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Abstract

The importance of skeletal muscle for rib development and patterning in the mouse embryo has
not been resolved, largely because different experimental approaches have yielded disparate
results. In this study, we utilize both gene knockouts and muscle cell ablation approaches to re-
visit the extent to which rib growth and patterning are dependent on developing musculature.
Consistent with previous studies, we show that rib formation is highly dependent on the MYOD
family of myogenic regulatory factors (MRFs), and demonstrate that the extent of rib formation is
gene-, allele-, and dosage-dependent. In the absence of Myf5and MyoD, one allele of Mrf4is
sufficient for extensive rib growth, although patterning is abnormal. Under conditions of limiting
MRF dosage, MyoD is identified as a positive regulator of rib patterning, presumably due to
improved intercostal muscle development. In contrast to previous muscle ablation studies, we
show that diphtheria toxin A (DTA)-mediated ablation of muscle progenitors or differentiated
muscle, using MyoDCre or HSA-Cre drivers, respectively, profoundly disrupts rib growth and
patterning. Further, a comparison of three independently derived RosaZ6-based DTA knockin
alleles demonstrates that the degree of rib perturbations in MyoD'“"é/DTA embryos is markedly
dependent on the DTA allele used, and may in part explain discrepancies with previous findings.
The results support the conclusion that the extent and quality of rib formation is largely dependent
on the dosage of Myr5and Mrf4, and that both early myotome-sclerotome interactions, as well as
later muscle-rib interactions, are important for proper rib growth and patterning.
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Introduction

In vertebrate embryos, somites give rise to the musculoskeletal system of the trunk, dermis
of the back, and limb skeletal muscles. Soon after their formation by sequential
segmentation of the paraxial mesoderm, somites are transformed into three-layered
structures comprised of the epithelial dermomyotome dorsally, the mesenchymal sclerotome
ventrally, and the myotome - the earliest differentiating skeletal muscle of the embryo,
derived from the dermomyotome - interposed between the sclerotome and dermomyotome.
The ribs are comprised of a small proximal portion (costal head, neck and tubercles)
associated with each corresponding thoracic vertebra, and a distal portion, which constitutes
most of the length of each rib and either attaches to the sternum or “floats,” depending on
anteroposterior position. Proximal and distal ribs originate from progenitors of the medial
and lateral sclerotome of thoracic somites, respectively (Evans, 2003; Huang et al., 2000),
and their development is controlled by distinct genetic mechanisms. Thus, mutations in PaxI
(Dietrich and Gruss, 1995; Koseki et al., 1993; Wallin et al., 1994) and Uncx4.1 (Evans,
2003; Mansouri et al., 2000) selectively affect proximal rib development, whereas
somatopleural signals—notably, members of the BMP family—are required for specification
of the lateral somite (Pourquié et al., 1996; Tonegawa et al., 1997) and for proper growth of
the distal rib into the somatopleure (Sudo et al., 2001). Further, distal rib development and
patterning is specifically disrupted by perturbations of skeletal muscle development (Braun
et al., 1992; Braun and Arnold, 1995; Dickman et al., 1999; Hasty et al., 1993; Henderson et
al., 1999; Huang et al., 2003; Tallquist et al., 2000; Tremblay et al., 1998).

In the mouse, all four members of the myogenic regulatory gene family (MyoD, Myf5, Mrf4
and myogenin) are activated over a narrow developmental window (E9.5 to E9.75) in the
ventrolateral (hypaxial) myotome/dermomyotome of thoracic somites (Chen et al., 2002;
Chen and Goldhamer, 2004; Kassar-Duchossoy et al., 2004; Summerbell et al., 2002, 2000;
Tajbakhsh et al., 1997; Vinagre et al., 2010) in close proximity to sclerotomal progenitors of
the distal ribs (Scaal, 2016). The consequences on rib development of knocking out
members of this gene family are highly variable and are both gene- and allele-specific.
Notably, the severity of rib defects is correlated with the degree to which myotome
formation or function is disrupted. Thus, the original knockout allele of My#5 (Myf5™)
causes a delay of approximately 2 days in myotome formation and mice exhibit severe
truncations of the distal ribs (Braun et al., 1992). Embryos carrying other Myf5 null alleles
show varying degrees of rib defects from no effect to severe (Kassar-Duchossoy et al., 2004;
Kaul et al., 2000; Tajbakhsh et al., 1996; Tallquist et al., 2000), a range of phenotypes that
likely reflects the degree to which expression of the closely linked Mrf4 gene is also affected
in cis, which effectively produces double knockout mice in severe cases (Floss et al., 1996;
Kassar-Duchossoy et al., 2004; Tallquist et al., 2000; Yoon et al., 1997). Mild to severe rib
defects were also described in three independently derived Mrf4 knockout lines (Braun and
Arnold, 1995; Patapoutian et al., 1995; Zhang et al., 1995), with severe rib truncations being
restricted to the Mrf4 allele that causes a substantial delay in myotome formation and loss of
Myf5 expression in the early somite (Braun and Arnold, 1995; Floss et al., 1996; Yoon et al.,
1997). Collectively, these data support the conclusion that either Myf5or Mrf4is required
for the timely formation of the myotome, and substantially delayed myotome formation
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results in severe rib developmental defects. Myotome formation is normal in mice carrying
null mutations in either MyoD and myogenin, and these mice exhibit no rib defects or
comparatively modest rib patterning defects, respectively (Hasty et al., 1993; Rudnicki et al.,
1992). Muscle differentiation is severely impaired in myogenin KO mice (Hasty et al., 1993;
Nabeshima et al., 1993), and rib patterning defects in these mice likely reflect a structural
and biomechanical role of intercostal muscles in rib morphogenesis (Hasty et al., 1993).

Muscle ablation studies have yielded results that are seemingly at odds with the considerable
evidence supporting the importance of skeletal muscle in rib development. DTA-mediated
ablation of all differentiated skeletal muscle using a myogenin-Cre driver (Li et al., 2005)
did not result in rib abnormalities (Gensch et al., 2008). Further, despite the early expression
of Mrf4 (also known as Myfé) in the hypaxial dermomyotome/myotome (Kassar-Duchossoy
et al., 2004; Summerbell et al., 2002; Vinagre et al., 2010), and the eventual loss of all
differentiated skeletal muscle in Myf6-Cre/DTA mice, rib development was unaffected
(Haldar et al., 2008). Finally, whereas variable and sometimes severe rib defects were
observed in two independent Myf5-Cre/DTA models (Gensch et al., 2008; Haldar et al.,
2008) cells of rib primordia were lineage labeled in Myf5-Cre embryos, likely as a
consequence of transient activity of the Myf5locus in the paraxial mesoderm (Gensch et al.,
2008), thereby complicating interpretation of rib abnormalities in Myf5-Cre/DTA mice. In
fact, investigators concluded that these rib defects were the result of direct, cell-autonomous,
killing of skeletogenic cells (Gensch et al., 2008; Haldar et al., 2008), rather than the
consequence of perturbations of myotome or intercostal muscle development.

Here, we used both DTA-mediated conditional cell ablation and MRF knockout mice to re-
investigate the requirement for skeletal muscles in rib development. We show that a single
allele of Mrf4is sufficient for substantial rib development in the absence of Myf5and
MyoD, and that MyoD is a positive effector of rib patterning under conditions of limiting
MRF gene dosage. Ablation of either MyoD-expressing progenitors or differentiated muscle
profoundly disrupted rib development, phenocopying features of severely affected knockouts
of Myf5and Mrf4. Further, the data support the conclusion that ongoing muscle-rib
interactions, beyond somite stages, are required for normal rib growth and patterning.
Finally, the severity of rib defects was highly dependent on the DTA allele employed,
emphasizing the impact of choice of DTA allele on biological outcomes and their
interpretations.

Materials and Methods

Mice and Genotyping

Animal procedures were reviewed and approved by the University of Connecticut’s
Institutional Animal Care and Use Committee. Knockin and transgenic mice used in this
study include the following: MyoD'C"¢ (Kanisicak et al., 2009; JAX #014140, MyoD™
(Rudnicki et al., 1992; JAX #002523, Myf5™ (Braun et al., 1992; JAX #002522), Myf5/oxP
(Kassar-Duchossoy et al., 2004), ROSA26-eGFP-DTA (lvanova et al., 2005; JAX #006331),
ROSA-DTA (Voehringer et al., 2008; JAX # 009669), Rosa26-DTA176 (Wu et al., 2006;
JAX #010527), HSA-Cre79 (Miniou et al., 1999; JAX #006139), and R26V2C and R26VC
(Yamamoto et al., 2009; JAX# 012429). MyoD'C"e expresses Improved Cre (iCre), which
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was modified from native P1 Cre such that codon usage was optimized for mammalian
expression, an optimal Kozak consensus sequence was used, CpG content was minimized to
reduce the likelihood of epigenetic silencing, and putative cryptic splice sites were
eliminated (Shimshek et al., 2002). Experimental animals were maintained on an enriched
FVB background. PCR-based genotyping of DNA isolated from tail biopsies or yolk sacs
was done as previously described (Wood et al., 2013). Primers and PCR conditions for
genotyping are listed in the Supplementary Table.

Mouse Crosses

Crosses to generate experimental embryos for DTA ablation and lineage labeling introduced
the Cre allele through the male germline, as introduction through the female can
occasionally result in Cre deposition in the egg and consequent global recombination (Wood
et al., 2013; Yamamoto et al., 2009). Embryos with different combinations of MRF alleles
were typically generated by crossing heterozygous parents, although in some cases,
homozygous Myf5/0xF/IoXP mice were used to increase the efficiency of generating embryos
of the desired genotype. Control embryos were either wild-type, or carried the Cre driver or
DTA allele. No phenotypic differences among these genotypes were observed. Embryos
were collected between E10.5 and E17.5, with noon on the day of the vaginal plug
considered EOQ.5.

Alcian Blue and Alizarin Red Staining

Embryos were dissected into 1X PBS (20 mM sodium phosphate, 0.10 M NaCl, pH 7.4),
after which they were fixed for 1 week in 95% ethanol, and then transferred to 100% acetone
for another 1 week. During incubations in ethanol and acetone, solutions were changed two
times. Following fixation and fat removal, embryos were transferred to Alcian Blue 8GX
(Acros Organics) and Alizarin Red S (Sigma) staining solution (1 ml 0.14% AB in 70%
ethanol, 1 ml 0.12% AR in 95% ethanol, adjusted to a final volume of 10 ml with 70%
ethanol after adjusting to pH 3.5 with glacial acetic acid). After 3 days of incubation at 37°C
with intermittent agitation, embryos were washed in tap water four times for 10 min each
and then cleared in 1% potassium hydroxide (KOH) for 1-3 days at room temperature (RT),
depending on embryonic stage. Embryos were then transferred to 20% glycerol in 1% KOH
at RT. Embryos were incubated in this solution, with periodic changing of solution when
needed, until completely cleared. Embryos were then transferred to 50% glycerol in 1%
KOH, 80% glycerol in 1% KOH, and 100% glycerol, each for 1 day at RT. Embryos were
stored in 100% glycerol.

Paraffin Embedding and Immunofluorescence

Embryos destined for paraffin embedding were dissected into 1X PBS, after which they
were fixed in 2% paraformaldehyde (PFA) in 1X PBS for 2 hr at 4°C. Following fixation,
embryos were washed three times for 10 min in 1X PBS. Embryos were then dehydrated by
two, 10 min washes each at 35%, 50%, and 70% ethanol in 1X PBS. After storing overnight
(O/N) in 70% ethanol in dH,0, embryos were incubated four times for 10 min each in 100%
ethanol, after which they were transferred to a 1:1 ethanol/xylene solution for 5 min.
Embryos were washed three times for 5 min in 60°C xylene, and then transferred to a 1:1
xylene and paraffin solution for 10 min at 60°C. Following four, 10 min incubations in 60°C

Dev Biol. Author manuscript; available in PMC 2021 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wood et al.

Page 5

paraffin, embryos were positioned in paraffin blocks and allowed to cool O/N at RT. Paraffin
embedded embryos were stored at 4°C.

Paraffin embedded embryos were serial sectioned at 10 um, collected on Superfrost Plus
slides (Fisher), dried O/N at 37°C, and stored at 4°C. Antigen retrieval was used for
detection of all proteins. Sections were removed from 4°C and allowed to warm to RT.
Sections then underwent deparaffinization consisting of two, 5 min washes in xylene,
followed by 5 min in 100% ethanol. Sections were then rehydrated in a stepwise manner in
95%, 85%, 70% and 50% ethanol each for 3 min, after which sections were washed 3 times
for 5 min in 1X PBS. For antigen retrieval, slides were incubated for 6 min in —20°C
methanol at —20°C, and washed in 1X PBS as above. Slides were then placed in 10 mM
sodium citrate buffer, pH 6.0, which had been heated to 90°C in a water bath. Slides were
incubated for 20 min at 90°C, after which they were rinsed in 1X PBS as before.

The following antibodies and working dilutions were used for immunofluorescence. SOX9:
rabbit polyclonal antiserum (1:100 dilution; catalog #AB5535, Millipore), and MyHC: mAb
MF20 (1:1 dilution of hybridoma supernatant; Developmental Studies Hybridoma Bank).
For detection of SOX9, sections were blocked O/N at 4°C in PBSMBT (1X PBS, 1.5% Non-
fat dried milk, 1.5% BSA, 0.1% Triton X-100). Sections were then incubated in primary
antibody for 1 hr at RT. After three, 5 min washes in 1X PBS, sections were incubated in a
1:250 dilution of goat anti-rabbit Alexa Fluor 568 (Life Technologies) in PBSMBT for 1 hr
at RT, washed in 1X PBS as above, and the signal amplified by incubation for 1 hr at RT in a
1:250 dilution of donkey anti-goat Alexa Fluor 568 (Life Technologies) in PBSMBT. Slides
were washed in 1X PBS, stained with DAPI (0.1 ug/ml in 1X PBS) and coverslipped using
Fluoro-Gel (Electron Microscopy Sciences). For the detection of MyHC, paraffin sections
were rehydrated as stated above, and then processed for antigen retrieval and staining as
previously described (Wood et al., 2013).

Whole Mount In Situ Hybridization and X-gal Staining

RT-gPCR

Whole mount /n situ hybridization with digoxigenin-labeled probes followed published
protocols (Henrique et al., 1995; Yamamoto et al., 2007), with minor modifications (Wood et
al., 2013). Fgf4 (Hebert et al., 1990; Vinagre et al., 2010), and Pdgfa (IMAGE clone number
3495629, (Vinagre et al., 2010) probes have been previously described. Whole mount X-gal
staining for detection of B-galactosidase (p-gal) was performed as previously described
(YYamamoto et al., 2007).

Embryos were dissected into 1X PBS, heads were removed and embryos were frozen in
liquid nitrogen, and stored at —80°C. For RNA extraction, samples were removed from
—-80°C and dissociated in RTL buffer by trituration using a pipette. RNA extraction was
performed using the Qiagen mini kit (Cat #74104, Qiagen) and the DNase | kit (Cat #79254,
Qiagen) according to the manufacturer’s protocol, and quantified using a Nanodrop (Thermo
Fisher Scientific). First strand synthesis was performed using the iScript Advanced cDNA
synthesis kit (BioRad) using 2.8 to 6 ug of RNA, depending on RNA yields. For gPCR, all
samples were run using TagMan Fast Advanced Master Mix (#4444964, Life Technologies)

Dev Biol. Author manuscript; available in PMC 2021 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wood et al.

Page 6

in 96-well plates on a BioRad CFX96 qPCR Real Time System machine. Each time point
represents three biological replicates and each biological replicate was run in triplicate for
each gene. Each biological replicate represents one embryo. Samples were analyzed using
CFX Manager software. To minimize variability, the average Ct of the reference gene Gapdh
was used in ACt calculations. Either available gene-specific assays, or primer/probe
combinations that were designed for this study by the manufacturer (Life Technologies)
were used as follows: MyoD (Mm00440387_m1), Myf5 (Mm00435125_m1), Mrf4
(Mm00435126_m1), myogenin (Mm00446195 g1), Gapdh (Mm99999915 gl), and Rosa26
exonl (For. 5’-CAGAGAGCCTCGGCTAGGTA-3’, Rev. 5’-CTCCACCACGCTCGGA-3’,
Probe: 5’-TCCCCGCAAACGCA-3’).

Detection of Apoptotic Cells by TUNEL Staining

The DeadEnd fluorometric TUNEL system (Promega) was used to detect apoptotic cells.
Paraffin embedded embryos were processed as above. After rehydration, sections were fixed
in 4% PFA in 1X PBS for 15 min at RT, then rinsed two times in 1X PBS. Sections were
then incubated in 20 pg/ml proteinase K for 10 min, washed in 1X PBS, then refixed in 4%
PFA in 1X PBS for 5 min at RT. After incubating in Equilibration Buffer for 10 min at RT,
sections were incubated at 37°C for 1 hr in TUNEL reaction cocktail. Upon completion,
sections were placed in 2X SSC for 15 min to halt the reaction, washed in 1X PBS,
counterstained with DAPI and coverslipped using Fluoro-Gel. Note that GFP fluorescence
from the R266P7A allele is destroyed during tissue processing and does not interfere with
fluorometric detection of apoptotic cells.

Microscopy and Image Collection

Results

Imaging of whole mount E11.5 and E12.5 embryos was performed on a Leica MZFLIII
fluorescence stereomicroscope equipped with a Spot RT3 camera and Spot Advanced image
capture software (Diagnostic Instruments). ABAR stained fetuses were imaged using either
the Leica MZFLIII stereomicroscope or a Pentax K-30 equipped with a SMC Pentax-D FA
Macro 100mm F2.8 WR lens. Slides were imaged using a Nikon E600 upright microscope
equipped with a Spot RT3 camera, or a Leica SP8 confocal microscope. All images were
processed and assembled in Photoshop with only minor adjustments made to image
brightness and contrast, when necessary.

MRF dosage and positive effector functions of MyoD

To directly compare the consequences of muscle ablation and loss of MRF gene expression
on rib formation, we produced mice with varying allelic combinations of Myf5, Mrf4and
MyoD, and assessed rib development at E17.5 by Alcian Blue and Alizarin Red (ABAR)
staining. Three knockout alleles were used for this analysis: MyoD™ (Rudnicki et al., 1992;
the original Myf5allele, Myf5™ (Braun et al., 1992), which also abrogates early expression
of the closely linked Mrf4 gene (Yoon et al., 1997); and My#5'°%F, a null allele of Myf5that
does not significantly affect myotomal expression of Mrf4 (Kassar-Duchossoy et al., 2004).
As expected, Myf5mY/mI mice, regardless of the status of the MyoD gene, exhibited
profound truncations of the distal ribs (Fig. 1A, A’, B, B’; Table 1), with only the proximal
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ribs and the proximal-most portion of the distal ribs retained, as described (Braun et al.,
1992). In contrast, MyoD™/mZ p1y£5/0XF/* mice, which harbor one wild-type allele of Myf5
and two functional alleles of Mrf4 (Table 1) showed a complete rescue of rib development
(Fig. 1H, H’). Reducing the MRF dosage to one functional allele of both Myf5and Mrf4
(MyoD™ ML ppy 5L+ mice; Table 1) resulted in relatively modest rib defects, including
imperfect spacing of anterior ribs and irregular spacing and morphology of more posterior
ribs (Fig. 1F). Despite considerable patterning defects, MyoD™/ML: gy f5/0XF/IoxP mice,
which have two functional alleles of Mrf4and are null for both Myf5and MyoD (Table 1),
were able to support formation of the rib cage (Fig. 1D). Notably, even a single functional
allele of Mrf4 (MyoD™/ML; p1yf5m1/I0xP mice; Table 1) supported rib development, with the
extent of rib growth and the types and severity of patterning defects resembling mice with
two functional Mrf4 alleles (Fig. 1C, D). Rib cage abnormalities in mice with one or two
functional Mrf4alleles included exaggeration of the aforementioned defects, anteroposterior
compression of anterior ribs (likely owing to poor intercostal muscle development), and
inconsistent connection of the non-floating false ribs to their more anterior neighbors
distally (Fig. 1C). Finally, the ossified portion of vertebral rib segments showed pronounced
regional thickenings or dilations that tended to be at a similar position along the
proximodistal rib axis (Fig. 1C’, D’).

Although MyoD-null mice do not exhibit rib defects (Rudnicki et al., 1992) and MyoD has
not been implicated in rib development, MyoD had a substantial, positive effect on rib
patterning under conditions of limiting MRF dosage. Thus, in mice carrying either one or
two Mrf4 alleles in the absence of Myf5, a single dose of MyoD dramatically improved rib
patterning (compare Fig. 1C and E; Fig. 1D and G; Table 1). The positive effector function
of MyoD is most likely due to improved development of intercostal muscles, as Mrf4 alone
can drive substantial, but only transient (at least through E12.5), muscle development in
embryos lacking MyoD and My#f5 (Kassar-Duchossoy et al., 2004).

Ablation of developing skeletal muscle results in severe rib defects

To reassess the consequences of muscle ablation on rib development, we conditionally
expressed wild-type DTA from the Rosa266GFF-DTA allele (Ivanova et al., 2005; referred to
here as R26GPTA) using the MyoDC"e driver (Kanisicak et al., 2009; Yamamoto et al.,
2009), which is expressed in essentially all muscle progenitors (Wood et al., 2013).
MyoD'C"e-dependent expression of R266P7A is highly effective at permanently ablating all
skeletal muscle progenitors and differentiated muscle, as indicated by the complete loss of
detectable PAX7, MYF5, MYOD, and myosin heavy chain (MyHC) proteins by E12.5, and
MyoD and Myf5 mRNA by E13.5 (Wood et al., 2013). Further, unlike Myf5-Cre (Gensch et
al., 2008; Haldar et al., 2008), MyoD'"® activity has not been detected in skeletogenic
progenitors (Kanisicak et al., 2009; Wood et al., 2013), thereby avoiding the complication of
direct ablation of rib progenitors. ABAR staining of MyoD'Ce/*; R26GPTA* E17 5 fetuses
revealed severe truncations of the distal ribs and other rib malformations (Fig. 2). The bony,
dorsal, portion of most distal rib segments was greatly shortened and misshapen, had
irregular contours, and exhibited a regional thickening characteristic of MRF knockout mice
(Fig. 1C’°, D’; Fig. 2B’). The cartilaginous portions of the distal ribs showed greater
variability in their extent of development. Whereas most ribs either lacked cartilaginous
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elements entirely or cartilage only “capped” truncated bony segments (Fig. 2C, C’, D, D’),
rib cartilage segments occasionally extended to the sternum. In fact, rib 2 typically was
small but complete, with connections at both vertebral and sternal ends (Fig. 2B, D’).
Cartilage growth of more posterior ribs showed greater variability, often manifested as one
or more highly irregular and bifurcated cartilaginous structures with no obvious physical
connection to dorsal bony elements (Fig. 2B, C, C’, D, D’). Close examination of dissected
tissues did not reveal any obvious structural continuity between dorsal bony elements and
these amorphous cartilaginous elements or evidence of rib breakage (data not shown),
arguing against their introduction during handling or staining artifacts as causes of this
apparent discontinuity.

In addition to rib defects, MyoD/Cre/* R26GPTA* fetuses exhibited defects of the
appendicular skeleton, phenocopying several of the features of MyoD™/mz; pyf5ml/m1
amyogenic fetuses (Rot-Nikcevic et al., 2005; Rudnicki et al., 1993). The most prominent
limb skeletal anomalies in MyoDCre/*; R26GPTA* mice included loss or severe reduction of
the deltoid tuberosity of the humerus, decreased separation of the zeuogopodal bones
(radius/ulna and tibia/fibula), shortening and thickening of the humerus, and reduced length
of the primary diaphyseal ossification center of the humerus (Fig. 2A”, B”; data not shown).

Pdgfa and several Fgfshave been implicated in mediating myotome-sclerotome interactions
important for rib development (Grass et al., 1996; Huang et al., 2003; Patapoutian et al.,
1995; Tallquist et al., 2000; Vinagre et al., 2010). Consistent with the effects of abrogating
Myf5and Mrf4 expression in the mouse, targeting expression of DTA to MyoD+ progenitors
disrupted Pdgfaand Fgfd expression. E10.5 MyoDCre/*: R26GPTA* embryos exhibited a
diminution of myotomal MyHC expression, particularly in the hypaxial domain of interlimb
somites (Supplementary Fig. 1; Wood et al., 2013) and, correspondingly, expression of Fgf4
was differentially lost in hypaxial myotomes at this stage (Fig. 3A, B). This differential
effect on expression of Fgf4in the hypaxial myotome phenocopies the effect of DII1-
Hoxal0 expression in transgenic mice, which showed severe rib truncations (Carapuco et al.,
2005; Vinagre et al., 2010) that resemble those of Myf5"2/M1 embryos (Braun et al., 1992).
Myotomal expression of both Pagfaand Fgf4 was reduced at E11.5 (Fig. 3C-F), with
preferential MRNA loss in hypaxial myotomal domains, although there was also an apparent
reduction in mMRNA abundance in epaxial somite domains, most evident for Fg74in cervical
somites (Fig. 3C, D). Reduced and delayed effects on gene expression in epaxial domains of
thoracic somites likely reflect the lower levels and delayed onset of MyoD expression (and
therefore MyoD'C" expression) in epaxial myotomes (Chen et al., 2002; Chen and
Goldhamer, 2004), and the correspondingly slower kinetics of DTA-mediated ablation.

Selectively targeting differentiated muscle for ablation also causes severe rib truncations

As ablation of MyoD+ cells eliminates both myogenic progenitors and differentiated skeletal
muscle (Wood et al., 2013), analysis of MyoD/CTe’*: R26GPTA* mice cannot distinguish
whether muscle progenitors, differentiated muscle, or both, are required for normal rib
development. Therefore, we specifically evaluated the requirement for differentiated muscle
using HSA-Cre79 (HSA-Cre; also known as ACTAL1-Cre) transgenic mice, in which Cre
expression is directed by the a-skeletal actin promoter (Miniou et al., 1999). Cre-dependent
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reporter gene expression was evident in the myotomes of anterior thoracic somites by E9.5
(Fig. 4B), and MyHC-positive muscle was undetectable by E11.5 in HSA-Cre; R26GPTA/*
embryos (Wood et al., 2013). Notably, HSA-Cre; R266PTA* embryos exhibited severe rib
malformations (Fig. 4D-F). Rib growth and patterning defects were distinct from those of
MyoDICre’*: R26GDTA* embryos (Fig. 2B, C, D), which likely represents differences in the
timing and pattern of expression of HSA-Cre and MyoD'C’ drivers (Kanisicak et al., 2009;
Miniou et al., 1999; Wood et al., 2013; Yamamoto et al., 2009). For example, unlike
MyoDICre’*: R26GDTA* fetuses, HSA-Cre; R26GPTA%* fetuses lacked all but the most
proximal portions of the distal ribs of thoracic ribs 1-3, but showed greater growth of more
posterior ribs—albeit to varying degrees—compared to MyoD/Cré*: R26GDTA* mice (Fig. 2
and 4). Gross rib malformations in HSA-Cre; R266P7A* mice suggest that muscle
progenitors alone can provide limited trophic support, but are not sufficient to provide the
appropriate signaling environment or structural and biomechanical influences required for
normal rib development. We note, however, that muscle progenitor numbers were noticeably
reduced between E11.5 and E12.5 in HSA-Cre; R266P7A* embryos (Wood et al., 2013),
presumably because the kinetics of ablation as cells underwent differentiation and expressed
DTA outpaced progenitor cell expansion by proliferation. Thus, data presented here may
under-represent the capacity of muscle progenitors to provide trophic support for rib
development.

Severity of rib abnormalities is dependent on choice of DTA allele

The dramatic effect of muscle ablation on rib formation shown here contrasts with previous
studies in which targeting muscle progenitors and differentiated muscle (Myf6-Cre; Haldar
et al., 2008) or differentiated muscle alone (myogenin-Cre; Gensch et al., 2008), had no
effect on rib development. As these studies utilized different Cre drivers and Cre-dependent
DTA alleles, we specifically tested the impact of choice of DTA allele on the kinetics of
muscle ablation and extent of rib development. For this analysis, we crossed MyoDCe mice
with mice carrying Rosa26-DTA176 (Wu et al., 2006; referred to as R26°74176) which
encodes the attenuated form of DTA used by Haldar et al. (2008), as well as to an
independently derived DTA line (ROSA-DTA,; referred to as R26°74) in which wild-type
DTA was knocked into the Rosa26 locus (Voehringer et al., 2008). While muscle-specific
nlacZ expression was undetectable in most MyoD'Cre/*; R26NZG/GDTA embryos between
E11.5 and E13.5 (Fig. 5B, F) (Wood et al., 2013), reporter gene expression in

MyoDICre’*: pogNZG/DTAL76 empbryos was substantially reduced, but readily detected (Fig
5C, G; Wood et al., 2013), a result consistent with the reduced activity of the attenuated
form of DTA (Wu et al., 2006). Correspondingly, whereas MyHC staining was dramatically
reduced at E11.5 and not detected at E12.5 in MyoD'Cr®*: R26GPTA* mice, residual MyHC
staining persisted in MyoD/CTe/*: R26PTAL76+ fetuses until at least E16.5 (Wood et al.,
2013). Unexpectedly, MyoD/Cre/*: p26PTA* mice, despite expressing wild-type DTA, also
showed slower kinetics of muscle ablation, as indicated by persistent p-gal staining at E11.5
and E12.5 (Fig. 5D, H). As an additional read-out of ablation kinetics, we also quantified
MRF gene expression in the bodies of MyoDC"e/DTA mice by RT-gPCR. Notably, mMRNA
levels of MyoD, Myf5and myogenin were significantly lower in E13.5 R26°P7A embryos
compared to R26PTAL76+ and R26°7A* embryos (Fig. 6). Mrf4 abundance trended lower in
R26PTA embryos but did not reach statistical significance. Our previous (Wood et al.,
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2013) and present analysis is consistent with the work of Comai et al. (2014), who showed
that loss of skeletal muscle in Myf5-Cre/DTA fetuses was severe when the R266P7A allele
was employed, in contrast to findings when other DTA alleles were used (Gensch et al.,
2008; Haldar et al., 2008).

RT-gPCR analyses also showed that E11.5 to E13.5 R266P7A* embryos had significantly
higher Rosa26 transcript levels than either R26P7A176+ or R26PTA* embryos
(Supplementary Fig. 2), which may explain, at least in part, the more rapid ablation observed
by conditional expression of the R26°P7A allele. The exon 1 primers used do not distinguish
between wild-type and knocked in RosaZ26 alleles; therefore, the actual differences in
expression between DTA alleles may be greater than indicated by this analysis, assuming no
differences between lines in expression levels from the unmanipulated allele. Although
recombination efficiencies were not quantified, differences in kinetics of cell ablation could
also reflect differences in the relative susceptibility of each DTA allele to Cre-mediated
recombination (Liu et al., 2013).

Associated with the slower cell ablation kinetics, MyoD'C"e/*: R26PTAL76+ and

MyoDICre’*: R26PTA* mice exhibited a dramatic increase in rib development and partial
normalization of rib morphology (Fig. 7), with the extent of rib development resembling
knockout mice carrying one or two functional alleles of Mrf4 (see Fig. 1). These data
suggest that differences in the extent and kinetics of muscle ablation during critical periods
of rib development contributed to the wide differences in rib growth and patterning observed
between the present and previous studies (Gensch et al., 2008; Haldar et al., 2008).

Perturbation of SOX9 expression and pronounced apoptosis in muscle-ablated embryos

A priori, development of ribs from sclerotomal progenitors could depend on interactions
with skeletal muscle at any of several levels, including specification, proliferation, survival,
condensation, or differentiation of cartilage or bone. To define the developmental status of
presumptive skeletogenic progenitors in MyoD'C"®*: R26GPTA* embryos, sections of
control and DTA-expressing embryos were immunofluorescently stained for SOX9 at E11.5
and E12.5. SOX9 is an obligatory transcription factor for cartilage development, and marks
cells from early pre-cartilage mesenchymal condensations through mature cartilage stages
(Akiyama et al., 2002; Bi et al., 1999; Wright et al., 1995). In control embryos, the entire
length of pre-cartilage rib condensations at both stages stained strongly for SOX9 (Fig. 8A,
G), as well as with the lectin peanut agglutinin (PNA; data not shown). In

MyoD'Cre’* R26GPTA* embryos, pre-cartilage condensations of the distal rib rudiments
typically included only the proximal-most portion, likely corresponding in length to the
extent of rib outgrowth observed at E17.5. These condensations stained for SOX9 (Fig. 8D,
J) and were PNA+ (data not shown), although staining intensity was weaker than in wild-
type embryos. Importantly, areas of SOX9 expression in E11.5 MyoD/C¢/*: R26GPTA*
embryos were associated with MyHC+ skeletal muscle, whereas MyHC staining was absent
adjacent to more ventral mesenchymal tissue that was negative for SOX9 (Fig. 8C, F) and
PNA (data not shown). Interestingly, however, although SOX9+ condensations were absent
from all but the most proximodorsal anatomical locations, DAPI-stained sections of E11.5
and E12.5 embryos showed apparent accumulations of mesenchyme organized into thin rod-
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like structures at ventral, somatopleural regions (Fig. 8F, L). Such accumulations apparently
formed independent of SOX9 function, although we cannot rule out the possibility of
transient SOX9 expression prior to E11.5 (see Wright et al., 1995). Collectively, these results
indicate that skeletal muscle is required, directly or indirectly, for SOX9 expression, and in
the absence of SOX9, mesenchymal rib progenitors are unable to condense into definitive,
pre-cartilage rib anlagen in embryonic regions where ribs are ultimately absent in DTA
embryos.

As SOXQ is required for survival of limb bud mesenchymal cells (Akiyama et al., 2002), we
sought to address whether SOX9-negative mesenchyme in MyoD'C"/*; R26GPTA* embryos
undergoes apoptosis. Notably, TUNEL staining was associated with ventral mesenchymal
accumulations at both E11.5 and E12.5 (Fig. 8E, K). Confocal imaging confirmed that the
TUNEL signal co-localized with the DAPI-stained rod-like structures (Fig. 8E’-E’”). We
note that it was not possible to definitively establish that these TUNEL-positive aggregates
represent presumptive rib structures because of the lack of cell-specific markers for these
aggregates or for closely associated DTA-targeted muscle at this stage. However, frontal
sections of E11.5 embryos through somatopleural regions, which reveal alternating cross-
sections of rib and intercostal elements in control embryos (Fig. 8M), showed a near
continuous region of apoptotic cells along the antero-posterior axis of

MyoD'Cre’* R26GPTA* embryos (Fig. 8N), consistent with the possibility that the TUNEL
signal represents both dying skeletal muscle and adjacent mesenchyme. More
proximodorsally, TUNEL staining was reduced or absent in SOX9+ aggregates and
apoptosis was largely confined to skeletal muscles targeted for DTA-mediated ablation (Fig.
8F). The weaker TUNEL signal and persistent MyHC staining more dorsally at E11.5 is
consistent with the delayed kinetics of muscle ablation in the epaxial domains of interlimb
somites. These data demonstrate that interactions between the early myotome and
sclerotome are not sufficient for normal rib development, and point to the importance of
sustained interactions with developing musculature for the continued growth and
morphogenesis of the ribs.

Discussion

The dependence of distal rib development on skeletal muscle has been suggested by MRF
knockout studies from many labs. Yet, the high degree of allele-specific variability in rib
defects, from none to severe (Braun et al., 1992; Braun and Arnold, 1995; Kaul et al., 2000;
Patapoutian et al., 1995; Tajbakhsh et al., 1996; Tallquist et al., 2000; Zhang et al., 1995),
together with heretofore unexplained discordance between gene loss-of-function analyses
and muscle cell ablation studies, has led to uncertainties as to the functions of the MRFs,
and skeletal muscle more generally, in rib development. Here, we re-visited the role of
skeletal muscle in rib development using a combination of genetic and cell ablation
approaches.

Severity of rib defects is dependent on MRF dosage and is gene- and allele-specific

Most early studies attributed rib defects in Mrf4 knockout mice to a reduction or loss of
Myi5 expression (Braun and Arnold, 1995; Floss et al., 1996; Patapoutian et al., 1995; Yoon
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et al., 1997). However, together with Mrf4 knockout phenotypes, the variability in rib
phenotypes exhibited by the collection of My#5 knockout alleles (Braun et al., 1992; Kaul et
al., 2000; Tajbakhsh et al., 1996; Tallquist et al., 2000) and the demonstration that levels of
myotomal Mrf4 expression are strongly influenced by the targeting design of the linked
Myf5allele (Kassar-Duchossoy et al., 2004), indicate that both Myf5and Mrf4 play a role in
rib development. Although all allelic combinations of Myf5and Mrf4 could not be tested,
the present results directly support the conclusion that the combined gene dosage of Mrf4
and Myf5 determine the quality of rib growth and patterning. The results also point to gene-
specific effects, as mice carrying one allele each of Myf5and Mrf4 showed better patterning
than mice with two Mrf4 alleles, when MyoD was also knocked out. That either My75 or
Mirf4 s required to support rib development was also demonstrated by the studies of Vinagre
et al. (2010), who showed that the loss of ribs in DII-Hoxal0 transgenic embryos was
preceded by loss of expression of both Mrf4and Myf5in the hypaxial domain of interlimb
somites and that forced expression of Mrf4in these mice rescued rib development. A priory,
a requirement for Myr5 or Mrf4in rib development could reflect unique transcriptional
activities of these MRFs, although this possibility seems unlikely, as rib development was
normal when MyoD (Tallquist et al., 2000) or myogenin (Wang et al., 1996) was knocked
into the Myr5locus. However, the possibility of transcriptional targets shared by MYF5 and
MRF4, but not the other MRFs, cannot be formally ruled out by these knockin studies, since
Mirf4 can support rib development in the absence of Myf5, and the status of Mrf4 expression
was not noted in these studies (Tallquist et al., 2000; Wang et al., 1996; Wang and Jaenisch,
1997).

In light of the collective data indicating that the extent and quality of rib development can
largely be explained by gene dosage of My#5and Mrf4, parsimony would argue against the
hypothesis that c/s-acting effects on the expression of one or more unknown rib-determining
genes (Kaul et al., 2000) are responsible for the rib phenotype in Myf5™1 mice. Although
there is no definitive explanation for the observation that myotome formation is reportedly
delayed in My#5-nul/ mice that have a normal rib cage (MyfAAOXP/AIOXP mice; Kaul et al.,
2000), Vinagre et al. (2010) showed that Mrf4 expression in the hypaxial myotome is
retained in Myf5AloxP/AloxP embryos, consistent with the evidence that either Myf5or Mrf4
is required for rib development.

Interestingly, the MRF genetic hierarchy has not been conserved across vertebrates. In the
mouse, Myr5and Mrf4 are expressed earlier than MyoD in somites (Chen et al., 2002; Chen
and Goldhamer, 2004; Kassar-Duchossoy et al., 2004; Summerbell et al., 2002, 2000;
Tajbakhsh et al., 1997; Vinagre et al., 2010) and function genetically upstream of MyoD in
trunk myogenesis (Kassar-Duchossoy et al., 2004). Notably, Mrf4is sufficient to program
myogenic progenitors and drive early myogenesis (Kassar-Duchossoy et al., 2004), and this
capacity can explain the substantial rib development in embryos lacking both Myr5and
MyoD. In contrast, Mrf4is expressed after Myf5and MyoD in the frog, zebrafish, and
chick, and, like myogenin, its expression is initiated at the onset of differentiation (Berti et
al., 2015; Gaspera et al., 2006; Hinits et al., 2009, 2007; Mok et al., 2015; Schnapp et al.,
2009). Further, mrf4is not expressed and muscle development is prevented in zebrafish
embryos lacking both my#5and myod, placing mrf4 genetically downstream of these MRFs
(Hinits et al., 2011, 2009, 2007; Schnapp et al., 2009). Formal proof that developing
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musculature is necessary for rib development in zebrafish is lacking, as myf5/myod double
mutant fish die before the onset of trunk skeletogenesis (Hinits et al., 2011). It is reasonable
to hypothesize, however, that in fish and perhaps other non-mammalian vertebrates, MyoD
and Myf5are key muscle determinants of rib development, with MyoD subserving the rib
functions of mouse Mrf4. In this regard, it will be important to determine whether zebrafish
myod s sufficient to support rib development in embryos lacking Myf5and Mrf4.

The presence and severity of rib defects is dictated by muscle ablation kinetics

Using DTA-mediated cell ablation approaches, we confirmed that developing skeletal
muscle is indeed essential for growth and patterning of the distal ribs. Gross rib
malformations were observed when muscle progenitors and differentiating muscle were
ablated in MyoD/Ce mice (Kanisicak et al., 2009; Wood et al., 2013), as well as when
differentiating muscle was specifically targeted in HSA-Cre mice (Miniou et al., 1999).
These results contrast with previous studies in which rib development was unaffected in
Myf6-Cre/DTA (Haldar et al., 2008) and myogenin-Cre/DTA (Gensch et al., 2008) mice.
Mirf4is expressed in muscle progenitors of the hypaxial somite, slightly earlier than MyoD
(E9.5 versus E9.75; (Chen et al., 2002; Chen and Goldhamer, 2004; Kassar-Duchossoy et
al., 2004; Summerbell et al., 2002, 2000; Tajbakhsh et al., 1997; Vinagre et al., 2010). In
contrast to MyoD, however, Mrf4-expressing progenitors constitute only a small fraction of
myogenic progenitors, and ablation of the Mrf4 lineage did not significantly affect early
myogenesis (Haldar et al., 2008). While this expression/ablation profile alone would predict
that the rib cage would be unaffected in Myf6-Cre/DTA mice, the absence of rib defects is
perhaps more surprising when considering that Mrf4 is broadly expressed in differentiated
muscle and Myf6-Cre/DTA mice lack skeletal muscle at birth (Haldar et al., 2008).
Similarly, differentiated muscle was lost by E18.5 in myogenin-Cre/DTA fetuses, yet rib
abnormalities were not observed (Gensch et al., 2008). Of note, however, significant muscle
ablation was not observed until E14.5 or later in Myf6-Cre/DTA (Haldar et a., 2008) and
myogenin-Cre/DTA (Gensch et al., 2008) mice. This is in contrast to ablation Kinetics in
HSA-Cre; R266PTA* mice reported here, in which MyHC-positive muscle was undetectable
by E11.5. As ossifying cartilage models of the ribs are already present by E14.5 (Kaufman
and Bard, 1999), the comparatively protracted kinetics of muscle ablation relative to rib
morphogenesis in these previous studies likely explains the absence of rib malformations.

Many factors could influence muscle ablation kinetics, including the strength and
spatiotemporal specificity of the promoter driving Cre, levels of Cre protein, recombination
efficiency and promoter strength of the DTA allele, and the use of wild-type or attenuated
DTA proteins. In this latter regard, the impact of choice of DTA allele was directly shown
here by comparing muscle ablation kinetics and the severity of rib malformations in
MyoDCre embryos carrying one of three distinct DTA alleles, all of which are knockin
alleles at the Rosa26 locus. Notably, compared to R26°P7A mice, muscle ablation was
slower and rib development was substantially improved in mice harboring R26°7A176,
which expresses the attenuated DTA variant (Wu et al., 2006) used by Haldar et al. (2008).
Comai et al. (2014) also observed more efficient muscle ablation with the R265P™A allele.
Surprisingly, muscle cell ablation was also protracted, and rib development improved, with
an independent wild-type DTA allele (R26°74; Voehringer et al., 2008), relative to
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R26CPTA \Whether the greater efficiency of R266P7A-mediated ablation is related to an
apparently higher transcriptional output from this allele, as suggested by RT-gPCR analyses,
or to allele-specific differences in efficiencies of Cre-dependent recombination, is unclear.
Regardless of mechanism, it is reasonable to suggest that use of distinct DTA alleles in the
present and previous studies influenced muscle ablation kinetics and rib phenotypes.

Interactions with skeletal muscle beyond somite stages are required for normal rib
development

In E11.5 and E12.5 MyoDCre*: p26GDTA* embryos, rod-like mesenchymal aggregates
were evident in ventrolateral somatopleural regions that lacked definitive rib structures at
later stages. These aggregates did not stain for SOX9, an obligate cartilage transcription
factor (Akiyama et al., 2002; Bi et al., 1999; Wright et al., 1995) required for survival of pre-
cartilage progenitors (Akiyama et al., 2002), and the surrounding tissue was devoid of
MyHC+ skeletal muscle. Although it was not possible to definitively establish that these
mesenchymal aggregates represented rib precursors, because of the lack of available
markers, the aggregates appeared to be continuous with more proximodorsal structures that
stained positively for SOX9 and were associated with MyHC+ muscle (prior to its eventual
loss). Notably, SOX9-negative aggregates showed robust apoptotic activity at E11.5 and
E12.5, whereas TUNEL staining was not observed in SOX9-positive mesenchymal
accumulations. Taken together, these data suggest a model in which skeletal muscle
associated with presumptive rib progenitors directly or indirectly is required for SOX9
expression, and failure to express SOX9 results in apoptosis of presumptive rib progenitors.
In this model, development of proximodorsal aspects of the distal ribs can be explained by
the relative perdurance of skeletal muscle in these regions, ultimately dictated by the
spatiotemporal pattern of MyoD/Ce expression and DTA activity.

The correlation between delayed myotome formation and severe rib truncations reported by
many studies (Braun et al., 1992; Braun and Arnold, 1995; Floss et al., 1996; Tajbakhsh et
al., 1996; Tallquist et al., 2000; Wang and Jaenisch, 1997; Yoon et al., 1997) points to the
importance of early myotome-sclerotome interactions in rib development. Indeed, these
early studies led to the identification of myotomally expressed PDGFA and FGFs as likely
mediators of such interactions (Floss et al., 1996; Grass et al., 1996; Huang et al., 2003;
Patapoutian et al., 1995; Tallquist et al., 2000; Vinagre et al., 2010). That muscle is also
required at late somite stages and beyond is suggested by the present data, as effects on
myotomal gene expression in MyoD'C'e*; R26GPTA* embryos were first evident at E10.5
[(approximately 1 to 2 days after formation of the thoracic somites, depending on
anteroposterior position; Theiler, 1989)], and the lack of SOX9 expression and increased
apoptosis in apparent rib mesenchyme at E11.5 and E12.5 were restricted to anatomical
regions that lacked skeletal muscle. The disruption of rib development and patterning in
HSA-Cre/DTA embryos, and the corrective action of MyoD on rib patterning under
conditions of limiting MRF dosage, also are consistent with the sustained influence of
skeletal muscle on rib development. Collectively, available data indicate that early myotome-
sclerotome interactions are necessary, but not sufficient, for normal rib development, and
that sustained interactions are required for the continued growth and patterning of the ribs.
Precisely defining the developmental window during which muscle interactions are required
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will require Cre drivers that are muscle specific, highly efficient, and allow temporal control
of Cre activity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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. MyoD'C"eIDTA-dependent skeletal muscle ablation profoundly disrupts rib

. One allele of Mrf4 drives substantial rib development in the absence of Myf5
and MyoD
. Specifically ablating differentiated muscle causes gross rib malformations

. The severity of rib defects is highly dependent on choice of DTA allele

. Muscle interactions beyond somite stages are required for normal rib
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Figure 1.
Severity of rib defects in MRF knockout mice is gene-, allele-, and dosage-dependent. E17.5

fetuses of the genotypes shown were ABAR-stained for cartilage and bone. (A-H) Fetuses
are ordered from most to least severe rib phenotypes. In some cases, differences in
phenotypes between mice in adjacent panels were modest or inconsistent (C,D and E,F).
Mice lacking both Myf5and Mrf4 (A, B) showed the most severe phenotype, regardless of
the presence of MyoD (B). One or two alleles of Mrf4 was sufficient for substantial rib
development, although patterning was disrupted (C, D). Note that the number of active Mrf4
alleles was dictated by the Myr5allele used (see Table 1 and text). MyoD substantially
improved rib patterning in mice carrying one or two active Mrf4alleles (C, D, vs E, G). (A’-
H”) Dorsal views of fetuses corresponding to panels A-H. Rib rudiments in the most
severely affected fetuses (A’, B’) typically terminated with a dilated knob-like structure
(arrows). In C’, D’, E’, and G’, arrows show areas of abnormal rib thickenings. Forelimbs

Dev Biol. Author manuscript; available in PMC 2021 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Wood et al.

Page 21

were removed to better visualize the ribs. Images shown do not necessarily reflect the same
magnification. Fetuses were magnified to fit individual panels. Poor staining of posterior
vertebrae in A is a staining artifact and not a consistent feature of this genotype.
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Figure 2.
Ablation of MyoD+ progenitors markedly disrupts rib development, as shown by whole

mount ABAR staining of E17.5 fetuses. (A, A”) Whole mount (A) and forelimb (A”) of
control fetus. The deltoid tuberosity of the humerus (arrow) is shown (A”). (B, B’) Lateral
(B) and dorsal (B’ view of a MyoD'C"e/*; R26GPTA* fetus. The first rib is marked with a red
arrow. All ribs were severely truncated, except for the second rib, which typically
approximated, and sometimes attached, to the sternum (orange arrowhead). In some fetuses,
including the one shown, the third rib was less severely affected than the first rib or more
posterior ribs. As in MRF knockout mice, ribs were irregularly shaped and often had local
thickenings (B’, black arrows). Amorphous “floating” cartilaginous rib structures (black
arrowheads), with no obvious connection to more dorsal bony elements, were often observed
(B). (B”) The forelimb of the MyoD/Cre/*; R26GPTA* fetus shown in B and B’. The humerus
is shorter than in control mice, the size of the deltoid tuberosity is greatly reduced, and the
radius and ulna are essentially touching. (C, C’, D, D) Two additional examples of the rib
phenotypes in MyoD'Ce/* R266PTA fetuses. (C” and D) are higher magnification images
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of C and D. These fetuses share all major features with the fetus shown in B and B’.
Truncated ribs are often capped with cartilage (C’, red arrowheads). In the fetus shown in D
and D’, the second rib approximates the sternum (orange arrowhead). At higher
magnification, continuity between the portion of the second rib delimited by arrows is
evident. Black arrowheads in D’ indicate floating cartilaginous rib structures. Forelimbs
were removed to better visualize the ribs.
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E10.5

Control MyoDicre/*;R2650TA/*

E11.5

Control MyoDicre/*;R266PTA/+

Fgf4

Pdgfa

Figure 3.
Whole mount /in situ hybridization for Fgf4and Pdgfa transcripts in control and

MyoDiCre/*, R26GDTA* embryos. (A-D) Hypaxial expression of Fgf4is lost by E10.5 in the
interlimb somites of MyoD/C"¢/*: R26GDTA* embryos (A, B). The differential effect of DTA
expression on Fgf4 expression in both hypaxial and epaxial somite domains is also evident
at E11.5 (C, D). The ventrolateral extent of Fg74 expression in control embryos, and the
corresponding position in DTA-expressing embryos, is shown by a dotted line. Epaxial loss
of Fgf4 caused by DTA expression and the corresponding area in the control is shown by
brackets. (E, F) Diminution of myotomal Pdgfa expression in an E11.5

MyoD'Cre/* R26GPTA* embryo (F) compared to a control (E).
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HSA-Cre;R26M/* HSA-Cre;R26507/+

Figure 4.
DTA-mediated ablation of differentiated skeletal muscles causes marked rib truncations. (A-

C) GFP lineage labeling in HSA-Cre; R26VG/* embryos. GFP expression was detected in the
myotomes of cervical somites at E9.0 (A), in anterior thoracic somites at E9.5 (B), and in
somites along most of the body axis by E10.5 (C). White arrowheads delimit the
anteroposterior extent of somitic GFP expression at each stage, and blue arrowheads identify
GFP expression in the branchial arches. The asterisks in A and B show GFP expression in
the heart (Miniou et al., 1999). Background fluorescence is visible in the head and surface of
the embryos. (D-F) ABAR staining of three E17.5 HSA-Cre; R266P7A* fetuses showing the
consistency of rib malformations. (F’) Dorsal views of embryos shown in F. HSA-

Cre; R26CDPTA* fetuses show more severe truncations of anterior ribs compared to posterior
ribs. Growth and patterning defects are distinct from those of MyoD'Cre/*; R26G0TA*
fetuses. Forelimbs were removed to better visualize the ribs. The first rib in each panel is
designated with a red arrow.
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Myo DiCre/+; Myo DiCre/+; Myo DiCre/+; Myo DiCre/+;
R26NZG/+ RZGNZG/GDTA R26NZG/DTA176 R26NZG/DTA

E12.5

Figure 5.
Comparison of MyoD/“"e-dependent nlacZ expression in three DTA mouse lines, as revealed

by X-gal staining for p-gal. Representative images are shown. (A, E) Control embryos
lacking a DTA allele. All myogenic regions of the embryo stain intensely for nlacZ. (B, F)
nlacZ was typically undetectable in GDTA embryos. Occasionally, a barely detectable signal
was observed in somites (e.g. B, arrow). (C, G) In embryos expressing DTA176, -gal
staining was substantially diminished, but remained evident in interlimb somites, limb buds,
and in cervical regions of the embryos. (D, H) MyoD’C"®* embryos carrying the
independently derived wild-type DTA allele R26°74 showed B-gal staining that was
comparable to, or greater than, that of MyoD'Ce*; R26PTA176/* embryos (C, G). In C, D, G,
and H, brackets and arrows show staining in interlimb somites and limb buds, respectively.
Staining in cervical regions is not labeled.
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Figure 6.
RT-gPCR analysis of MRF gene expression in DTA embryos between E11.5 and E13.5.

Heads were removed prior to processing tissues for RNA extraction. Controls carried one of
the three DTA alleles but lacked MyoD'C"e. ACt values were calculated using Gapadh as the
internal control. Data is represented as the mean of three biological replicates + standard
error. Each biological replicate is the mean of three technical replicates. Two-way ANOVA
with Tukey’s multiple comparison statistical test was performed. * = p<0.05, ** = p<0.01,
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*** = p<0.001, and **** = p<0.0001. Statistical analyses were not performed between
stages or between MRFs.
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.R26DTA1 76/+

+
’

Myo DiCre/

-R26PTA/+

+
7’

MyoDicre/

Figure 7.
Partial normalization of rib development in MyoD'“" mice when cell ablation is mediated

by R26PTA176 or R26PTA alleles. E17.5 fetuses were ABAR-stained for cartilage and bone.
(A-C) Lateral views of MyoD'C"e/*; R26PTAL76/* fetuses reflecting the range of phenotypes
observed. (D-F) MyoDCre*, R26PTA* fetuses show a comparable or greater degree of rib
development compared to MyoD'C'é/*; R26°TAL76/* embryos. Forelimbs were removed to
better visualize the ribs.
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Figure 8.
Lack of SOX9 and MyHC staining is associated with areas of apoptosis in

MyoDiCre/*, R26GDTA* embryos. (A-L) Each set of three images for each genotype and
stage represent adjacent transverse 10 um paraffin sections stained for either SOX9,
TUNEL, or MyHC, and counterstained with DAPI. (A-C) At E11.5, pre-cartilage rib
condensations of control embryos stained intensively for SOX9 (A), and little or no TUNEL
signal was detected (B). Developing intercostal muscles are MyHC-positive (C). Note that a
typical section plane may not capture the entire proximodistal extent of a given rib. (D-F) In
MyoD'Cre/* R26GPTA* embryos, the ventral portions of ribs (brackets) lack SOX9
expression (D), are surrounded by MyHC-negative tissue (F) and are associated with intense
TUNEL activity (E). Although the TUNEL signal co-localizes with apparent cell
aggregations, apoptotic cells cannot be definitively assigned to a particular cell type due to
the lack of markers for these aggregates and for DTA-expressing muscle cells. In
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proximodorsal regions of the distal rib shown, SOX9 expression is weak (D, arrow) and is
associated with muscle that is still MyHC-positive (F, orange arrow). The corresponding
TUNEL signal (E, orange arrow) likely represents dying muscle. (E’-E’””) Confocal images
corresponding to the bracketed region in E showing co-localization of the DAPI-stained cell
aggregate and the fluorescent TUNEL signal. Images are of a 1 um optical section. The
dotted line in E” represents the approximate boundary of the cell aggregate. The scale bar
represents 100 um. (G-1) Transverse section of E12.5 control embryo through the proximal
aspect of a distal rib dorsally, and through developing intercostal muscles ventrally. As at
E11.5, the SOX9 (G) and MyHC (1) signals are intense and the TUNEL signal (H) is low or
at background. (J-L) At E12.5, the SOX9 signal persists dorsoproximally (J, arrow) and
TUNEL staining is associated with cell aggregates that lack SOX9 staining (K, bracket).
MyHC is now absent both in ventral and dorsal embryonic regions (L). (M, N) Merged
images of three adjacent 10 pm frontal sections through the ventral body wall of E11.5
control and MyoD'Cre/*; R26GPTA* embryos stained for SOX9, TUNEL, or MyHC. In the
control embryo (M), six cross-sectional profiles of SOX9+ rib primordia, alternating with
MyHC-positive developing intercostal muscles, are shown. The TUNEL signal is at
background or very low. The apparent overlap of SOX9 and MyHC signals on the right side
of the image is a consequence of imperfect alignment of sections that are separated by up to
30 pm. A merged image of a MyoD'Ce/* R26GPTA%* embryo (N) essentially shows only
TUNEL staining because of the lack of SOX9 and MyHC signals in the ventral body wall.
The near continuous TUNEL signal along the anteroposterior axis may represent apoptosis
of both the musculature and rib progenitors. Scale bars represent 200 um.
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MyoD and My#f5null alleles used in this study, with resulting gene dosages of MyoD, Myf5and Mrf4. The
Myrfa™ allele (Braun et al., 1992) also abrogates expression of the closely linked Mr#4 gene in the embryo

(Yoon et al., 1997), whereas myotomal Mrf4 expression is not appreciably affected in My f5oXF/10XP embryos
(Kassar-Duchossoy et al., 2004).

# Active Alleles

Genotype MyoD | Myf5 | Mrf4 | Total
(A) MyoD™/mL pgyfamy/ml 0 0 0 0
(B) MyoD™# My f5m/ml 1 0 0 1
(C) MyoD™¥/mi pgy fomi/ioxP 0 0 1 1
(D) MyoD™/m1 pyfapxPlioxP 0 0 2 2
(E) MyoD™ ;Myf5m¥/ioxP 1 0 1 2
(F) Myo D™/mLpqyfomise 0 1 1 2
(G) MyoD™* :MyfaloxrlloxP 1 0 2 3
(H) MyoDm™/m1pyf5loxt 0 1 2 3
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