pax7b cause truncations in
Pax7a and Pax7b proteins, respectively, that eliminate much of the first conserved paired
domain (Pax) and the entire homeodomain (Hom) and second Pax domain. The pax7a°?1?
and pax7a°723 alleles encode the first 91 of 507 amino acids of the Pax7a protein, as well as
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an additional 26 and 22 aberrant amino acids, respectively. The pax76°?32 allele encodes the
first 81 of 510 amino acids of the Pax7b protein, as well as an additional 19 aberrant amino
acids. (C-C”) pax7a+/-, pax7b+/—doubly heterozygous sibling controls show normal
muscle repair at 4 dpi, indicated by expression of newly-forming myofiber markers, MyHC
(A4.1025) and Rbfox1l. (D-D”) In contrast, pax7a—/~; pax7b—/—double homozygous
mutants are severely deficient in newly-forming myofibers at 4 dpi, indicated by the near
absence of MyHC (A4.1025) and Rbfox1l expression within the injury site. The pax7a%?23
and pax7b°732 alleles were used in these experiments. Scale bar in all panels is 75 pm.
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Figure 10. Model depicting changes in gene expression as satellite-like cells differentiate into new
muscle fibers during adult zebrafish skeletal muscle repair

(A) Adult zebrafish satellite-like cells express Pax7 and Rbfox2, and in transgenic
pax7a.GFPand pax3a:GFP adults, express GFP. A subset (~37%) express Rbfox1l. During
injury-induced repair, some Pax7-expressing satellite cells-like become activated; initially,
activated cells proliferate, then down-regulate Pax7 and activate differentiation markers.
Although Pax7 protein is largely absent in myoblasts, pax7adriven and pax3a-driven GFP
perdures in pax7a:GFPand pax3a.GFPtransgenic lines (green wedge). As cells adopt more
differentiated fates, Rbfox1l becomes prominently expressed, as do transgenic markers of

Dev Biol. Author manuscript; available in PMC 2018 April 15.



1duosnue Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Berberoglu et al.

Page 44

myoblasts (myod:GFP) and myofibers (myog.HZB-mRFP). (B) Diagram depicting marker
expression and proliferation status at the population level at the injury site at 2—7 dpi. A
large number of proliferating (EdU+) cells are present at the injury site at 2 and 3 dpi, some
of which are Pax7-positive. This early proliferation of Pax7-positive satellite-like cells
appears to lead to an increase in Pax7-positive cell numbers by 4 dpi. pax3a.GFPshows a
similar wave of expression that peaks at the time when Pax7-positive cell numbers are
highest; however, pax3a:GFP expression is also observed at later post-injury time-points (as
is pax7a:.GFPexpression). Rbfox2 expression largely mirrors that of Pax7, although Rbfox2
is expressed in some myonuclei of new myofibers that no longer express Pax7. Rbfox1l is
robustly expressed at the onset of new myofiber formation (3—4 dpi), with peak expression at
4 dpi in both nucleus and cytoplasm of newly-forming fibers. The number of myog:H2B-
mRFP-positive cells gradually increase post-injury as myogenic differentiation and new
myofiber formation progresses.
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