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Skeletal muscle is generated by the successive incorporation of primary (embryonic), secondary (fetal), and
tertiary (adult) fibers into muscle. Conditional excision of Pitx2 function by an MCKE™ driver resulted in
animals with histological and ultrastructural defects in P30 muscles and fibers, respectively. Mutant muscle
showed severe reduction in mitochondria and FoxO3-mediated mitophagy. Both oxidative and glycolytic energy
metabolism were reduced. Conditional excision was limited to fetal muscle fibers after the G1-GO transition and
resulted in altered MHC, Racl, MEF2a, and alpha-tubulin expression within these fibers. The onset of excision,

monitored by a nuclear reporter gene, was observed as early as E16. Muscle at this stage was already severely
malformed, but appeared to recover by P30 by the expansion of adjoining larger fibers. Our studies demonstrate
that the homeodomain transcription factor Pitx2 has a postmitotic role in maintaining skeletal muscle integrity
and energy homeostasis in fetal muscle fibers.

1. Introduction

The Pitx2 locus encodes one of the vertebrate set of roughly 200
transcription factors that use the evolutionarily conserved homeodo-
main (HD) to selectively bind specific DNA sequences at cis-regulatory
modules (CRMs) of target loci. HD factors comprise approximately
10% of the sequence specific transcription factors (SSTFs) encoded in
the vertebrate genome, are expressed in spatially-restricted, progres-
sively-overlapping patterns throughout embryogenesis, and genetic
perturbations at their loci often cause developmental patterning defects
characterized by homeosis, or the replacement of one body part by the
likeness of another. Progressive deployment of HD-factors acts collec-
tively to specify body part identity during embryogenesis, with each
progressive deployment of a new HD-factor applying a new lineage
restriction. For example, the onset of Cdx2 expression in outer morula
cells represses Nanog and Oct4 RNA, and restricts the trophoectoderm
lineage from the inner cell mass (Strumpf et al., 2005). Similarly, the
onset of Lbx1 expression in the ventrolateral dermomyotome restricts a
subset the default-medial migrating muscle precursors to become
lateral-migrating muscle precursors (Gross et al., 2000a). Lineage
restriction by a given HD factor in embryos is exquisitely dependent
on the lineage of the particular cell in which it is becoming newly
expressed. Thus, onset of Lbxl expression in the developing neural
tube does not lead neural tube cells to become laterally migrating
muscle cells. Instead, it contributes to lineage restriction, or specifica-
tion, of progenitors for at least five neuronal subtypes, each in a distinct
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way that depends on which layer of the neuroepithelium it is emerging
from (Gross et al., 2002; Kioussi and Gross, 2008; Kioussi et al., 2006).
It is therefore not surprising that HD factors act in specifying muscle
progenitor cell types, with different HD-restriction histories acting in
different spatial domains to initiate myogenic determination (Harel
et al., 2012; Schubert et al., 2018; Shih et al., 2007a, 2007b).

The myogenic progression emerges from classic primary culture-
based studies, and determined myoblasts have long been characterized
by expression of Myf5, Myf6, or MyodlI, rather than by appearance of
any particular HD-factor. Removal of FGF extracts, or serum with-
drawal, causes myoblasts to pull out of the cell cycle, into a GO phase,
and undergo terminal differentiation. The point at which cells could no
longer be induced to proliferate by restoring growth conditions was
operationally defined as the point of commitment to terminal differ-
entiation and became associated with Myog expression. Terminal
differentiation itself was characterized by observing onset of structural
RNA and protein expression and fusion into multinucleated syncytia.
When these culture systems were developed, embryological grafting
studies indicated that somite-generated muscle cells were plastic and
adopted their specific properties from the local environment.
Consistent with this view, a TCF4* prepattern delineates the muscle
anlagen pattern of the limb, even in the absence of migratory muscle
progenitors from the somite (Kardon et al., 2003). However, newer
grafting experiments demonstrate that some predispositions of muscle
progenitors, such as Lbx1-dependent lateral migration, are intrinsically
encoded in axial subsets of the somites using Hox codes (Alvares et al.,
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2003; Kessel and Gruss, 1991). The full extent and progression of pre-
MREF lineage restrictions induced by HD-factors in each presumptive
muscle structure (Kassar-Duchossoy et al., 2005; Lozano-Velasco et al.,
2011; Relaix et al., 2005, 2004; Schubert et al., 2001) remains to be
determined, yet it remains likely that such restrictions predispose
chromatin of muscle progenitor cells at each anatomical location in a
slightly different way, so that MRF-entrainment (Liu et al., 2018) leads
to different flavors of postmitotic muscle nuclei.

Expression of the Pitx2"*“ knock-in allele is observed in the vast
majority of fetal muscle anlagen and adult muscles in both the head
and trunk (Shih et al., 2007b, 2007a). Somitic Pitx2- expression
begins at E10.25 in Pax3*Myod1* cells of the ventrolateral dermo-
myotome at forelimb levels. Onset in other somites progresses in both
the rostral and caudal direction from this location, and is closely
associated with close apposition of a non-somitic Pitx2* cell population
that appears to originate from an early body wall Pitx2 expression
domain (Eng et al, 2012a; Shih et al., 2007a). Six hours later,
Pitx2*Pax3*Myod1* cells are also observed intermingled with the
central myotome, where Myodl® cells are known to secondarily
colonize the primary myotome (Cinnamon et al., 1999; Gross et al.,
2000a; Kahane et al., 1998; Kalcheim et al., 1999; L'honoré et al.,
2007; Shih et al., 2007a; Smith et al., 1994).

Early Lbx1*Pax3*Myod1™ limb muscle precursors (LMPs) delami-
nate from forelimb level somites at E9.25 and migrate into the limb.
The dorsal and ventral muscle masses of E10.25 forelimbs consist
largely of Pax3"Lbx1*; Myod1™ and Myog™" cells (Gross et al., 2000a;
Shih et al., 2007a). At this time, Pitx2" cells start to appear in the
forelimb bud along the interior surface of the muscle masses at E10.25.
They co-express Pax3 and Myod1, but not Pax7, and by E10.75 they are
intermingled with muscle masses (Kioussi et al., 2002; Shih et al.,
2007a). At E10.5, a few Pax7" cells are observed in the forelimb, but by
E11.5 the limb muscle masses contain Pitx2* mixtures of Pax3*Pax7",
Pax3*Pax7* and Pax3 Pax7" cells (unpublished). The absence of Pitx2
from early Pax3*Pax7” LMPs and its presence later LMPs is consistent
with the idea Pitx2 is expressed in the fetal muscle progenitor (FMP)
lineage, but not in the preceding embryonic muscle progenitor (EMP)
lineage (Messina and Cossu, 2009). This fetal muscle lineage derives
from Pax3*Pax7" progenitors that activate Pax7 expression in the limb
bud (Hutcheson et al., 2009; Lepper and Fan, 2010).

The FMP lineage alone appears to be responsive to B-catenin as
myofiber assembly proceeds in the limb muscle anlagen of the fetal
period (Hutcheson et al., 2009). B-catenin signaling increases expres-
sion of the Pitx2"*? knock-in allele in Pitx2-expressing organs
(including muscle), acts together with Pitx2 protein to remove deace-
tylases from Pitx2-bound, repressed promoters, and activates a serial
recruitment of coactivators to Pitx2-bound promoters of growth control
genes acting at early to mid G1 (Kioussi et al., 2002). Wnt signaling,
acting through Pitx2 to boost proliferation (Clevers, 2002), has been
demonstrated in chick somites (Abu-Elmagd et al., 2010). The
B-catenin responsiveness in “fetal” but not “embryonic” muscle cells
is also consistent with the model that Pitx2 plays a role in former rather
than the latter.

Four circumstances complicate the genetic analysis of Pitx2 func-
tion in nascent trunk muscle. First, null mutants show early pheno-
types at many non-muscle locations and die between E12.5 and E14.5
(Gage et al., 1999; Kitamura et al., 1999; Lin et al., 1999; Lu et al.,
1999), precluding evaluation of adult muscle phenotypes. Fetal null
mutants appear to have the muscle anlagen in the nearly all of the
correct places, but overall deformation of the fetus at this stage distorts
the shape and relative position of most anlagen in a way that precludes
detailed experimental comparisons (Campbell et al., 2012; Eng et al.,
2012a; Lozano-Velasco et al., 2011), with two exceptions, the loss of
branchial arch and extraocular musculature by improper specification
cranial paraxial mesoderm (Schubert et al., 2018; Shih et al., 2007b)
and the loss of body wall musculature that is associated with altered
axial specification of lateral plate mesoderm (Eng et al., 2012a).
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Second, somitic cells initiate Pitx2 expression just at the time when
they come near Pitx2* cells of presumptive lateral plate mesoderm
origin, making it uncertain if defects observed in mutants are cell-
autonomous in dermomyotome, lateral plate mesoderm, or both.
Third, the continued expression of Pitx2 throughout the myogenic
progression makes it difficult to separate early and late Pitx2 functions.
Fourth, the Pitx3 gene appears to be expressed in a pattern that very
similar, but slightly delayed, to that of Pitx2. No apparent muscle
phenotype was observed in Pitx3-null mutants, but ectopically upre-
gulation of Pitx2 in E13.5 muscle anlagen, suggested that Pitx2
compensated for Pitx3-dependent defects that occurred prior to this
time (L'honoré et al., 2007).

At forelimb levels Pitx3 is not expressed in the LPM-derived
domain of Pitx2, and it is not expressed in the ventrolateral dermo-
myotome at E10.5, where Pitx2 expression begins in paraxial meso-
derm derivatives (somites). A floxed Pitx2 allele has been reported
(Ai et al., 2006), yet it appears that phenotypic analyses using trunk
skeletal muscle drivers has only been reported when Pitx3 was also
excised (L'honoré et al., 2014). Double conditional Pitx2/3 mutants
excised either with MSD-CRE during early somite formation, or with
Pax3°™ during dermomyotome formation, form variably reduced fetal
muscle anlagen by E13.5 that express RNA for the commitment marker
Myog. MSD™ excision in all somitic cells leads to robust apoptosis in
thoracic somites at E12.5, whereas HSA®™ excision in the differen-
tiated cells of those somites does not (L'honoré et al., 2014), demon-
strating that Pitx2/3 plays an essential role early role prior to terminal
differentiation.

Taken together, these observations suggest that onset of Pitx2
expression in cells of the ventrolateral dermomyotome at E10.5,
restricts the lineage at that location, from one which is forming
progenitors for “embryonic”’-type, primary muscle fibers (EMFs), into
one that will form progenitors for “fetal”-type, secondary muscle fibers
(FMFs). Functional ablation of Pitx2 would therefore be expected to
lead to a cellular neoteny, in which the embryonic muscle precursors
(EMPs) in the ventrolateral dermomyotome at E10.5, failing to
normally deploy Pitx2 and become fetal muscle precursors (FMPs),
merely remain as supernumerary EMPs that eventually undergo
apoptosis. The massive apoptosis observed in E12.5 somites in MSD-
excised Pitx2/3 conditionals begins at E11.5 (L'honoré et al., 2014) and
appears similar to massive apoptosis observed shortly after specifica-
tion failure in the dorsal horn of LbxI mutants (Gross et al., 2000b). In
timing and location it appears appropriate for languishing, super-
numerary EMPs. However, double null mutants apparently still have
limb muscle that can express Myog at E13.5 (L'honoré et al., 2014).
These must arise from the LMPs that have arrived in the limb bud
before onset of Pitx2 expression in the ventrolateral dermomyotome.
Independent onset of Pitx2 in some of these cells is likely to restrict
lineage in much the same way it does in the somite, from EMP to FMP.

Here we report the development of a new floxed allele at the Pitx2
locus and demonstrate that conditional loss of Pitx2 function in
postmitotic nuclei of terminally differentiating myofibers of trunk
skeletal muscle, driven by an MCK®™ transgene (Briining et al.,
1998), leads to an adult phenotype. Two key determinants of skeletal
muscle function, anatomical structure and energy state, were defective
in Pitx2M°K muscle, indicating that Pitx2 plays a key role in maintain-
ing muscle homeostasis by governing postmitotic gene expression.

2. Materials and methods

2.1. Generation and functional confirmation of a new conditional
Pitx2 allele

A 1.8kb PGK-neo (PGKN) cassette, flanked by FLP sites, was
inserted between upstream (3.5 kb Sall/Nhel) and downstream (3 kb
KpnI/Kpnl) flanking regions so that it was transcribed in the same
direction as the locus. LoxP sites and a diagnostic Bam HI site were
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inserted around exon 5, which encodes the N-end of the homeodomain with 15% fetal calf serum, 0.1 mM B-mercaptoethanol, 4 mM glutamine
(Fig. 1A). Sall linearized targeting vector (25 ug) was electroporated and 10% U/ml rLIF (Chemicon, Tokyo, Japan). ES cells were plated
into 2 x 107 embryonic stem cells (R1), grown in DMEM supplemented onto Neo® embryonic fibroblasts, grown in the presence of 0.3 mg/ml
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Fig. 1. Generation of new conditional allele and functional confirmation of the Pitx2 muscle specific knockout mouse. (A) Schematic representations of the endogenous Pitx2 locus,
targeting vector, Pitx2™ allele, and the Cre-recombined allele. Exon 5, encoding the upstream end of the homeobox, is flanked by loxP sites (grey arrowheads), while the PGK-Neo
(PGKN) cassette is flanked by FRT sites (pink arrowheads). Tissue-specific recombination with a Cre driver results in the Pitx2* allele (bottom). (B) Homologous recombination in ES
cells. Genomic DNA from ES cell clones was digested with BamH1 and probed with the 5’ probe shown above to identify homologous recombination with a13.5 kb fragment (C)
Demonstration of Cre recombination of genomic DNA from tissues. The floxed (Pitx2'") and deleted (Pitx22) form of the allele are detected as 1400 and 360 bp amplicons, respectively,
in PCR amplifications of genomic DNA isolated from brain (Br), cardiac outflow track (H), liver (L), white adipose tissue (A), or muscles (TA, Ga) of P30 conditional null mice (Pitx2"X).
Excision was only detected tibialis anterior (TA) and gastrocnemius (Ga). (D) Western blot of total protein extracts from the organs of normal and conditional null mice at P30. Pitx2
protein levels were reduced in the abdominal body wall (Ab) and muscles (TA, Ga) of conditional mutants but were unaffected in intestine (I). Intestinal Pitx2 protein levels are reduced
in complete (Pitx2%/%) but not conditional (Pitx2Y°X) mutants. (E-H) Triple labelling immunohistochemistry of E16 hindlimb muscle (E, F) and P2 tibialis anterior (G, H) of control
MCK®"|Rosa" "¢ (E, G) and mutant MCK*"®|Rosa™ ™€ | Pitx2"1/% (F, H) mice. Onset of Cre excision is indicated by the onset of green signal in red nuclei (yellow). Loss of Pitx2 protein

signal (blue) was observed in these cells.

G418 for two weeks, and 300 resistant clones isolated. Homologous
recombinant clones were identified by Southern blot analyses (Fig. 1B)
and chromosome analyses were performed to ensure euploidy (data not
shown). Three clones were microinjected into C57BL/6 blastocysts,
and then transferred to pseudopregnant females. Mice homozygous for
the floxed allele (Pitx2'™) bred true, and were crossed with mice
heterozygous for the null lacZ knock-in allele Pitx2? (Lin et al., 1999),
to the generate the heterozygote Pitx2"/Z mice that were crossed with
mice bearing the MCK ™ transgenic driver (Briining et al., 1998).

Functional confirmation of excision in target tissues was demon-
strated by PCR analysis of genomic DNA isolated from P30 tissues of
Pitx2"/* mice (Fig. 1C). External PCR primers were designed so that
the 1.4 kb amplicon of the Pitx2' allele becomes reduced to a 360 bp
amplicon when excision generates the tissue specific Pitx2* allele. The
smaller amplicon was observed with genomic DNA from two muscles
(TA, Ga) but was not detected with genomic DNA from brain, cardiac
outflow tract, liver, or white adipose tissue, indicating that MCK®™®
mediated tissue specific genome recombination is found preferentially
in muscle, and specifically occurred in the tibialis anterior (TA) and
gastrocnemius (Ga) muscles on which we perform much of our adult
analysis.

The ability of the MCK ™ driver to selectively reduce Pitx2 protein
in muscle tissue was demonstrated by western blot (Fig. 1D). Protein
extracts from P30 wild type, conditional, and complete null mice were
compared using an antibody derived against the C-terminus of the
Pitx2 protein (Kioussi et al., 2002). Pitx2 protein levels were reduced
below detection in extracts of the abdominal wall (Ab), or the two
muscles (TA, Ga), but appeared unaffected in extracts of the intestine
(I), where expression is clearly reduced in complete null (Pitx2%%)
extracts.

To monitor conditional Pitx2 excision in our system at the cellular
level, we a made use of dual-color nuclear lineage tracing allele
(Rosa™%) designed and tested by the Schmidt group (Prigge et al.,
2013). The constitutive, endogenous ROSA promoter drives expression
of red nuclear Tomato (nT) protein until Cre excision makes it drive
expression of green nuclear GFP (nG). Cryostat sections of fetal
hindlimb muscle (E16), or the postnatal (P2) TA muscle, from either
normal (MCK®™|Rosa"™™%) or conditional null (MCK®"|Rosa™ ™€
Pitx2%/*) mice, were compared using triple labelling immunohisto-
chemistry with anti-Pitx2, anti-GFP, and anti-Tomato antibodies
(Fig. 1E-H). Onset of excision by the MCK®™ transgene driver,
indicated by nT*nG" nuclei, occurred in both normal and conditional
muscles, at both E16 and P2. Pitx2 protein was readily observed in
nT 'nG" nuclei (indicated by white) of normal, but not conditional null
muscle. The excision observed at E16 indicates that the MCK™ driver
is already active in differentiating cells of the fetal anlagen, consistent
with the association of MCK expression with fetal muscle cells (Ferrari
et al., 1997). Excision continued in the postnatal period (see results;
Fig. 3A, B).

2.2. Mice

All animal experiments were performed in accordance to institu-
tional and National Health and Medical Research Council guidelines.
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The experimental protocol was approved by the Institutional Animal
Care and Use Committee at Oregon State University. Mice were housed
in 12 light/12 dark cycle environment and fed the standard PicoLab
Rodent Diet 20, 5053%, a managed formulation that delivers constant
nutrition.

2.3. Quantitative RT-qPCR

Skeletal muscle biopsies (100 mg) from wild type and Pitx2MK
mice were collected and homogenized with Bullet Blender (Next
Advance, Averill Park, NY, USA). RNA from selected tissues was
extracted (Qiagen, Helden, Germany) and transcribed to cDNA with
High Capacity cDNA Reverse Transcription Kit (AB, Foster City, CA,
USA). Both RNA and ¢cDNA quality and quantity were tested by
NanoDrop (Thermo Scientific, Waltham, MA, USA). 100 ng of cDNA,
1 pmol of primer and SYBR Green Supermix (Bio-Rad, Hercules, CA,
USA) were applied in each well in 7500 Real Time PCR System (AB).
Each sample was tested in technical triplicates. Expression levels of
18S rRNA were used as internal quantity and quality control. Ct value
of each well was calculated. Relative gene expression was calculated
using the ddCt method. All primers are listed in Table S1.

2.4. Histology and immunohistochemistry

Eosin-Hematoxylin (H & E) staining: Muscle biopsies were fixed in
3.7% paraformaldehyde for 30 min, dehydrated with ethanol and
xylene and embedded in paraffin. Five micron thick serial cross-
sections were mounted on lysine coated slides and incubated at 65 °C
overnight to removal of paraffin. Slides were rehydrated and incubated
in hematoxylin solution (Fisher Scientific, Hampton, NH) for 90s,
washed with running tap water, Blueing reagent (Fisher Scientific.
Hampton, NH), Clarification reagent (EMD Millipore, Burlington, MA)
and 95% ethanol for 1 min for each step. Slides were stained with eosin
for 30 s, sequentially washed twice with 100% ethanol and xylene for 1
min for each step, and mounted with DPX (VWR, Radnor, PA).

Immunohistochemistry: Cytoskeleton staining: Muscle biopsies
isolated, fixed in 4% paraformaldehyde and immunohistochemistry
was performed as described in (Shih et al., 2007c). Sections were
incubated with antibodies against GFP (rat anti-GFP, (Shih et al.,
2007a)), RFP (1:3000, Abcam, Cambridge, United Kingdom ab62341),
alpha-Tubulin (, 1:100, Sigma, St. Louis, MO T6074), Laminin A
(1:300, Sigma, St. Louis, MO L9393), MYOG (1:100, Santa Cruz
Biotechnology, Santa Cruz CA SC576), PAX7 (1:50, DHSB Iowa City
IA), Racl (1:200, Biosciences 610650), MEF2a (1:100, Santa Cruz
Biotech SC10794;), mitochondria (1:50, EMD Millipore MAB1273), or
PITX2 (anti-Pitx2a, (Kioussi et al., 2002)), and Cy™2-conjugated
AffiniPure Donkey Anti-Mouse IgG (H+L) (715-225-151, Jackson
ImmunoResearch, West Grove, PA) and Cy™5-conjugated AffiniPure
Donkey  Anti-Rabbit IgG  (H+L) (711-175-152, Jackson
ImmunoResearch). Myosin Heavy Chain (MHC) staining: Muscle
biopsies were snap frozen in liquid nitrogen-chilled isopentane and
embedded in OCT. Sections of 10u were rehydrated with PBS,
permeabilized with PBST (0.5% Triton X-100 in PBS) for 30 min and
blocked with BSA (5% in PBS) for 30 min at room temperature.
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Fig. 2. Atrophying muscle in Pitx2™X mice. (A—D) Hematoxylin-eosin staining for TA muscle at P5 (A, B) and P30 (C, D). Myofibers became smaller in diameter (circle), with increased
inter-myofiber space, and showed centralized nuclei (arrows) (D). (E) Quantitative comparison of myofiber cross sectional area at P5 and P30. Myofibers of H & E stained cross sections
were analyzed using ImageJ. Myofibers of ten sequential sections of the entire TA for both genotypes were counted (n = 3). (F) Quantitative analysis of nuclei per myofiber cross section
at P5 and P30. (G, H) Triple labelling immunohistochemistry of cross sectioned TA at P30 for MYH7, MYH2 and MYH4 to determine fiber types (I) Quantitative analysis of number of
myofibers per area of TA at P30. Three sequential sections of the entire TA for both genotypes were used for the quantitation (n = 3).

Sections were incubated with 4 °C overnight with MYH2 (1:100, DHSB
SC-71) and MYH4 (1:100, DHSB BF-F3). After washing with 3 times in
PBS, slides were incubated with secondary antibody cocktail: Alexa
Fluor 594 IgG1 (y1) Goat anti- mouse (1:200, Invitrogen Carsbad, CA
A21125) and Alexa Fluor 488 IgM Goat anti- mouse (1:200, Invitrogen
Carsbad, CA A21042). After washing with 3 times in PBS, slides were
mounted with glycerol (90%glycerol in 10X PBS). Slides were observed
and photographed in Axiolmager Z1 Zeiss microscope.

2.5. Transmission electron microscopy

Skeletal muscle biopsies from control and mutant mouse TA were
fixed immediately in 2.5% gluteraldehyde, 1% paraformaldehyde in 0.1
M cacodylate buffer, pH7.4. Tissue was washed in 0.1 M cacodylate
buffer, post-fixed with 1% osmium tetraoxide, washed and dehydrated
with serial acetone concentrations, followed by araldite and embedded
in araldite. Ultrathin sections were observed in a FEI Titan 80-200
TEM electron microscope.

2.6. Myoblast cultures

Wild type and mutant P30 TA myofibers were isolated, rinsed with
a HEPES-buffered salt solution (HBSS) containing 140 mM NaCl, 5.4
mM KCl, 0.2 mM Na,HPO, and 0.2mM KH,PO,, pH 7.2-7.4 and
treated with 2% collagenase (Worthington Biochem, Lakewood, NJ) in
serum-free DMEM/F12 for 90 min as described by (Shefer and
Yablonka-Reuveni, 2005). Healthy myofibers were selected and cul-
tured in DMEM/F12 supplement with 20% FBS, sodium pyruvate, and
antibiotics. After 7 days in culture, cells were trypsinized and platted
again in presence of DMEM/F12 (Gibco, Carlsbad, CA), 15% horse
serum (Sigma, St. Louis, MO) supplemented with sodium pyruvate and
antibiotics at 37°C with 5% CO2. For FoxO3 silencing cells were
transfected with si-scramble (AM6011, Ambion, Austin, TX) and si-
FoxO3 (4390771, Ambion) (Kannike et al., 2014). Three days after
transfection, cells were harvested for RNA preparation and quantita-
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tion assays. For immunocytochemistry, cells were cultured on gelatin
(1g/L) coated coverslips, fixed with 4% paraformaldehyde, treated
with methanol, and stained for antibodies against Myogenin and
Mitochondria (1:100, MAB1273, EMD Millipore, Burlington, MA) as
previously described by (Chang et al., 2013). Slides were observed and
photographed in an Axiolmager Z1, Zeiss microscope.

2.7. Chromatin immunoprecipitation

ChIP was performed as previously described by (Eng et al., 2012b).

2.8. Seahorse assay

For in vitro mitochondrial respiration and glycolysis studies, 20,000
cells/well were grown onto 24-well plates (Seahorse Bioscience,
Billerica, MA) under normal conditions for 24h. The assay was
performed by Seahorse XF Analyzer (Seahorse Bioscience) according
to user manual. Mitochondrial function parameters were evaluated by
glycolysis, basal respiration, ATP production, proton leakage, and
maximal and spare respiratory capacity measurements. The mitochon-
dria analysis was measured by serial injections of oligomycin (1 uM
ATP, a synthase inhibitor, Seahorse Bioscience), carbonyl cyanide 4-
trifluoromethoxy-phenylhydrazone (FCCP 1 puM, a protonophore and
un-coupler of oxidative phosphorylation in mitochondria, Seahorse
Bioscience), and rotenone (1 puM, electron transporter inhibitor in
mitochondria complex I, Seahorse Bioscience). The cellular glycolysis
and respiration profiles were measured by extracellular acidification
rate (ECAR) and oxygen consumption rate (OCR), respectively. The
OCR and ECAR values were determined from 3 wells per genotype.

3. Results
3.1. Reduced myofiber size and number

A conditional null floxed allele (Pitx2'") was generated and used to
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ask if Pitx2 plays a cell autonomous role in muscle development that
cannot be compensated by Pitx3. Generation and functional confirma-
tion of the new allele (Fig. 1) is described in the methods section. A
transgenic MCK“™ driver allele that confers skeletal muscle and heart
specific expression of Cre RNA in adults (Briining et al., 1998), was
used to generate the conditional Pitx2 mutants (Pitx2MK) (see
methods). This Kahn version of MCK"™ driver has been used to
analyze over 90 conditional alleles (Tg(Ckmm-cre)5Khn; MGI), mostly
in adult muscle. It consists of a 6.5kb MCK upstream genomic
fragment (promoter and enhancer 1, noncoding exon 1, 3 kb of intron
1 including the enhancer 2 region, 16 bp exon 2) driving expression of
nuclear Cre. The 6.5 kb fragment appears to drive transgene expression
in all fibers, rather than selectively into fast fibers as some shorter
fragments do (Tai et al., 2011)

Pitx2MK mutant animals were viable without gross morphological
defects for at least 3 months. Histological analyses were performed on
the TA muscle at P5 and P30 (Fig. 2A-D). Mutant TA myofibers were
smaller and irregular at both P5 and P30, with half of the normal cross-
sectional area (Fig. 2E). Mutant myofibers also showed far more central
nuclei, an indicator of pathological fiber repair. The ratio of nuclei per
myofiber was reduced by 20% at P5 and 35% at P30 (Fig. 2F). At P30,
myofibers appear to be interlaced with more abundant connective
tissue. These results clearly demonstrate that Pitx2 is essential for
proper muscle formation in a way that cannot be compensated by the
fully wild type Pitx3 locus. The defect is likely cell autonomous in the
skeletal muscle lineage. However, Tg(Ckmm-cre)5Khn, used in con-
junction with similar Pitx2 conditional alleles, also gives rise to defects
in heart (Li et al., 2018) and extraocular muscle (Zhou et al., 2009). We
have not yet investigated the heart and extraocular muscles with our
allele, yet it stands to reason that all three defects could be either the
source, recipient, or both, of secondary physiological consequences in
these animals.

3.2. Altered myosin heavy chain profiles in P30 myofibers

Myofiber type distributions were compared using immunohistology
on TA muscle from WT and Pitx2MK mice (Fig. 2G, H). TA normally
contains a mix of myofiber types that can be revealed by myosin heavy
chain (MYH) isoforms. MHY7 (blue) is expressed in type I slow twitch
fibers of embryonic origin with oxidative activity and high mitochon-
drial density. MYH2 (red) is expressed in type IIA moderate twitch
fibers of fetal or postnatal origin with oxidative/glycolytic activity and
high mitochondria density. MYH4 (green) is expressed in type IIB
faster twitch fibers of early postnatal origin with glycolytic activity and
low mitochondria density. Significant changes in MHC expression
profiles were observed in conditional mutants at P30. In control and
mutant muscle, MYH7 and MYH4 antibodies co-label most fibers.
However, the intensity of MYH4 staining declines while the intensity of
MYH?7 increases in mutants. The MYH2 was detected in far fewer fibers
and shows similar intensity in normal and mutant muscle. The fraction
of fibers rich in IIA (bright red) and IIB (bright green) was significantly
reduced in mutants, by 37% and 40%, respectively (Fig. 21). This is very
close to the 36% loss measured for all fiber types, and suggests that
mutants fibers express fewer of the myosin heavy chains normally
associated with fast, glycolytic and fetal muscle.

3.3. Reduced Pitx2 protein and dysmorphic syncytia at E16 and P2

In muscle cell cultures, both Myog and endogenous MCK RNA
expression begin shortly after the G1-GO transition (Chamberlain et al.,
1985). The expression of these two RNAs, as well as those of the
myogenic late promoters, depend on Myod1 facilitating deacetylation
at their chromatin contexts (Berkes and Tapscott, 2005; Tapscott,
2005). Rising Myog protein levels replace Myod1 at the same regula-
tory regions at the same time that HDACs are lost from them. This
leads to the recruitment of an ATP-dependent chromatin remodeling
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enzyme at roughly the same time that MEF2D appears (Ohkawa et al.,
2006; Tai et al., 2011). Postnatal muscle biopsies (P2) from controls
and Pitx2M°K mutants show green staining that marks the onset of
Pitx2 function loss (Fig. 1G, H). The green stain marks nuclei, but also
appears to spill into the nascent syncytium next to those nuclei. A range
of red/green co-labelling is observed in nuclei, with high red/ low
green, or low red/high green, representing cells that are earlier, or
later, in the excision/detection process, respectively. Pitx2 protein was
observed in nuclei along this red to green progression, in both control
and mutant samples. Pitx2 protein in mutants was only observed early
in the color progression (magenta to white), while Pitx2 protein was
observed throughout the color progression in controls (magenta to
white to cyan). The nascent syncytia of control samples appear to
contain Pitx2 protein (dull blue glow; arrows) while those of mutant
samples do not. Few, if any, green unassociated cells were observed,
indicating that green excision events are always associated with cells
docked onto the surface of a nascent syncytium. These results are
consistent with the idea that Pitx2 expression in mutants is abolished
by conditional excision just as cells are fusing onto the syncytium. It is
therefore unlikely that proliferative, Pitx2*, FMPs would excise the
conditional allele. Consequently, these would be expected to be
unaffected, and could proliferate, until they fuse to the syncytium.
Magenta (Pitx2*, high red) or blue (Pitx2 +, low red) nuclei, that
showed no hint of incipient green, were absent or rare at P2, suggesting
that proliferative Pitx2* cells were rare at this stage. Instead, many
pure red (Pitx2") nuclei were observed both inside and outside of the
syncytium at P2, suggesting that some Pitx2 cells proliferate and enter
the syncytium without activating MCK.

Endogenous MCK RNA in skeletal muscle is first detected at E13
and is maintained throughout adulthood. Its expression appears to be
absent from “embryonic”, or primary, muscle cells, but is very strong in
“fetal”, or secondary, muscle cells (Ferrari et al., 1997). These
considerations suggested that the MCK“™ driver also functions at fetal
stages. E16 muscle sections from the hindlimb bear this out (Fig. 1E,
F). Both mutant and control sections show robust spots of green
excision marker that appear far larger than the surrounding single
nuclei. Green staining also labels syncytia in controls but not in
mutants. The large green nuclei/syncytia of controls are surrounded
by florets of magenta or blue nuclei (Fig. 1E, arrows). Closer examina-
tion reveals that the nuclei in these florets all contained similar levels of
blue (Pitx2), while varying drastically in their level of red (inconsistent
with the idea that ROSA is expressed equivalently in all cells).
Equivalent magenta and blue nuclei exist in mutants, but in more
spindle-like associations with the green nuclei. The blue and magenta
nuclei appear to be free of syncytia and could belong to proliferative
cells. Taken together, these observations indicate that the population of
pre-syncytial cells changes from a Pitx2* population to a Pitx2"
population between E16 and P2, consistent with the idea that adult
muscle progenitors (AMPs) begin to dock onto fetal myofibers at this
stage, and suggests how muscle fibers are recovered somewhat by P30
(Fig. 2; Fig. 3A, B).

3.4. Molecular defects restricted to Pitx2" fibers

One month after birth, the myofibers of mutants are finally
recognizable as such (Fig. 3A, B). The syncytia of myofibers appear
dull blue in controls but dull red in mutants, and mutant myofibers
appeared to have less fusion events around their circumference. An
osmotic shock during immunohistochemistry allowed docked nuclei to
be distinguished from those inside the syncytium. Docking cells of
mutants and controls generally lack Pitx2 (pure red) and fuse with very
little green signal. Unlike E16 and P2, the green signal is weak and first
appears within the syncytium, rather than already being robust in the
docking cell. The nuclei associated with these weak green signals within
the syncytium are generally Pitx2*, indicating that MCK-driven exci-
sion has not worked on these nuclei. The ability of both control and
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Fig. 4. Mitochondrial Loss and Respiration Defects in Pitx2"°X Muscle. (A, D) Transmission electron microscopy for TA at P30 indicated distorted and smaller sarcomeres. Z, I, and M

bands show differences. Mitochondria (M) and sarcoplasmic reticulum (SR) are vestigial. (E—H) Seahorse assay on primary TA muscle cell cultures (E, F) from WT and Pitx2™°K mice (n
=3). (G) OCR and (H) ECAR measure mitochondrial respiration and glycolysis, respectively.
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mutant fibers to express Pitx2 within nuclei of the myotubes indicates
that the Pitx2"" allele escaped excision in a Pitx2™ nucleus that entered
the syncytium without experiencing MCK™, and that Pitx2 nuclear
protein levels rose after fusion.

Laminin is a major component of the basal lamina that surrounds
individual myofibers. It also surrounds the early embryonic myotome
before early Myf5* cells, delaminating from the dermomyotome, use
integrins to organize onto it (Bajanca et al., 2006). Laminin staining in
P30 muscle appeared to be localized to cells or basal laminae between
the myofibers (Fig. 3C, D). However, the intensity and extent of
laminin staining was greatly reduced in mutants. The loss of laminin
was surprising because the cells that normally express it are outside the
syncytia, where conditional gene excision was not observed.
Consequently, the observed lamination defect is likely a non-cell
autonomous effect of defective myofibers, and suggests that mutant
fibers do not appropriately stimulate or organize basal lamina deposi-
tion. Sub-sarcolemmal dystrophin interacts with extracellular laminin
through the dystroglycan molecule. Mutant muscle expresses dystro-
phin RNA at fourfold lower levels (Fig. 3J), indicating that defects
already exist on the inside of the sarcolemma.

The microtubule cytoskeleton undergoes reorganization during
muscle cell differentiation into a fixed array of paraxial microtubules
that serves as a template for contractile sarcomere formation (Mogessie
et al., 2015). Alpha-Tubulin (aTub) tethers nuclei and sarcolemma to
the contractile sarcomere (Boudriau et al., 1996). Tubulin staining was
observed on the inside of all myofibers in both mutants and controls
(Fig. 3C, D), yet it was far more intense in the smaller fibers (F, F*),
which show intense tubulin expression in and around the Pitx2* nuclei
in their periphery. Both large (asterisk) and small fibers showed less
tubulin, and Pitx2, staining in mutants, indicating defects in the
assembly of contractile sarcomeres. A 3—4 fold reduction of RNAs
encoding the microtubule interacting proteins dynactin (Dctn4) and
stathmin (Stmn3) is consistent with this idea (Fig. 3J).

Racl is an intracellular signal transducer that regulates actin
cytoskeleton dynamics (Guo et al., 2006), and mediates fusion in
developing muscle fibers (Demonbreun et al., 2015). In embryonic and
fetal muscle, M-Cad and Neogenin, activate Racl as cells actively fuse.
Loss of Racl function results in severe muscle phenotypes (Vasyutina
et al., 2005). As with the tubulin, the Racl signal was higher in smaller
Pitx2"e" syncytia than in larger Pitx2'°" ones, suggesting that fusion to
the larger fibers may use a Racl independent method, such as perhaps
Tmem8c or CDO. Racl staining was particularly high around the
peripheral Pitx2" nuclei of normal small fibers and was severely
reduced both there and in the center of mutant small fibers. Racl
appeared similar in larger fibers of controls and mutants. The selective
loss of Racl signal from the periphery of smaller Pitx2"#" syncytia,
indicates that Racl mediated fusion is abnormal, while the loss from
the center of these fibers suggests that other cytoskeletal processes may
also be defective. The RNAs encoding actin-binding Tpm3 and actin-
regulating Enah declined two fold in mutants (Fig. 3J).

MEF2¢c, MEF2a, and MEF2d are MADS SSTFs that are expressed
sequentially in somites and limbs (Subramanian and Nadal-Ginard,
1996). MEFs function after terminal differentiation to execute late
muscle gene expression. MEF2a was selectively expressed in smaller
Pitx2"8" syncytia and is severely reduced and disorganized in mutants
(Fig. 3E, F), indicating that muscle differentiation is defective in these
fibers. MEF2a was not observed in the larger fibers, in either mutant or
control, suggesting that another MEF was operational.

3.5. Postnatal muscle restoration

At P16 and P2, myofibers of mutants were severely disrupted, yet by
P30 they appear relatively normal, even though there is a general
reduction in fiber size in mutants. Caspase-dependent pathways are
involved in apoptotic nuclear loss during atrophy in skeletal muscle.
And caspase levels are 8—16 fold higher in mutant muscle (Fig. 3K).
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The smaller, normally Pitx2", fibers, become less frequent in mutants
as larger Pitx2" fibers in become more frequent, suggesting that a
rescue process functioning between E16 and P30. RNAs encoding the
muscle determination (Myf5 or Myodl) and commitment (Myog)
factors remain abnormally high between PO and P30, at which time
they become abnormally low (Fig. 3I). Myf5 and Myog RNA levels
remain abnormally high between PO and P30, while the excessive
Myodl RNA becomes gradually reduced as Pax7 and Pitx3 RNA levels
rise. Either satellite cells or Pitx3"Pitx2° AMPs could be fusing with
mutant syncytia to rescue them. Pax7 marks muscle stem and satellite
cells, while Myog marks committed and terminally differentiating
myocytes. Both were readily observed in the in smaller Pitx2"&?
syncytia, but were rare or absent in larger Pitx2'°" syncytia, in both
mutants and controls. Pax7" MyoG* syncytia of mutants had fewer and
less symmetrically arranged nuclei around them (arrows). The lack of
extra Pax7" cells on mutant large fibers indicates that they are unlikely
to drive the rescue. Pitx3 RNA, which expressed at normal levels at PO
and P5, and could mark the AMPs, becomes 16 fold higher than
controls at P30, when Myod1 levels are no longer excessive (Fig. 3I).
Taken together, the data strongly that Pitx3*Pitx2” AMPs rescue muscle
by a Myodl-independent mechanism that does not involve MCK
upregulation at fusion. This allows the Pitx2™ allele to enter the
syncytium without being inactivated by Cre so that it can be upregu-
lated inside.

3.6. Defects in ultrastructure and metabolism

The ultrastructure of the contractile apparatus was compared in
P30 biopsies (Fig. 4 A—D). Mutant sarcomeres appeared to form a
contractile apparatus, but they were abnormal in a variety of features.
The distances between Z-lines (anchoring points of actin filaments)
were shorter, while the width of myofibrils was larger. The longitudinal
striations of sarcomeres were less electron-dense. The lower electron
density of the Z-lines themselves may be related to the widening of
myofibrils. M-lines (overlay of actin/myosin) of controls appear as
single electron dense lines in controls, but 3 lower density lines were
observed in mutants. I-bands (thin filament zone) were narrower and
less reticulated. Clearly, the contractile apparatus of mutants was
abnormal. However, the most striking difference was the emaciated
sarcoplasmic reticulum of mutants, in which mitochondria were either
vestigial or absent (Fig. 4A-D).

Due to decreased number of mitochondria, 54% less mitochondria
in mutants, the metabolic activity of TA was measured. The Seahorse
assay was applied on P30 cultured TA myocytes (Fig. 4E, F), to
determine both oxygen consumption rate (OCR), an indicator of
mitochondrial respiration, and extracellular acidification rate (ECAR),
which is an indicator of glycolysis (Fig. 4G, H). Mutant cells were
shorter, more rounded and behaved differently. Mutant cells were
viable up to 2 weeks in culture. Viability was tested by 18 S RNA levels.
Real-time measurements of OCR and ECAR indicated reduced respira-
tion and glycolytic rate of mutant myocytes, suggesting reduced energy
production in both cytoplasm (anaerobic respiration) and mitochon-
dria (aerobic respiration).

3.7. Muscle-specific loss of Pitx2 activates FoxO3-mediated
mitophagy

Degradation of skeletal muscle protein during wasting is accom-
plished through the ubiquitin proteasome system (Tawa et al., 1997)
and the autophagy pathways. In skeletal muscle, FoxO3 coordinates a
variety of stress-response genes by controlling two major systems in
protein breakdown, the ubiquitin-proteasome, and the autophagy-
lysosome pathways (Mammucari et al., 2007; Milan et al., 2015). To
determine if FoxO3 mediated autophagy in the Pitx2™°K muscle, gene
expression profiling by RT-qPCR was performed in TA biopsies from
wild type and mutant P30 mice. FoxO3 RNA expression increased 20-
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Fig. 5. Pitx2 Suppresses FoxO3-dependent Mitophagy. (A, B) RT-qPCR of total RNA from P30 TA muscle of WT and Pitx2™°K mice. (C—F) Cultured myocytes from P30 TA myofibers
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and Mitochondria (J-M). (G, H) qPCR of total RNA from scramble treated cell cultures, indicated reduced Pitx2 and increased Foxo3 and Bnip3 levels in mutant cultures (I) gPCR
analysis comparing expression between scramble and si-FoxO3 treatments. Levels of FoxO3 and Bnip3 RNAs decline with si-FoxO3 treatment. (N) RT-qPCR ChIP for Pitx2 occupancy
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-7816, -6013, -5877, -5099, -2950, -2739). Pitx2 occupancy was greatest at positions —8102, -7816.

fold in mutants (Fig. 5A) and RNA encoding the mitophagosome-
associated proteins, Bnip3 (BCL2 Interacting Protein 3) and Parkin
also increased significantly (Fig. 5B),

To test if repression of FoxO3 expression can reverse the mitochon-
drial loss observed in ultrastructure, muscle primary cultures from TA
of P30 wild type and Pitx2™°® mutant mice were compared by
transfection with FoxO3 siRNA (Fig. 5). Cells were grown on a glass
coverslip for up to nine days, allowing them to proliferate, fuse and
become multinucleated fibers. Cultures from normal muscle expressed
roughly five fold more Pitx2 RNA (Fig. 5G), while cultures from
mutants expressed significantly more FoxO3 and Bnip3 RNA
(Fig. 5H). Both FoxO3 and Bnip3 RNA levels declined significantly
with si-FoxO3 treatment compared to scramble controls (Fig. 5I).
Fused fibers could readily be derived from normal muscle (Fig. 5C, J),
but little fusion was observed in cultures derived from Pitx2™X muscle
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(Fig. 5 D, K), despite their expression of Myog (Fig. 5D, F). Treatment
of mutant cultures with si-FoxO3 appeared to rescue fusion (Fig. 5F,
M), compared to scramble controls (Fig. 5D, K), and lead to a dramatic
increase in mitochondrial staining (Fig. 5M).

To determine whether Pitx2 could be directly involved in the
transcriptional regulation of the FoxO3 gene, Pitx2 protein occupancy
was tested using chromatin immunoprecipitation. Nine bicoid sites
were identified in the 10kb fragment upstream of the FoxO3 tran-
scriptional start site. Strong Pitx2 occupancy was detected at positions
-8102 and -7816 (Fig. 5N). Taken together, the observations suggest
that Pitx2 protein represses the FoxO3 locus, and thereby reduces
mitophagy. Fibers that import Pitx2" nuclei, or those that can turn on
Pitx2 after nuclear import would likely shift the homeostatic balance of
the fiber in favor of more abundant mitochondria.
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4. Discussion
4.1. Pitx2-dependent gene regulation in progenitors and fibers

In previous reports we examined the effect of a Pitx2 null allele on
GFP* LMPs sorted from E12.5 limb buds of LbxI1¢" mice using
expression microarrays (Campbell et al., 2012). These reports identi-
fied genetic targets of Pitx2 that encode proteins with functions in the
cytoarchitecture such as cell adhesion-, actin-, and tubulin-related
proteins. The relatively small fold changes in target gene RNA levels
that were observed in these studies do not resemble the onset of
mRNAs encoding muscle structural genes in muscle cell cultures.
Recent lineage tracing studies indicate show that LMPs present in
the forelimb bud at E10.5 are the last to enter the limb by migration
from the somite. All subsequent muscle cells must therefore be derived
from these cells by a system that is not yet fully understood. The onset
of expression of Pitx2 in LMPs between E10.25 and E11 suggests that a
Pitx2* lineage of muscle cells is restricted from the Lbx1* LMP lineage
during this period. If Pitx2 onset represses Lbx1 expression during
lineage restriction, as it does in the E10.5 ventrolateral dermomyo-
tome, then the onset of Pitx2 should quell the Lbx1° signal, and Pitx2
expressing cells should not have be isolated in the sort mentioned
above. However, the GFP protein itself can persist after the Lbx1 gene
is turned off and could have led to the co-purification of the small pool
of newly minted Pitx2* cells from normal E12.5 limb buds. These
would not exist in the mutant because the lineage restricting factor,
Pitx2, was missing. The small fold changes in Pitx2-dependent RNA
expression levels that we observed may merely reflect the small portion
of Pitx2" cells in the isolated pool. They may also indicate that target
loci are becoming de-repressed and poised, waiting to be activated
when myofibers assemble after commitment. While there clearly are
effects of Pitx2 on E12.5 LMP precursor function, the role of Pitx2 on
target genes expression after commitment has not yet been explored.
The observation of a phenotype with the MCK-driver on the Pitx2
conditional allele indicates that such studies would yield functionally
relevant results.

4.2. Tertiary fibers outgrow secondary fibers to rescue of Pitx2M°K
muscle

The MCK®™ driver is generally used as a universal adult muscle
driver. Our studies indicate that the driver is on at least as early as E16
and that it appears to work in only the small subset of fibers at P30
(Fig. 3). The onset GFP signal after Cre excision should match the onset
of Pitx2* allele usage, and therefore mark the time when Pitx2 protein
levels are expected to begin to decline without being replaced. Our
observations indicate that GFP turns on in nuclei docked onto syncytia,
and spills into them. Any residual Pitx2 protein at the time of docking
is likely to be spilled into the syncytium, but the allele is likely already
excised at this time. The observed phenotypes are therefore unlikely to
result from effects on proliferating myoblasts, and must arise from
reduced Pitx2 protein levels in myofibers. The selective effect of the
MCK®™ driver on the smaller fibers, suggests that the many of the
conditional analyses reported on muscle should be re-evaluated as a
fetal muscle specific knockouts rather than as adult, or differentiated
muscle specific knockouts.

Spillage of Pitx2 protein into fibers at the time of fusion and
commitment was not the only way Pitx2™® muscle fibers could possibly
retain some Pitx2 function. We observed that fibers, both large and
small, can assimilate some Pitx2* nuclei without activating the MCK®™
driver (Fig. 3; nT-nG tracer stays red). These “red assimilations” are
associated with the Pitx2* nuclei within the syncytia in P30 mutant
muscle (Fig. 3A), but are scarce or absent at P2 (Fig. 1). The small
amount of green they were associated with was also within the
syncytium rather than filling the docked cell. Individual fibers therefore
dock and load different types of nuclei, at sites with or without MCK
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onset, suggesting that cells of different lineages contribute to individual
fibers and that different modes of assimilation are used.

The conditional mutant animals appeared to grow normally into
adults, and we did not identify a phenotype until P30 muscles were
compared by histology (Fig. 2) and EM (Fig. 4). Surprisingly, subse-
quent examinations of E16 and P2 muscle (Fig. 1) showed what
appeared to be a more severe phenotype than the one initially observed
at P30. Immunohistochemistry at P30 demonstrates that there are two
types of fibers present (Fig. 3). A smaller type, with high Pitx2 and
MyoG levels in the syncytium, with Pax7*Pitx2*MyoG" nuclei docked
at its periphery, and which expresses high levels of Racl, MEF2a, and
alpha-tubulin around these nuclei, appears to be defective in mutants.
A larger type, which lacks Pitx2 and the other markers and which
appears unaffected by Pitx2 loss at P30, appears to be rescuing the
animal's muscle between P2 and P30.

The abnormal rise of Pitx3 RNA expression in mutant muscle
during that interval (Fig. 3I) may indicate a gene regulatory event
within the smaller fibers that is trying to rescue them, or it could
indicate that Pitx3 restricts its own lineage of adult muscle progenitors
(AMPs) from the Pitx2* FMP lineage early in development. No
apparent muscle phenotype was observed in Pitx3 null mutants, but
ectopic upregulation of Pitx2 in E13.5 muscle anlagen was described,
and it was suggested that Pitx2 compensated for Pitx3 loss (L'honoré
et al., 2007). The time of compensating upregulation of Pitx2 implies
that the “Pitx3-dependent processes that need compensating for” have
already happened at that early stage. If the Pitx2 and Pitx3 indeed do
mark parallel lineages, then these lineages may have different modes of
feeding nuclei into syncytia. If the red assimilations are AMPs and the
green assimilations are FMPs, then both AMPs and FMPs are
assimilated by the smaller fetal muscle fibers (FMFs), while only
AMPs are assimilated by the larger adult muscle fibers (AMFs).
AMFs therefore receive fewer or no defective, Pitx2-excised nuclei
and gradually overgrow FMFs in mutants. If Pitx3 levels are indeed
rising within the smaller fibers, then the source of the larger fibers may
be the Twist2-dependent progenitor cells that contribute to adult
muscle. Twist2-dependent progenitors contribute selectively to fast
type IIb/X myofibers and would therefore be expected to produce fibers
with low mitochondrial density (Liu et al., 2017).

4.3. Postmitotic excision effects

The onset of excision after commitment indicates that Pitx2
function in the progenitor pool was unaffected and that normal lineage
restriction would occur. As cells enter transient amplification prior to
fusion and excision their constellation of SSTFs should be entirely
normal. It is only after commitment that the effect of Cre excision can
begin. The EMFs should form normally, while altered expression of
Pitx2-dependent genes in FMFs is expected to produce phenotypes that
represent lost functions of FMFs. The shift to MHC expression profiles
to those resembling slower fiber types at P30 is consistent with the loss
of fetal character (Fig. 2). Selective Pitx2-dependent expression of
Racl, alpha-tubulin, and MEF2a in FMFs indicates that these genes are
fiber-specific targets involved in fusion, sarcomere assembly, and
differentiated gene expression (Fig. 3). The disruption of Laminin
expression occurs in cells outside of the syncytia and indicates that
mutant myofibers have disrupted signaling in their environment.

In muscle cell cultures, the respiration rate and mitochondrial cell
number rise appreciably as myoblasts fuse into myotubes (Remels
et al., 2010). Blocking mitochondrial biogenesis inhibits myoblast
proliferation and differentiation (Rochard et al., 2000). The loss of
mitochondria in EM studies (Fig. 4) and the repression of the
mitophagy pathway by Pitx2 (Fig. 5), both suggest that one normal
Pitx2 function is to increase mitochondria levels by preventing their
destruction. The reduction in both glycolysis and respiration (Fig. 4)
suggests that defects in both major energy production pathways occur,
rather than a switch from one to another.
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5. Conclusions

Postmitotic loss of Pitx2 in myofibers causes defects in FMFs that
are rescued by the expanded growth of another distinct fiber type,
presumptively the AMFs, so that mutant animals appear normal for at
least 3 months after birth. The MCK®™ driven Pitx2 perturbation
resulted in myofibers with dysfunctional architecture, gene expression,
mitochondrial density, and energy metabolism. Pitx2 therefore plays a
critical role in muscle gene expression after the G1-GO transition.
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