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Abstract

The N-terminal caveolin binding motif (CBM) in Na/K-ATPase (NKA) al subunit is essential for cell
signaling and somitogenesis in animals. To further investigate the molecular mechanism, we have
generated CBM mutant human induced pluripotent stem cells (iPSCs) through CRISPR/Cas9 genome
editing and examined their ability to differentiate into skeletal muscle (Skm) cells. Compared to the
parental wild type human iPSCs, the CBM mutant cells lost their ability of Skm differentiation, which
was evidenced by the absence of spontaneous cell contraction, marker gene.expression, and
subcellular myofiber banding structures in the final differentiated iSkm (induced Skm) cells. Another
NKA functional mutant, A420P, which lacks NKA/Src signaling function, did not produce a similar
defect. Indeed, A420P mutant iPSCs retained intact pluripotency and ability of Skm differentiation.
Mechanistically, the myogenic transcription factor MYOD was greatly suppressed by the CBM
mutation. Overexpression of a mouse Myod cDNA through lentiviral delivery restored the CBM
mutant cells’ ability to differentiate into Skm. Upstream of MYOD, Wnt signaling was demonstrated
from the TOPFlash assay to have a similar inhibition. This effect on Wnt activity was further
confirmed functionally by defective induction of the presomitic mesoderm marker genes
BRACHYURY (T) and MESOGENIN1 (MSGN1) by Wnt3a ligand or the GSK3 inhibitor/Wnt pathway
activator CHIR. Further investigation through immunofluorescence imaging and cell fractionation
revealed a shifted membrane localization of B-catenin in CBM mutant iPSCs, revealing a novel
molecular component of NKA-Wnt regulation. This study sheds light on a genetic regulation of

myogenesis through the CBM of NKA and control of Wnt/B-catenin signaling.

Key words: caveolin binding motif (CBM), Na/K-ATPase, human induced pluripotent

stem cells (iPSCs), Wnt/B-catenin, Src, skeletal muscle cells (Skm)
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Two amino acid mutation (F97A;F100A) of the caveolin-binding motif in Na/K-ATPase
shifted B-catenin localization, blocked Whnt signaling and induction of human induced
pluripotent stem cells into skeletal muscle cells. The membrane protein Na/K-ATPase
serves as a permissive gate to control cell signaling and muscle cell lineage
specification.
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Introduction

Na/K-ATPase (NKA), a cell membrane protein, is a member of the P-type ATPase
superfamily. It is best known for its enzymatic function, which couples ATP hydrolysis to the
transmembrane transport of Na* and K* [1,2]. The essential role of this NKA ion transporter
in cell lineage-specific properties such as neuronal transmission or muscle contraction has
been well recognized since its discovery [3-5].

Reports in model organisms such as C. elegans, Drosophila, or the zebrafish, have pointed
to additional lineage-specific roles of NKA during development that are related, at least in
part, to non-ion pumping functions of the protein complex [6-11]. Our gene-targeting
approach recently revealed that cell lineage specification itself engages a NKA regulatory
function that goes beyond its classic ion transport properties during embryonic
development [12]. This function, which is critical for the embryonic development of both
vertebrates and invertebrates, was revealed through a loss-of-function mutation that we
introduced in the N-terminal caveolin-binding motif (CBM) of the NKA al subunit. The CBM
mutation (mMCBM) was chosen because it disrupts NKA’s ability to act as a scaffold and
organize the formation of various signalosomes, but does not interfere with the binding and
movement of Na" and K* ions [12]. The CBM mutation did not affect blastocyst formation,
gastrulation, or the initiation of organogenesis, but were arrested in further organ
development as evidenced by L1 arrest in C. elegans and embryonic lethality post E9.5 in
the mouse. Mechanistically, pharmacological inhibition of the NKA/Src receptor complex did
not reproduce the embryogenesis defect observed in the mCBM mouse. Rather, the

developmental arrest was attributed to an essential role of NKA al in the dynamic

220z Arenige G| uo 1senb AQ 2691 1.S9/Z L 0GBXS/SIOWIS/E60°0 | /I0P/8|21IB-80UBAPE/S|OW]S/WO09 dNoolWepeoe//:sdiy Wod) papeojumoq



operation of Wnt, and timely up-regulation of transcription factors during organogenesis.
Hence, NKA has apparently evolved as a dual functional protein that works in concert with
Wnt/B-catenin to orchestrate organogenesis in multicellular organisms.

The essence of stem cell biology is the ability of tissue/organ regeneration through a
process akin to embryonic organogenesis. Indeed, stem cell differentiation involves both cell
lineage specification and development of lineage-specific cellular function. Consistent with
the proposed key role of NKA al in those processes, we observed that human inducible
pluripotent stem cells (iPSC) with CRISPR/CAS9-mediated knock-in mutation of CBM NKA a1l
had altered biological properties [12]. Specifically, human iPSCs with - mutant CBM NKA al
had reduced colony formation ability. This was accompanied by a significant reduction in
the expression of stemness markers (NANOG and OCT4), and transcription factors
controlling germ layer differentiation (MIXL1 and T for mesoderm, OTX2 and SOX1 for
ectoderm, and GATA4 and SOX17 for endoderm) [12]. Although fundamentally important
and translationally relevant, a functional challenge of the proposed concept of a NKA-
mediated and CBM-dependent signaling mechanism in human stem cell differentiation was
beyond the scope of our previous study. Critically, whether such mechanism would be 1)
Wnt/B-catenin-dependent and 2) NKA/Src-independent as proposed has not been tested.

Accordingly, the stage of developmental arrest (E9.5) in the mouse embryo, combined
with previous reports of NKA al ion-pumping-independent impact on skeletal muscle
biology [13,14] prompted us to use myogenesis as the first lineage-specific process in which
to functionally test the hypothesis that NKA/Wnt/B-catenin signaling is a critical

determinant of lineage specification in human stem cell differentiation.
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Materials and Methods

mCBM Mice. Animal protocols were approved by the Marshall University Institutional
Animal Care and Use Committee (IACUC) according to NIH guidelines. Mutant CBM mice
were generated as described [12] and backcrossed to C57/BL6 for at least 6 generations.
Female mCBM heterozygous mice (12-16 weeks old) were crossed with male mCBM
heterozygous mice. Pregnant female mice at indicated stage were humanely euthanized and
embryos at E9.5 were collected as described [12] for histological analysis of somites or

guantitation of gene expression.

Culture of human iPSCs. Generation of mCBM and A420P human iPSCs. Human iPS cells
were purchased from iXCells (Cat# 30HU-002) and cultured with TeSR™-E8™ Kit (STEMCELL
Technologies Inc, Cat# 05940). The iPSCs were originally derived from the peripheral blood
mononuclear cells of a 59-year old Caucasian male, reprogrammed through episomal
transduction with OCT4, SOX2, KLF4, LIN28, L-MYC, and TP53 shRNA according to the
protocol by Okita et al. [15]. The culture plates were pre-coated with Geltrex from
ThermoFisher (Cat# A1413201). Generation of mutant human iPSCs and CBM mutant mice
was done as previously reported [12] using CRISPR/CAS9 genome editing. This knockin
mutation (F97A;F100A) converted two phenylalanine into alanine at residue sites 97 and
100 of the human ATP1A1 protein, which has been shown to bind caveolin-1[12,16,17]. The
DNA plasmids for Cas9-GFP (Addgene# 44719) and gRNA cloning vector (Addgene# 41824)
were from Addgene. sgRNA (single guide RNA) and ssODN (single-stranded
oligodeoxynucleotides) were designed according to the published protocol [12]. The DNA

sequences of primer oligos and their locations in the genome are presented in Supplemental
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Figure 1. The cloned Cas9-GFP vector inserted with sgRNA, along with ssODN, was
transfected into human iPS cells using a 4D nucleofector device. Single cell sorting and
plating were performed using FACS flow cytometry, and the clones were selected and
validated by genotyping PCR and DNA sequencing (Supplemental Figure 1). For the A420P-
al knock in mutant, we used a 150bp ssODN as the homologous arm. Genomic DNA
sequences highly similar to the gRNA used, as well as other CBM sequences in ATP1A2,
ATP1A3 and ATP1A4 genes were examined (Supplemental Figure 1). No off-target mutations

in CBM and A420P mutant iPS cells were detected.

Differentiation of skeletal muscle cells from human iPSCs. We used the differentiation
package from Amsbio (product code: SKM-KITM) including media for three consecutive
steps of induction named SKMO01, SKM02 and SKMO3 (Supplemental Figure 2). These three
induction phases gave rise to myogenic precursor cells, myoblast, and myotube cells,
respectively. Human iPSCs were dissociated with TrypLE (ThermoFisher, Cat# 12605010) and
plated in the Geltrex-coated plates at a density of 5000 cells/cm?. This induction phase was
maintained for 6-10 days, with the SKM01 medium changed every other day. The induced
myogenic precursor cells were then dissociated and plated at the same density as the first
step, and induced with SKM02 medium. This induction phase was maintained for 6-8 days
with replacement of the SKM02 medium every other day. Finally, the confluent myoblast
cells were cultured with SKM03 medium for about one week to induce differentiation into

myotube cells.
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Human iPSC-derived adipocytes. Adipocyte differentiation from human iPSCs was
conducted as Supplemental Figure 4 through a modified protocol from Hafner and Dani
[18], Tang et al. [19], and Ahfeldt et al. [20]. Human iPSCs with colonies were incubated with
MSC (mesenchymal stem cells) differentiation medium (DMEM with 10%FBS and 2.5 ng/mL
bFGF) for 7-10 days until a monolayer was formed. The mature MSCs were then transferred
to collagen-coated plates at a ratio of 1:3 as passage 1, and maintained in DMEM with 10%
FBS. MSCs within 3 passages at 100% confluence were incubated with adipogenesis medium
(DMEM containing 15% serum knockout replacement, 0.1% human insulin, 125 nM
Dexamethasone, 0.2 mM Indomethacin, 100 pg/mL IBMX, and 5uM Rosiglitazone) for 3
weeks. Adipocyte differentiation was assessed through marker gene expression and oil red

O staining described as follows.

Oil Red O Staining. Oil red O staining for adipocytes was conducted according to the
published method [21]. Briefly, adipocytes induced from iPSCs were washed twice with ice-
cold PBS, then fixed with 4% formaldehyde for 10 min at room temperature. The fixed cells
were stained with 0.21% oil red O in 60% isopropanol for 10 min at room temperature, then
washed twice with PBS before imaging. Quantification of oil red O staining was performed
after cell imaging. The cells were dried out at room temperature overnight, washed down
with 100% isopropanol for 10 min at room temperature. The OD level at 490 nm was

measured through Spectramax 190 Microplate Reader (Molecular Devices, Inc).

Histology, immunostaining, confocal and electron microscopy. We followed our previous
protocol to conduct immunohistochemistry in culture cells [22]. Briefly, cultured cells grown

on coverslips pre-coated with Geltrex were fixed in prechilled methanol for 15 minutes,
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rinsed with 1X PBS, blocked with 3% horse serum diluted in PBS, and incubated with the
primary antibody at 4°C overnight. After PBS washing, the samples were incubated with the
fluorescence-conjugated secondary antibody (ThermoFisher, Cat# A21200) for one hour at
room temperature, and counterstained with DAPI. Images were captured under a confocal
microscope. The primary antibodies used in this study included anti-sarcomeric alpha actinin
(Abcam, Cat# ab28052), anti-alpha skeletal muscle actin (Abcam, Cat# ab9465), Anti-j-
Catenin (BD, Cat# 610153). The skeletal muscle fusion index was calculated according to
published methods [23,24]. Striation of induced skeletal muscle cells (iSkm) was visualized

under electron microscopy (EM) as described [25].

RNA analysis using RNA-seq, reverse transcription and real-time RT-PCR

We used RNeasy Mini Kit (Qiagen, Cat# 74104) for isolation of total RNA from mouse
embryos and TRIzol reagent (ThermoFisher, Cat# 15596018) for human iPSCs and induced
skeletal muscle cells (iSkm). RNA-seq was carried out by Novogene (Durham, NC, USA) to
compare mRNA expression between the parental iPSCs-mCBM and iPSCs-WT, as well as the
myogenic precursor cells of mCBM and wild type, named SKM01-mCBM and SKMO01-WT.
Each group included triplicate samples. Total RNA samples (1 pug) with a concentration
greater than 20 ng/ul were examined for quality control, including 0D260/280>2.0, and RIN
(RNA Integrity Number)>6.8. cDNA libraries consisting of 250-300bp fragments were
sequenced with Illumina platform and 20 M paired-end reads were generated. Transcript
expression was normalized with RPKM (Reads Per Kilobase of exon model per Million
mapped reads). For differential expression analysis, an adjusted P value < 0.05 in False
Discovery Rate (FDR) was considered to be significant. Cytoscape was used to generate the

heatmap of the altered genes.
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cDNA synthesis was performed using the SuperScript® Il First-Strand Synthesis system
(ThermoFisher, Cat# 11752-050). Total RNA (1 pg) was mixed with 2 pl Enzyme Mix, 10 pl 2X
Reaction Mix which includes 2.5 uM oligo(dT)zo, 2.5 ng/puL random hexamers, 10 mM MgCl,,
and dNTPs, and H-O till the total volume of 20 pl. The reverse transcription reaction was
performed in a PCR machine under the following program: primer annealing at 25°C for 10
min, cDNA synthesis at 50°C for 20 min, inactivation of enzymes at 85°C for 5 min, and
termination of the reaction at 4°C. The RNA template was digested with1uL E. coli RNase H
(2U) at 37°C for 20 minutes. The final products were used immediately or stored at -80°C
until use. Real-time PCR was carried out as previously described [26]. The reaction included
2ul of the first strand cDNA synthesized as above, 10ul SYBR Green master mix (Roche Cat#
4887352001), 1ul forward and reverse primers (10uM, each) for the specific gene, and
nuclease-free H,O to a total volume 20 pl. cDNA amplification was performed in a 384-
microwell plate under LightCycler® 480 Real-Time PCR System. PCR conditions included an
initial step of denaturation at 95°C for 10 minutes, followed by 45 cycles of amplification
program consisting of 95°C for 10 seconds, 60°C for 10 seconds, and 68°C for 30 seconds.
Average Ct (cycle threshold) values from the triplicate PCR reactions for a target gene were
normalized against the Ct values for the internal control, Hypoxanthine-guanine
phosphoribosyltransferase 1 gene (HPRT1) from the same cDNA sample. Three repeat
samples were included for each gene. The relative expression was calculated according to

the 2% method [27,28]. The primer sequences are listed in Table 1.

Lentivirus-mediated gene delivery
Lentivirus expression vector for the mouse Myodl gene (pLv-CMV-Myod) was from

Addgene (Plasmid #26808). Virus packaging and transfection were carried out as previously
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described [26]. After one week of virus transduction, infected cells were used for Skm
differentiation. To serve as a negative control, an empty vector with the CMV promoter
(pLenti-CMV-GFP, Addgene plasmid# 17446) was used to generate CBM mutant iPSCs
carrying CMV-GFP (iPSCs-mCBM-CMV-GFP). The resulting cells were subjected to the same
Skm differentiation protocol. The induction of myogenic markers was compared with that in

iPSCs-WT and iPSCs-mCBM.

Western blot and cell fractionation
Cell extracts isolation, caveolin-rich membrane fraction, protein concentration
measurement, and Immunoblot analysis were performed as described [12,17]. After rapidly
washing with ice-cold PBS, the iPSCs were lysed in modified ice-cold RIPA buffer
(radioimmune precipitation assay buffer containing 1% Nonidet P-40, 1% sodium
deoxycholate, 150 mM NaCl, 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 1 mM
sodium orthovanadate, 1 mM NaF, 10 pg/ml aprotinin, 10 ug/ml leupeptin, and 50 mM Tris-
HCI, pH 7.4). After the cell lysates were centrifuged at 14,000g for 15 min, the supernatants
with protein samples were separated by SDS-PAGE and transferred to the Optitran
nitrocellulose membranes. After blocking with milk, the membranes were probed with the
specific antibodies listed below. The films were developed with an ECL kit.

The antibodies used were Na/K-ATPase al (Developmental Studies Hybridoma Bank,
Cat# a6f), Na/K-ATPase B-1 (Millipore Sigma, Cat# 05-382), caveolin-1 (Cell Signaling
Technology, Cat# 3267S), B-catenin (BD biosciences, Cat# 610153), Phospho-B-Catenin
(Ser33/37/Thr41) antibody (Cell Signaling Technology, Cat# 9561), GSK-3B (Cell Signaling

Technology, Cat# 12456S), alpha-tubulin (Sigma-Aldrich, Cat# T5168).

12
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Wnt activity by TOPFlash luciferase assay

The assay was conducted as we have previously described [12]. Wnt-3A conditioned media
was prepared according to the instructions provided by ATCC (Cat# CRL-2647™). Briefly,
Wnt-3A producing cells were grown in T-75 flask with 10ml DMEM medium containing 0.4
mg/ml G-418. Confluent cells were split at a ratio of 1:10 and subcultured in DMEM without
G-418 for 4 days. Upon confluence, cell culture media were collected and replenished with
10ml flesh DMEM without G-418 for another 3 days. Combine culture media collected with
the first batch. This Wnt3a conditioned medium was cleaned with 0.2 um syringe filter and
aliquots were stored at -20 °C. Human iPSCs were cultured on pre-coated 6-wells plates and
transfected with 1 ug TOPFlash (Addgene# 12456) DNA plasmid, as well as 100 ng pRenilla
(Addgene# 38235) as the reporter control using Lipofectamine 2000 (Invitrogen, Cat#
11668-027). After eight hours, transfected cells were washed with fresh culture medium and
cultured overnight. Then, cells were stimulated with either Wnt-3A conditioned medium or
control medium for 6 hours. The luciferase assay was performed with the dual luciferase

assay reporter kit according to manufacturer’s recommendations (Promega Cat# E1910).

Statistical Analysis
All data are expressed as mean+/- standard error (SE). Student's t-test was used to compare
two groups and ANOVA followed by multiple t-tests was used to compare more than two

groups. *, **, *** indicates p<0.05, 0.01 and 0.001 respectively.
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Results
The CBM of NKA al is essential for somite development and myogenesis in the mouse
embryo.

Segmentation initiates very early in vertebrate embryonic development. It is first observed
when embryos develop somites, the precursors of several segmented organs such as the
axial skeleton, body skeletal muscles, and part of the dermis. Somites are formed during the
highly regulated process of somitogenesis from the unsegmented presomitic mesoderm
(PSM). Normally, the posterior PSM cells remain in an undetermined and immature state
and become anteriorly displaced as new cells migrate to the posterior PSM. When PSM cells
arrive to a prescribed position in the anterior PSM, they undergo a dramatic transition in
gene expression driven by signaling networks dependent of B-catenin/Wnt, Notch, and
FGF[29]. This initiates the segmentation program and somitogenesis, leading to the
formation of the dermomyotome, myotome, and sclerotome. It is within the somites that
skeletal myogenesis is initiated at around E8 in the mouse, with the specification of
premyogenic progenitors and skeletal myoblasts [30-32].

As shown in Figure 1B, somitogenesis is arrested in mCBM homozygous mouse
embryos at E9.5. Consistent with a defect in skeletal myogenesis, we detected a significant
decrease in mRNA levels of the skeletal muscle marker genes myogenin (Myog), myosin

heavy chain 3 (Myh3), and myosin heavy chain 8 (Myh8) as shown in Figure 1C.

The CBM mutation in NKA al inhibits skeletal muscle differentiation of human induced
pluripotent stem cells (iPSCs)
The above observations provided an impetus to determine whether the NKA al CBM-

mediated control of Wnt/B-catenin revealed by our recent report [12] is a key molecular
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determinant of skeletal muscle cell specification and differentiation. To test this
functionally, we used an approach based on human iPSC differentiation in vitro, which
allowed us to transpose early signaling events of mesoderm specification in the vertebrate
embryo to a system that is more amenable to genetic and pharmacological interventions
[30,33-35].

The differentiation system from AMSBIO includes three steps of induction as illustrated
in Supplemental Figure 2A. Step | (SKMO1 medium) gives rise to myogenic precursors. Step Il
(SKM02 medium) induces myoblasts. Step Il (SKM03 medium) leads to myotubes,
henceforth referred to as induced skeletal muscle cells (iSkm). Gene expression analyses
confirmed the expected specific transcription activity pattern during differentiation from
WT human iPSCs, which recapitulates muscle development during early embryogenesis
(Supplemental Figure 2B-G). This includes an early induction of PAX3 by SKMO01, followed by
an increase of myogenic transcription factors MYOD and MYOG by SKMO02, and the late
induction of mature Skm markers MYH8, CAV3 and TNNT1.

Morphologically, the expected sequential differentiation from smaller and round-
shaped cells to long and neatly aligned myotube cells was observed (Figure 2A). Moreover,
the differentiated iSkm were able to twitch spontaneously (Supplemental Video 1).
Subcellular imaging by electron microscopy (EM) revealed the expected striations and
banding structures around glycogen granules (Figure 2C). Positive immunostaining with
antibodies against sarcomeric alpha actinin and alpha skeletal muscle actin further validated
the identity of skeletal muscle cells (iSkm, Figure 2E and 2G).

In parallel, this differentiation protocol was applied to mCBM iPSCs obtained previously
by recombination mediated-CRISPR/Cas9 genome editing to knockin the mutations

(F97A;F100A) of the DNA sequences encoding the consensus caveolin-1 binding motif in
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human ATP1A1 protein. The replacement of these two key amino acids has been shown to
disrupt the interaction between ATP1A1 and caveolin-1 [12,16,17]. Strikingly, no visible cell
contraction or twitching was observed in the differentiated cells at the final step of SKM03
(data not shown). Morphologically, the induced mCBM iSkm cells were very thin and sparse
(Figure 2B) with a poor alignment. EM failed to detect any banding structures, and instead
revealed numerous thin, disorganized fibers randomly distributed and poorly aligned (Figure
2D). The CBM mutant iSkm did not accumulate glycogen granules, but an increased number
of caveolae structures was noted close to the cell surface (4.5+0.79 in iSkm-mCBM vs
0.38+0.02 in iSkm-WT, p<0.01, Figure 2D).

Contrary to wild type (WT) iSkm, the CBM mutant iSkm cells were weakly stained with
anti-sarcomeric alpha actinin and anti-alpha skeletal muscle actin (Figure 2F & 2H vs 2E &
2G, respectively). Consistent with these morphological observations, the induction of
marker gene expression for skeletal muscle differentiation was drastically reduced
compared to WT iSkm (Figure 2 I-N). These defects were also observed in another mCBM
iPSC clone (Supplemental Figure 3). All together, these observations revealed an inability of
CBM mutant iPSCs to differentiate into skeletal muscle cells. In contrast, mCBM-iPSCs
retained the ability to differentiate into adipocytes, as evidenced by marker gene expression
including PPARG (peroxisome proliferator activated receptor gamma), FASN (fatty acid
synthase), ADIPOQ (adiponectin), FABP4 (fatty acid binding protein 4, Supplemental Figure
4, panel B-E), as well as positive staining for oil red O (Supplemental Figure 4, panel A and F).
Of note, although mutant adipocytes (Adi-mCBM) expressed more ADIPOQ and FABP4 RNA

than Adi-WT, Adi-mCBM had a weaker oil red O staining.
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Disrupting NKA/Src through A420P mutation of NKA al does not phenocopy the myogenic
defect of CBM NKA al mutation in iPSCs

By disrupting NKA scaffolding function, the CBM mutation is known to impair NKA/Src
kinase receptor function [12]. Therefore, we next tested whether the observed myogenic
defect in the mCBM iPSC was due to the defective NKA/Src receptor function. To this end, a
well characterized NKA/Src loss of function mutation, A420P [36,37], was introduced in the
NKA al sequence of human iPSCs using CRISPR-Cas9 genome editing (Supplemental Figure
1). Like the wild type iPSCs, A420P grew typical stem cell colonies (Figure 3A&B) and highly
expressed pluripotency marker genes NANOG and OCT4 (Figure 3C). ‘Additionally, A420P
mutant iPSCs retained a Skm differentiation potential comparable to WT iPSCs. This was
evidenced by the induction of gene expression of skeletal muscle markers (Figure 3D),
immunostaining with antibodies against myosin heavy chain (MHC, Figure 3F), sarcomeric
alpha actinin and alpha skeletal muscle actin (Supplemental Figure 5), as well as
spontaneous contraction of the differentiated iSkm A420P cells (Supplemental Video 2).
Overall, mild differences in induction fold for myogenic marker genes (Supplemental Figure
5) were noted in WT vs A420P. Accordingly, it was concluded that the observed inability of
mCBM iPSC to differentiate into skeletal muscle cells was not recapitulated by the A420P
mutation.The NKA/Src receptor function was not the primary contributor to the mCBM

defect.

Lentivirus-mediated expression of MYOD rescues the expression of downstream
myogenesis marker genes in mCBM iPSCs
The basic helix-loop-helix (bHLH) transcription factors MYF5 and MYOD control early

phases of mammalian myogenesis. Either one of these myogenic regulatory factors is
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reportedly capable of driving muscle cell differentiation in vitro [38-40]. We observed that
mRNA of MYOD, but not MYF5, was significantly induced in our WT Skm differentiation
system (Supplemental Figure 6). To test whether late markers of differentiation (i.e., TNNT1,
MYH8 and CAV3) in mCBM iSkm could be restored by expression of MYOD in mCBM iPSC,
we used lentiviral delivery of mouse Myod cDNA (mMyod1). Successful overexpression of
mMyod1 was verified at the mRNA level in mCBM iSkm (Supplemental Figure 6). mCBM
iSkm cells expressing mMyod1 transgene (Figure 4B), had the morphological features of WT
iSkm cells under transmission light microscopy. They also presented an ultrastructural
organization comparable to that of WT iSkm cells, including banding structures (Figure 4C).
Moreover, the number of caveolae structures in iSkm-CBM was reduced to the level of
iSkm-WT upon expression of the Myod transgene (0.19+0.029 in iSkm-mCBM-Myod1 vs
0.38+0.02 in iSkm-WT, p>0.05). In constrast to mCBM iPSCs expressing the empty vector,
mMyod1-expressing mCBM iPSCs regained sensitivity to the Skm differentiation media in
terms of their induced expression of myogenic marker genes (Figure 4D), reaching levels
similar to, or even higher than those measured in iSkm derived from WT iPSCs.
Immunofluorescence labeling of MHC further validated the differentiation mCBM iPSCs
toward skeletal muscle upon expression of exogenous mMyod1 (Figure 4A), albeit with a
defect in fusion capacity as revealed by morphometric analyses and scored fusion index
(Supplemental Figure 6). Of note, spontaneous twitching was not observed in the mMyod1-
rescue iSkm (data not shown). Taken together, these data indicated a functional defect

upstream of MYOD due to the CBM mutation in NKA al.

18

220z Arenige G| uo 1senb AQ 2691 1.S9/Z L 0GBXS/SIOWIS/E60°0 | /I0P/8|21IB-80UBAPE/S|OW]S/WO09 dNoolWepeoe//:sdiy Wod) papeojumoq



B-catenin/Wnt signaling relays CBM-NKA regulation of myogenesis

In addition to its importance for the regulation of NKA/Src receptor function, we have
recently uncovered an essential role of NKA’s CBM for the dynamic operation of Wnt in
mammalian epithelial cells and the regulation of target transcription factors, which likely
contributed to defective organogenesis of the mCBM mouse [12]. Functionally, a TOPFlash
assay revealed that the addition of Wnt3a strongly increased TCL/LEF-firefly luciferase
activity in WT iPSCs, but not in CBM mutant cells (Figure 5A), exposing a blunted response to
Whnt stimulation similar to the one observed in the mammalian cell CBM mutant [12]. CBM
regulation on Whnt signaling was further supported by RNA-seq in the present studies. We
compared mRNA expression between the parental wild type and mCBM iPSCs, as well as the
SKMO1-induced myogenic precursors (Supplemental Table 1 and 2). Altered expression of
Whnt signaling members by CBM mutation was observed in both parental iPSCs and SKMO01-
induced precursors (Supplemental Figure 7). Meanwhile, all known pluripotency markers
were reduced in mCBM mutant iPSCs. We also found mCBM-regulated nuclear transcription
factors (e.g. MED12, PAF1, PYGO1/2, RUVB1/2, SMARCA4) mediating in [-catenin
transcriptional activation of downstream targets (Supplemental Figure 7). Finally, another
cell signaling important in myogenesis, the TGF-B pathway, was altered by the CBM
mutation (Supplemental Figure 7). To a certain degree, these alterations might have
contributed to the defective phenotype in myogenesis.

Given the essential role of Wnt signaling in vertebrate myogenesis upstream from MyoD
[41-43] and early stages of myocyte lineage specification [44], we next examined the
functional impact of the mCBM defect in the early initiation of muscle cell fate from iPSCs,
including the stages of mesoderm and presomitic mesoderm (PSM). We assessed the

response of iPSCs to Wnt3a ligand and CHIR99021 (CHIR), a small molecule inhibitor of
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GSK3pB that prevents the degradation of B-catenin and has been widely used in the protocols
of in vitro differentiation of iSkm from iPSCs [24,45-50]. As shown in Figure 5B&C, the
expected induction of marker genes was observed in WT but not mCBM iPSCs, confirming
that the disrupted Wnt signaling is a key reason for the defective Skm differentiation in CBM
mutant cells. As shown in Figures 5E&F, incubation of WT iPSC with CHIR (10 uM)
significantly decreased pluripotency markers NANOG and OCT4, comparable to the effect of
three days of incubation with the SKMO1 incubation medium. Similar to Wnt3a ligand and
CHIR, mRNA expression of mesoderm markers T and MIXL1, PSM. markers MSGN1, and
somitic marker PAX3 was upregulated in WT iPSCs exposed to SKM01 medium (Figure 5D).
In contrast, in mCBM iPSCs, mRNA expression of T, MIXL1, MSGN1 and PAX3 by Wnt3a, CHIR

or SKMO01 was blunted, or even down-regulated (Figure 5B, C, and G).

CBM-NKA integrates protein complex of Wnt signalosome

Wnt signaling relies on dynamic' cellular trafficking of B-catenin proteins from the cell
membrane to the cytoplasm/nucleus, which is profoundly perturbed in porcine epithelial
cells when WT NKA is replaced by a CBM mutant NKA [12]. Using confocal microscopy
following immunofluorescence staining, we observed that B-catenin was similarly
distributed away from the plasma membrane in mCBM iPSCs (Figure 6A). Consistent with
this finding, western blot analysis of B-catenin in subcellular fractions of iPSCs revealed a
redistribution away from the low-density membrane fractions, particularly fractions 4/5
typically enriched with caveolae (Figure 6C,F), besides the equal amount of total B-catenin
(Figure 6B, E). This abnormal distribution in mCBM iPSCs was consistent with the defect
observed in mCBM myogenic precursor cells (human iPSCs induced with SKMO1 for one

week, Supplemental Figure 8), and mammalian epithelial cells expressing the CBM mutant
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form of NKA [12]. Additional similarities between the epithelial and iPSCs models further
included the increased caveolin-1, and unchanged NKA al and B1 total protein contents in
the CBM mutants compared to WT (Figure 6B, E).

Nuclear accumulation of B-catenin is normally associated with activation of Wnt
signaling. Without ligand stimulation, B-catenin is phorphorylated by casein kinase 1 (CK1)
and GSK-3B and subsequently degraded. Ligand binding with Wnt receptor triggers
aggregation of protein complex inside the cell membrane-associated vesicles, including LRP6
and GSK-3B, which sequester cytosolic B-catenin from proteasome degradation. Stabilized
B-catenin goes into the nucleus to activate gene transcription of Wnt downstream targets
[51]. Consistently, the abnormal accumulation of B-catenin in the nucleus was accompanied
by a significant decrease of phospho-B-catenin in mCBM-iPSCs, evidenced by western blot
using antibodies for phospho-B-Catenin (Ser33/37/Thr41) and total B-Catenin (Figure 6D,G).
GSK-3B phosphorylates B-catenin at three residues (Ser33, Ser37 and Thr47), which targets
B-catenin for ubiquitination and proteosomal degradation [12]. Accumulation of B-catenin
that is specifically non-phosphorylated at these GSK-3p sites is known to be critical for B-
catenin-mediated transcription [13][14].This premature activation, correlated with
increased MSGN1 and PAX3 expression in mCBM-iPSCs (Supplemental Figure 9), likely
accounts for the blunted induction with either Wnt ligand, CHIR or SKMO0O1 medium
observed in the CBM mutant cells (Figure 5).

Taken together, these data strongly suggested a defect of Wnt/B-catenin signaling
secondary to the CBM mutation in iPSCs. The molecular characteristics of the defect
(unchanged NKA pumping function and expression, but abnormal distribution of B-catenin
and blunted Wnt response) were comparable to what we have observed in terminally

differentiated epithelial cells expressing the CBM NKA mutant [12]. This genetic cascade is
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conserved in different mammalian cells, and likely among different species, demanding

further investigation for consolidation.

Discussion

A cell lineage-specific-, ATPase-independent role of the ubiquitous membrane NKA protein
complex during development in metazoans has long been suspected [6-11]. Using a gene-
targeting approach, we recently established a direct link between cell lineage specification
and NKA beyond its classic ATPase-dependent ion transport properties during mouse
embryonic development [12]. This function is mediated by two key phenylalanine residues
(F97 and F100) in one of the two potential Caveolin-1 Binding Motifs (CBM) of the NKA a1l
polypeptide (encoded by ATP1A1). Mutation of those residues, which both belong to the N-
terminal CBM of NKA a1l [52,53], does not modify the enzyme’s ion-transport properties but
disrupts the scaffolding function of NKA a1, and leads to embryonic lethality in C. elegans
and mice [12]. In human iPSCs, the present study provides evidence for a lineage-specific
and CBM-dependent role of ATP1A1 in cell differentiation. This new mechanism has
important biological implications discussed as follows. It should also be mentioned that, as
the number of reports of disease-causing mutations in ATP1A1 continues to grow [54,55],

clinical links to this gene may accrue.

Somitogenesis, genetic manipulation of Atplal, and Wnt/B-catenin signaling
Unlike the global knockout of Atplal in the mouse, which blocks embryonic development
early at the preimplantation stage of blastocyst [56], the CBM mutation appears to be

compatible with life at early embryonic stages. However, the CBM mutation causes

22

220z Arenige G| uo 1senb AQ 2691 1.S9/Z L 0GBXS/SIOWIS/E60°0 | /I0P/8|21IB-80UBAPE/S|OW]S/WO09 dNoolWepeoe//:sdiy Wod) papeojumoq



developmental arrest and lethality at the ensuing gastrulation stage, which is highly
controlled by cell signaling. Consistently, RNA-seq analysis revealed the impact of CBM
mutation on multiple signaling pathways responsible for organogenesis, including the
Wnt/B-catenin pathway which is critical for myogenesis [12,41,42,57,58]. Examination of
the gross morphology of WT and mCBM homozygous mouse embryos at E9.5 revealed a
truncation of the PSM (Figure 1), a phenotype reminiscent of the loss of B-catenin signaling.
Specifically, gene targeting on Wnt ligands or other members of this pathway gives rise to
somite or muscle growth arrest [59]. On the other hand, a number of mCBM homozygous
embryos failed to turn [12], a phenotype similar to the gain of B-catenin signaling [60]. The
present study reveals a mCBM phenotype in iPSCs exposed to Skm differentiation that is
consistent with a loss of the dynamic regulation of the B-catenin pathway, which may

explain these apparently paradoxical defects but warrant further analysis in the embryo.

The myogenesis defect in vitro is a lineage-specific phenotype, not a general loss of CBM
iPSC stemness

Myogenesis involves multiple steps of differentiation and lineage specification that are
tightly controlled by cell signaling. The iPSCs modeling system recapitulates myocyte
differentiation during embryonic development, including the sequential induction of
pluripotent stem cells into mesoderm stem cells, presomatic mesoderm stem cells,
premyogenic stem cells, myoblast and myotube cells. Each cell lineage is marked by
different gene expression, including NANOG and OCT4 (pluripotent stem cells), T/TBXT and
MIXL1 (mesoderm stem cells), MSGN1 (presomitic mesoderm), PAX3/PAX7 (somatic stem
cells), MYOD/MYF5/MYOG/MRF4 (myoblast) and MYH3, MYH8, TNNT1 and CAV3 (final

differentiated muscle cells)[30]. Recently developed single-cell RNA-seq techniques have
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further consolidated and enriched the characterization of these lineages and has also
demonstrated the essential roles of cell signaling, including Wnt, in these early cell fate
specification processes [33,61,62]. In our initial study, we observed that human iPSCs with
CRISPR/CAS9-induced knock-in mutation of CBM NKA al had altered biological properties.
Specifically, human iPSCs with defective mCBM NKA al had reduced colony formation
ability, accompanied by a significant reduction in the expression of stemness markers
(NANOG and OCT4), and transcription factors controlling germ layer differentiation (MIXL1
and T for mesoderm, OTX2 and SOX1 for ectoderm, and GATA4 and SOX17 for endoderm)
[12]. The present study revealed that the mCBM iPSCs were unable to differentiate into
iSkm, unless they were rescued by the exogenous transgene of mouse Myod. This
observation was consistent with a crucial role of Wnt/B-catenin signaling in the induction of
MYOD expression (40,41). This is also consistent with a lineage-specific defect due to
NKA/Wnt signaling defect, rather than a general inability to differentiate due to a complete
loss of stemness. In fact, we have observed that mCBM iPSCs retain the ability to

differentiate into non-skeletal muscle lineages, such as adipocytes (Supplemental figure 4).

Linkage of NKA CBM with Wnt/B-catenin signaling through caveolin-1
The CBM mutation disrupts protein localization of CAV1 and PB-catenin, indicating an
essential role in cell membrane integrity[12]. As a scaffold protein, NKA has been proposed
to provide a docking site securing the proper location and function of membrane proteins,
as well as signal transduction[16,63].

The up-regulation of Cavl expression and disruption of the caveolae network in mCBM
iPSCs may be key to the molecular mechanism that leads to defective Wnt signaling and

myogenesis. Indeed, caveolin-1 has been shown to negatively regulate Wnt signaling
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through binding of B-catenin [64]. Further, genetic manipulation of Cavl expression altered
B-catenin transcriptional activity [65-68]. Interestingly, Cav1 is highly expressed in quiescent
adult muscle stem cells (satellite cells) [69], and down-regulated in activated satellite cells.
Finally, overexpression of Cavl inhibited muscle regeneration [70,71]. Hence, increased
CAV1 expression in mCBM iPSCs may partially contribute to the decreased Wnt activity,
since CBM mutation also shifts CAV1 protein distribution within the cell, evidenced by our
previous assay using cell fractionation [12]. In this study, we also discovered the altered
protein distribution of B-catenin (Figure 6). In response to Wnt ligand stimulation, LRP6,
located in lipid rafts on the membrane, is internalized to the cytosol and recycled back to
the membrane for reuse [72]. This endocytosis process is controlled by CAV1 [73,74]. We
surmise that altered expression and distribution of CAV1 protein in the CBM mutant alters
cellular endocytosis, which subsequently affects' [3-catenin degradation, as well as Wnt

signaling.

Significance in the adult skeletal muscle

In the adult skeletal muscle, canonical Wnt signaling regulates the differentiation/fusion of
muscle stem cells (satellite cells) [75,76], whereas non-canonical Wnt7a signals working
through planar cell polarity pathway controls the self-renewal of satellite stem cells and the
growth of muscle fibers [77,78]. We have previously observed an impact of a moderate
global genetic reduction of Atplal on the size of oxidative muscles such as the soleus in
mice [13]. More recently, we have observed a dramatic impact of a muscle-specific, Myod-
iCre mediated ablation of Atplal in the skeletal muscle in this species [79]: the Cre/LoxP
model points to a profound role of NKA/Src in skeletal muscle structure and function at

developmental stages after MyoD expression. Of note, our previous study did not reveal any
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apparent effect of the NKA/Src blocking peptide pNaktide on organogenesis including
muscle development [12]. This is corroborated in the present study by the differentiation of
NKA/Src null mutant iPSC (A420P) into iSkm (Figure 4), although mild but significant changes
noted between iSkm-WT and iSkm-A420P (Supplemental Figure 5A) do not completely
exclude a minor contribution of this mutation to skeletal muscle differentiation. However,
this study does not exclude a role of the CBM/B-catenin in the adult skeletal muscle
downstream from MyoD and related to Src, which could be involved in the fusion defect of
iSkm-mCBM-Myod (Figure 4, Supplemental Figure 6).

In a broader context, the evolutionary nature of the CBM and Src binding sites on the
NKA al polypeptide is important to mention. Indeed, while CBM was evolved at the origin
of animal kingdom, the Src-binding sequence was acquired and conserved only in mammals.
Thus, while CBM appears to have a vital role in organogenesis in metazoans, the NKA/Src
receptor complex could represent a more specialized mechanism important for the

regulation of muscle metabolism in mammals [13].

Significance in Organogenesis

Cell signaling controls lineage specification, a process breaking from the homogeneity of
unicellular organisms to the cellular heterogeneity of multicellular organisms.
Developmental biologists continue to elucidate the complex molecular machinery that
allows a single egg to turn into a body structure with diverse and specialized cell types. Our
discovery revealed an important connection between NKA and Wnt/B-catenin signaling, one
of the ancient pathways conserved in multicellular organisms that is essential for embryo
development and tissue morphogenesis [80,81]. NKA is present in all eukaryotes, while the

CBM sequence appeared in NKA with multi-cellular species [12]. Conceptually, this co-
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evolution between CBM domain of NKA and cell signaling is consistent with the proposed
connection between this membrane protein and cell differentiation.

Much has been learned about the role of secreted and membrane-bound signaling
molecules such as Wnt, Shh, and FGF in driving cell lineage specification during
segmentation, somitogenesis and embryonic myogenesis [82-84]. The functional cross-talk
among these signaling pathways, for both positive (e.g. Wnt and Shh) and negative (e.g.
BMP) specification have also been extensively characterized [85]. It iis clear that these
receptor-mediated signaling events regulate cell lineage specification, and consequently cell
lineage-specific cellular activity such as specific ion transport for muscle contraction and
membrane structure [86-88]. It is also clear that cell lineage-specific activity must
communicate with the signaling network in order to ensure temporospatial coordination of
the development of various embryonic structures (e.g. somites) and genetic commitment
(e.g. formation of myotome) [89,90]. However, knowledge of how the regulation of these
signaling events by membrane transporters and structural proteins may occur is lacking. In
this context, our findings provided evidence that the non-ion pumping function of NKA a1

could serve as an integrator for Wnt signaling in lineage-specific mechanism.
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FIGURE LEGENDS

Figure 1 The CBM mutation (mCBM) inhibits somite growth in the mouse embryo.

Sagittal sections of mouse embryos (E9.5) show altered somites (arrowhead pointed in A) in
the CBM mutant compared to the segmented structure in wild type (WT). Green framed
regions are shown in B with a higher magnification. mCBM embryos have reduced mRNA
expression of muscle marker genes Myog, Myh8 and Myh3 (C). Triplicate samples were used
for each group. Bar graphs in all figures are mean # standard error. Student’s t-test was used
to compare the difference between wild type and mCBM. ** indicates p<0.01. Images in
panel A share the same scale bar, so do the images in panel B.

Figure 2 CBM mutation inhibits Skm differentiation in human iPSCs.

Wild type human iPSCs were differentiated into twitching skeletal muscle cells (A and
Supplemental Video 1) with typical striation structure in electron microscope images (C) and
positively immunostained with anti-sarcomeric alpha actinin antibody (E) and anti-alpha
skeletal muscle actin antibody (G). Compared to the parental iPSCs, these induced skeletal
muscle cells (iSkm) had dramatically increased mRNA expression of myogenic marker genes
(panels I-N). RT-gPCR results are shown as mean+SE. Student’s t-test was used to compare
the difference between wild type and mCBM. *** p<0.001, n=3. In contrast, mCBM cells
lost this potential and failed to differentiate into contracting myocytes, as evidenced by
morphology (B, D), immunostaining (F and H) and marker gene expression (I-N). GG in panel
C stands for glycogen granules and MF for myofilaments. Panel A shares the same scale bar
as Panel B, and so do the panels E-H.

Figure 3 A420P mutant iPSCs retain iSkm differentiation potential.

A420P mutant iPSCs, defective in NKA mediated Src signaling, formed typical colonies (A and
B) and expressed pluripotency marker genes OCT4 and NANOG (C), as observed in WT-iPSCs.
These mutant iPSCs were capable of differentiating into Skm with normal gross morphology
(E), increased expression of Skm marker genes (D) and positively immunostained with the
myosin heavy chain antibody (red, F). RT-gPCR results in panel D were expressed as
mean+SE (n=3, **p<0.01, ***p<0.001, N.S.: not significant by Student’s t-test analysis).
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Figure 4 Rescue of Skm differentiation in mCBM cells with a mouse Myod1 transgene.

Myod1-rescued iSkm were positively stained with myosin heavy chain antibody (Panel A),
developed typical striations (panel C, GG-glycogen granules, MF-myofilaments), and
expressed myogenic marker genes, at levels equivalent to, or even higher than iSkm from
wild type iPSCs (D). In panel D, an empty vector (pLenti-CMV-GFP, Addgene plasmid# 17446)
was used as the negative control. RT-gPCR results were shown as meanSE and analyzed by
multiple t-tests in ANOVA (n=3, ** p<0.01, *** p<0.001, all compared to the empty vector
control). Arrow heads in panel A points the multiple nuclei in one muscle fiber.

Figure 5 Defective Wnt induction in CBM mutant cells.

Wnt activity was measured with the TOPFlash assay, showing the increased luciferase in
wild type human iPSCs by Wnt3a stimulation. In contrast, a blunted response was observed
in CBM mutant cells (A). This inhibition of Wnt signaling was further reflected by the blocked
induction of mRNA expression for the mesoderm marker genes T and MIXL1, presomitic
marker gene MSGN1 and somatic marker gene PAX3, with either Wnt3a ligand (5 days for
PAX3 and 3 days for T, MIXL1, and MSGN1, panel B) or the GSK-3f inhibitor CHIR (10 uM, 4
days for PAX3 and 2 days for T, MIXL1 and MSGN1, panel C). Moreover, this induction was
mimicked by SKMO01 treatment in wild type human iPSCs (3 days, panel D). Both SKM01
(panel E) and CHIR (panel F) treatment in wild type human iPSCs reduced mRNA expression
of pluripotency markers NANOG and OCT4. However, SKMO01 treatment (3 days) in mCBM
iPSCs reduced all marker gene expression (panel G). All data were expressed as mean+SE
(n=3, *p<0.05, **p<0.01, ***p<0.001, N.S.: not significant, by Student’s t-test).

Figure 6 Disrupted protein distribution and trafficking of 3-catenin by CBM mutation.

Immunostaining under confocal imaging shows shifted localization of B-catenin from cell
membrane to nucleus/cytosol in mCBM iPSCs (A), although the total protein of B-catenin
was not significantly changed (B, western blot). This alteration was further confirmed
through a cell fractionation assay (C), showing the absence of B-catenin blot signal in
caveolin-enriched fractions 4/5. Finally, CBM mutation decreased phosphorylation
(Ser33/37/Thr41) of B-catenin in iPSCs (D, quantification for panel B, C and D is shown in
panel E, F and G, respectively. n=2-4 in panel A, n=6-8 in panel B, n=3 in panel C and D). Data
are shown as mean * SE. *P < 0.05 by student’s t-test.
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Table 1. Primer sequences

Primer Name

human HPRT1 Forward
human HPRT1 Reverse
Human MYOD Forward
Human MYOD Reverse
Human MYOG Forward
Human MYOG Reverse
Human MYH8 Forward
Human MYHS8 Reverse
Human MYH3 Forward
Human MYH3 Reverse
Human TNNT1 Forward
Human TNNTI1 Reverse
Human CAV3 Forward
Human CAV3 Reverse
Human MYF5 Forward
Human MYF5 Reverse
Human MSGN1 Forward
Human MSGN1 reverse
Human PAX3 Forward
Human PAX3 reverse
Human MIXL1 Forward
Human MIXL1 Reverse
Human CTNNB1 Forward
Human CTNNB1 Reverse
Human TBXT Forward
Human TBXT Reverse
Human NANOG Forward
Human NANOG Reverse
Human OCT4 Forward
Human OCT4 Reverse
Human PPARG Forward
Human PPARG Reverse
Human FASN Forward
Human FASN Reverse
Human ADIPOQ Forward
Human ADIPOQ Reverse
Human FABP4 Forward
Human FABP4 Reverse
Mouse Myog Forward
Mouse Myog Reverse
Mouse Myod1 Forward

Primer Sequence (5'->3')
TGGACAGGACTGAACGTCTT
TCCAGCAGGTCAGCAAAGAA
CGACGGCATGATGGACTACA
GGCAGTCTAGGCTCGACAC
CCAGGGGATCATCTGCTCACG
GGAAGGCCACAGACACATCT
GCAGACAGAAGCGGGTGAAT
GCTGAGTAGATGCTTGCTTGC
GAGGCTGGTGAGCTGAGTC
GCTGCCTCTTGAGCTCTTCT
ACCTGGTCAAGGCAGAACAG
TGTCCAGAGGCTTCTTACGC
ACCTTCTGCAACCCACTCTTC
GAGCAGTCCCTGGCTTTAGAC
TGAGAGAGCAGGTGGAGAACT
ACATTCGGGCATGCCATCAGA
TGTTGGACCCACCAGAACAC
TTGCAAAGGATGAGCCTCCC
CAAGCCCAAGCAGGTGACAA
TCGGATTTCCCAGCTGAACA
AGTCCAGGATCCAGGTATGGT
GGCCTAGCCAAAGGTTGGAA
GGCTACTCAAGCTGATTTGATGG
AAGACTGTTGCTGCCAGTGA
GGGTACTCCCAATCCTATTCTGAC
ACTGACTGGAGCTGGTAGGT
CAATGGTGTGACGCAGGGAT
TGCACCAGGTCTGAGTGTTC
CGAGAAGGATGTGGTCCGAG
GAGACAGGGGGAAAGGCTTC
GATACACTGTCTGCAAACATATCACAA
CCACGGAGCTGATCCCAA
TCGTGGGCTACAGCATGGT
GCCCTCTGAAGTCGAAGAAGAA
TCTGCCTTCCGCAGTGTAGG
GGTGTGGCTTGGGGATACGA

GCTTTGCCACCAGGAAAGTG
ATGGACGCATTCCACCACCA
GTCCCAACCCAGGAGATCATT
AGTTGGGCATGGTTTCGTCT
TGGCATGATGGATTACAGCGG
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Mouse Myod1 Reverse
mouse Myh3 Forward
mouse Myh3 Reverse
mouse Myh8 Forward
mouse Myh8 Reverse
Mouse Actb Forward
Mouse Actb Reverse

GGTGGTGCATCTGCCAAAAG
CTCTGTCACAGTCAGAGGTGT
CTTTTCCGACTTGCGGAGGA
CTGAGGAGGCTGAGGAACAATC
CCTCCTTCCTCTGCAAGATGT
GGCTGTATTCCCCTCCATCG
CCAGTTGGTAACAATGCCATGT
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