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Abstract

The transcriptional mechanisms driving lineage specification during development are still

largely unknown, as the interplay of multiple transcription factors makes it difficult to dissect

these molecular events. Using a cell-based differentiation platform to probe transcription

function, we investigated the role of the key paraxial mesoderm and skeletal myogenic com-

mitment factors—mesogenin 1 (Msgn1), T-box 6 (Tbx6), forkhead box C1 (Foxc1), paired

box 3 (Pax3), Paraxis, mesenchyme homeobox 1 (Meox1), sine oculis-related homeobox 1

(Six1), and myogenic factor 5 (Myf5)—in paraxial mesoderm and skeletal myogenesis.

From this study, we define a genetic hierarchy, with Pax3 emerging as the gatekeeper

between the presomitic mesoderm and the myogenic lineage. By assaying chromatin

accessibility, genomic binding and transcription profiling in mesodermal cells from mouse

and human Pax3-induced embryonic stem cells and Pax3-null embryonic day (E)9.5 mouse

embryos, we identified conserved Pax3 functions in the activation of the skeletal myogenic

lineage through modulation of Hedgehog, Notch, and bone morphogenetic protein (BMP)

signaling pathways. In addition, we demonstrate that Pax3 molecular function involves chro-

matin remodeling of its bound elements through an increase in chromatin accessibility and

cooperation with sine oculis-related homeobox 4 (Six4) and TEA domain family member 2

(Tead2) factors. To our knowledge, these data provide the first integrated analysis of Pax3

function, demonstrating its ability to remodel chromatin in mesodermal cells from developing

embryos and proving a mechanistic footing for the transcriptional hierarchy driving

myogenesis.
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Author summary

Lineage specification during embryonic development relies on the activation of specific

transcriptional programs required for defining cellular functions within each tissue. Tran-

scription factors (TFs) play a critical part in gene activation/repression by promoting the

formation of regulatory hubs at the elements associated with their target genes. Through

hierarchical expression of TFs, cells within the developing embryo gradually shape their

genomic landscape and ultimately restrict their differentiation potential. Here, we dissect

the complex network of TFs involved in the specification of mesoderm toward the skeletal

myogenic lineage by generating embryonic stem cell lines in which TF expression is con-

trolled by a doxycycline-dependent on–off system. Using a combination of cell differenti-

ation and genomic assays, we defined the TF hierarchy “Msgn1!Pax3!Myf5,” in which

paired box 3 (Pax3) emerges as the key determinant for the specification of the myogenic

fate. We show that Pax3 occupies several sites proximal to myogenic genes and that bind-

ing to these elements is associated with increase in chromatin accessibility, a hallmark of

active regulatory elements. Although the ability of Pax3 to modulate chromatin accessibil-

ity is comparable between myogenic and nonmyogenic cells, Pax3 genomic binding and

motif preferences are cell-dependent. In addition, we identify that cooperation with sine

oculis-related homeobox 4 (Six4) and TEA domain family member 2 (Tead2) is instru-

mental for the robust Pax3-mediated myogenic commitment, thus indicating that combi-

nation of TFs and chromatin remodeling are both required for lineage commitment.

Introduction

Embryonic development is characterized by a highly regulated cascade of cell fate choices,

involving the concerted action of signaling pathways and transcriptional responses, which ulti-

mately results in the specification of progenitors for a specific organ or tissue. The definition

of the transcriptional regulatory mechanisms that govern this process is essential for an in-

depth understanding of embryogenesis and therefore associated congenital diseases. Tran-

scription factors (TFs) modulate the expression of lineage-specific genes by binding genomic

elements, located either in proximity to transcription start sites (TSSs) or at distal intra- and

intergenic regions, referred to as enhancers [1]. The enhancer landscape is instrumental for

lineage-specific transcription, and chromatin remodeling at these sites is associated with tran-

scriptional changes [2]. Although the nucleosome can represent a physical barrier for TF bind-

ing to the DNA, a specific class of TFs known as “pioneers” can overcome this inhibition by

engaging their targets on nucleosomal DNA [3]. Since lineage specification often involves mul-

tiple classes of TFs, the interplay between pioneering activity and formation of macromolecu-

lar complexes that initiate transcription is critical for the successful activation of the

differentiation program.

The skeletal myogenic lineage is specified within the somites, epithelial aggregates of para-

xial mesodermal progenitors arising from segmentation of the presomitic mesoderm [4]. As

the embryo develops, newly formed somites receive cues from the surrounding cells, which

result in the specification of the dermomyotome and sclerotome (reviewed by [5]). Skeletal

muscle progenitor specification occurs within the central domain of the dermomyotome, from

which cells delaminate from the epaxial and hypaxial regions to give rise to trunk and limb

muscles, respectively [5]. Although expression of the muscle regulatory factors (MRFs; Myf5,

myogenic differentiation protein [MyoD], Mrf4, and myogenin [MyoG]) formally defines the

activation of the myogenic program, different sets of TFs act directly or indirectly prior to
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MRF expression to first specify the somitic mesoderm and subsequently the myogenic fate [5].

Msgn1 and Tbx6 play a fundamental role in the differentiation of neuromesodermal progeni-

tors into presomitic mesoderm [6,7]. Foxc1/2 TFs are expressed in both presomitic mesoderm

and formed somites and are necessary for somitogenesis, as evidenced by the lack of somites

in Foxc1:Foxc2 compound null embryos [8]. The paired-domain TF Pax3 is expressed in form-

ing somites and then becomes restricted to the central domain of the dermomyotome, where it

is essential for the commitment, survival, proliferation, and migration of myogenic progeni-

tors [9,10]. Paraxis (also called Tcf15) belongs to the basic helix-loop-helix (bHLH) family of

TFs, and it is involved in somite epithelialization [11]. Similarly, Meox1/2 regulate epitheliali-

zation and somite rostrocaudal patterning, with double-knockout (KO) animals displaying

severe defects in the differentiation of somite derivatives [12]. Six1/4 are expressed in both

somites and developing muscles, regulating myogenesis at multiple levels, as demonstrated by

the muscle hypoplasia observed in Six1-null mice and the severe impairment of hypaxial mus-

culature in Six1:Six4 compound mutant embryos [13–15].

Multiple lines of evidence suggest that the hierarchical expression of these TFs is required

for the proper activation of the skeletal myogenic lineage. Msgn1 regulates the expression of

several paraxial mesoderm genes, including Pdgfra, Foxc1, and Snai1 [16]. Pax3 expression is

impaired in both Meox1:Meox2 and Six1:Six4 compound null embryos [12,13]. The myogenic

determinant Myf5 is a well-known critical downstream target gene of paired box 3 (Pax3),

which binds at least two well-characterized enhancers located −57 kb and −111 kb from the

Myf5 TSS [17–19]. Similarly, sine oculis-related homeobox 1/4 (Six1/4) and mesenchyme

homeobox 2 (Meox2) participate in Myf5 regulation by binding to the enhancers occupied by

Pax3 [20,21]. Nevertheless, key aspects of the molecular mechanism behind the function of

these TFs have not been examined, because of the lack of a scalable cellular model able to

mimic the specification of the dermomyotome during development. To overcome this limita-

tion, our laboratory has developed a pluripotent stem cell–based model system to recapitulate

mouse and human embryonic myogenesis in the dish (reviewed by [22]).

Here, we provide a comprehensive analysis of the mechanisms underlying specification of

the skeletal myogenic lineage from mesodermal cells. Using a doxycycline (dox)-inducible

mouse embryonic stem (ES) cell–based system, we screened the function of known TFs

expressed during the transition from mesoderm to myotome. This revealed a genetic hierarchy

involving Msgn1!Pax3!Myf5, in which Pax3 represents the main determinant for the pro-

gression of paraxial mesoderm precursors toward the skeletal myogenic lineage. We identify

the Pax3 target loci and show that in both differentiating ES cells and developing mouse

embryos, Pax3 specifies paraxial mesoderm toward skeletal muscle through chromatin remod-

eling of these elements. We show that Pax3-induced chromatin remodeling is cell-type inde-

pendent and that Pax3 myogenic activity requires genetic interaction with Six4 and TEA

domain family member 2 (Tead2) TFs.

Results

Robust activation of the myogenic program occurs only upon Pax3 and

Myf5 expression

To study the role of TFs involved in the specification of the presomitic mesoderm toward the

myogenic lineage (Fig 1A), we used an inducible cassette exchange system [23], which allowed

for the generation of dox-inducible mouse ES cell lines expressing Msgn1, Tbx6, FoxC1, Pax3,

Paraxis, Meox1, Six1, or Myf5 (S1A Fig). Following differentiation into embryoid bodies

(EBs), we assessed the ability of these TFs to promote mesoderm lineage specification using

fluorescence-activated cell sorting (FACS). As we demonstrated previously, EB-derived

Pax3-dependent chromatin remodeling in myogenesis
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Fig 1. Distinct functions of Msgn1, Pax3, and Myf5 during mesoderm specification. (A) Schematic representation of the developmental

expression pattern of the TFs analyzed in this study based on published literature [5–15]. (B-C) Graphs show the percentage of PDGFRα
+FLK1− cells, measured by FACS, in day 5 EB cultures from A2lox-Pax3, A2lox-FoxC1, A2lox-Meox1, A2lox-Msgn1, A2lox-Myf5, A2lox-

Pax3-dependent chromatin remodeling in myogenesis
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PDGFRα+FLK1− cells represent paraxial mesodermal precursors that, upon Pax3 induction,

undergo skeletal muscle commitment and ultimately generate a population of proliferating

myogenic progenitors endowed with in vivo regenerative potential [24,25]. Besides Pax3, only

FoxC1 and Msgn1 were able to induce the PDGFRα+FLK1− fraction, whereas Meox1, Myf5,

Paraxis, Six1, and Tbx6 were unable to promote paraxial mesoderm in the presence of serum

(Fig 1B and S1B Fig). To better visualize the mesoderm-promoting activity of these factors, the

same analysis was performed using a serum-free differentiation protocol, conditions under

which mesoderm does not form [26]. As expected, the frequency of PDGFRα+ and FLK1

+ cells in noninduced cultures was drastically reduced in the absence of serum. Upon dox

induction, significant up-regulation of the PDGFRα+FLK1− fraction was observed not only

for Pax3, Msgn1, and FoxC1 but also for Tbx6 and Paraxis (Fig 1C and S1B Fig). The ability to

induce platelet-derived growth factor alpha (PDGFRα) in serum-free conditions correlated

with the spatial location of these TFs along the anterior–posterior (AP) axis, with the highest

PDGFRα induction observed for the more posterior TFs (Msgn1, Tbx6, Foxc1, and Pax3).

These data were further confirmed by gene expression analysis of somitic/myogenic markers,

as shown by up-regulation of Meox1, Pax3, and Paraxis following Msgn1 and Tbx6 induction

in serum-free differentiation (S1C Fig). Since PDGFRα marks both presomitic mesoderm and

somites, we next examined whether the PDGFRα+FLK1− cell fractions isolated from serum-

and serum-free cultures were endowed with skeletal myogenic potential. Upon sorting, mono-

layer cultures from the dox-treated inducible-TF cell lines were assayed for the expression of

MYOG. Pax3 and Myf5 induction robustly activated the myogenic program in both differenti-

ation conditions (Fig 1D and 1F, S1D Fig), a result in agreement with their function in the

myogenic hierarchy. Among the other TFs tested, only Msgn1 displayed a partial capability to

induce MYOG in serum-free cultures (Fig 1D, 1E, 1F and 1G). These results imply that Msgn1

functions are affected by serum components and that this TF is not sufficient for the transition

of PDGFRα+ cells into the myogenic lineage. Although Msgn1 has been reported to regulate

paraxial mesoderm commitment [16], this study did not address whether the resulting cells

were capable of cell-autonomous differentiation toward one of the other paraxial mesoderm

derivatives.

Since transcriptional activity of Six TFs requires expression of the eyes absent (Eya) pro-

teins, we verified whether these important cofactors are expressed. As shown in S1E Fig, our

transcriptomic analyses (described later) indicate these important coactivators are expressed

in PDGFRα+ cells, thus suggesting that lack of myogenic activity observed upon Six1 induc-

tion is not affected by Eya gene expression (S1D Fig). Nonetheless, we cannot exclude that

other TFs tested in this study may not be functional because of the absence of important

cofactors.

Mitotic bookmarking has been proposed to play an important role in cell specification dur-

ing development because of the faster reactivation of mitotically marked genes [27,28]. We

Paraxis, and A2lox-Six1 ES cell lines, using both serum (B) and serum-free (C) differentiation protocols. Mean + SD is shown from at least 3

biological replicates. ��p< 0.01, ���p< 0.001, ����p< 0.0001. Differences are relative to the Pax3+dox group. (D-E) Immunofluorescence

staining for MyoG in serum (D) and serum-free (E) day 10 cultures following 24-hour dox withdrawal. Images are representative of 3

biological replicates. MYOG (red); nuclei (blue). Bar: 100 μm. (F) Quantification of the MYOG+ area of the immunostaining images shown

in Fig 1D and 1E. Graph represents mean + SD from at least 3 independent experiments. �p< 0.05, ��p< 0.01. (G) Western blot of day 10

cultures (same as panel D-E) from serum- and serum-free differentiation of A2lox-Pax3, A2lox-Myf5, and A2lox-Msgn1 ES cell lines.

eMYHC. ACTIN. (H) Live cell imaging of Msgn1-GFP and Pax3-GFP fusion proteins using wide-field microscopy followed by image

deconvolution. Images are representative of 3 biological replicates, and the results were similar between serum- and serum-free

differentiation. DNA was visualized using Hoechst 33342. Bar: 5 μm. Numerical values are available in S1 Data. dox, doxycycline; EB,

embryoid body; eMYHC, embryonic myosin heavy chain; ES, embryonic stem; FACS, fluorescence-activated cell sorting; FoxC1, forkhead

box C1; Meox1, mesenchyme homeobox 1; Msgn1, mesogenin 1; Myf5, myogenic factor 5; MyoG, myogenin; Pax3, paired box 3; PSM,

presomitic mesoderm; Six1, sine oculis-related homeobox 1; Tbx6, T-box 6; TF, transcription factor.

https://doi.org/10.1371/journal.pbio.3000153.g001
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reasoned that Msgn1 and Pax3 may differ in their ability to bind chromatin during mitosis

and ultimately induce the expression of key genes important for the specification of the myo-

genic lineage. To test this hypothesis, we generated dox-inducible Msgn1-GFP and Pax3-GFP

ES cell lines to visualize these proteins without the use of crosslinking agents, which have been

reported to affect mitotic binding [29]. Characterization of these lines demonstrated that C-

terminal green fluorescent protein (GFP) fusion enabled the detection of GFP fusion proteins

by live cell imaging without affecting Msgn1 and Pax3 function (S1F and S1G Fig). Although

we observed clear localization of Msgn1-GFP to mitotic chromosomes, this was not the case

for Pax3-GFP, which was barely detected at condensed chromatin (Fig 1H and S1G Fig).

Based on these data, we conclude that the inability of Msgn1 to specify the myogenic lineage is

not related to mitotic bookmarking but is rather due to its target selectivity.

Pax3: A gatekeeper of the myogenic lineage

To dissect the differences between Msgn1 and Pax3 at the epigenetic level and provide mecha-

nistic insight into the transition from presomitic mesoderm to somite-myotome, we employed

the assay for transposase-accessible chromatin sequencing (ATAC-seq) [30] to map genome-

wide changes in chromatin accessibility. For this analysis, we focused on day 4 cells from

serum and serum-free differentiation EB cultures upon induction of Msgn1, Pax3, or Myf5.

PDGFRα+FLK1− cells isolated from the trunk region of embryonic day (E)9.5 mouse embryos

were used as reference (Fig 2A, “P+F− E9.5 emb.”). Compared to day 4 noninduced EBs, all

TFs provoked changes in chromatin accessibility at genomic regions associated with expected

or known targets: Pax3 and Paraxis in the case of Msgn1, the Myf5 −111 kb enhancer [18] and

Met for Pax3, and the Myogenin promoter [31,32] and muscle creatine kinase (Ckm) for Myf5

(Fig 2A and S2A Fig). In agreement with our data (Fig 1 and S1 Fig), we only observed changes

at genes involved in somitogenesis when Msgn1 was induced in serum-free conditions (Fig 2A

and S2A Fig). Globally, we detected 5,520, 3,260, and 7,018 new accessible regions after induc-

tion of Msgn1, Pax3, and Myf5 in serum-free conditions, respectively (Fig 2B and S1 Table). A

total of 2,691/5,520 (49%) and 1,808/3,260 (55%) of the ATAC-seq peaks induced by Msgn1

and Pax3, respectively, overlapped with accessible peaks detected in E9.5 embryos (Fig 2C). In

the case of Myf5, we observed only 1,812/7,018 (26%) overlapping peaks between day 4 EBs

and E9.5 embryos, likely because the full expression of this gene occurs at later developmental

stages (Myf5 protein is detectable from E10.5).

Using the annotation tool GREAT [33], we annotated the differentially accessible genomic

regions for each TF (Fig 2D, S2B Fig, and S2 Table). Msgn1- and Pax3-induced accessible loci

were associated with genes involved in various mesodermal cell categories, including segmen-

tation, muscle, and mesenchymal cell development (Fig 2D and S2B Fig). In contrast, Myf5

induction increased accessibility at loci involved in later stages of skeletal muscle differentia-

tion, such as Myog and Ckm (Fig 2D), which is in agreement with the ability of the myogenic

determinants to activate the skeletal muscle program in multiple cell types, including nonme-

sodermal cells [34]. This finding indicates that the ability of Myf5 to induce myogenesis also in

PDGFRα-negative cells (S1B Fig) involves a mechanism that is distinct from that of Pax3,

which occurs only in mesodermal cells (further discussed in this manuscript). In addition,

although we observed increased chromatin accessibility at the Myf5 enhancer following 1-day

Pax3 induction, Myf5 mRNA expression increased robustly during the next 5 days (S1E Fig),

which recapitulates the pattern of Myf5 expression in developing embryos [35,36]. This also

corresponded to increased chromatin accessibility at the Myog locus (S2C Fig). Based on these

data, we believe that Myf5 downstream targets (such as Myog) are activated only upon robust

Myf5 induction, which occurs through sustained Pax3 expression.

Pax3-dependent chromatin remodeling in myogenesis
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Fig 2. Pax3 as a gatekeeper of the myogenic lineage. (A) Representative IGV tracks for genes associated with paraxial mesoderm/somite formation, myogenic

progenitor specification (“spec.”), and muscle differentiation (“diff.”) and comparison with PDGFRα+FLK1− cells isolated from E9.5 mouse embryos (“P+F-

E9.5 emb.”). (B) Number of ATAC-seq peaks from serum-free differentiation identified upon induction of Msgn1, Pax3, and Myf5. Venn diagram indicates

the overlap between these 3 datasets. (C) Number of peaks from serum-free differentiation overlapping to ATAC-seq peaks detected in PDGFRα+FLK1− cells

Pax3-dependent chromatin remodeling in myogenesis
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To demonstrate these three TFs regulate different subsets of loci, we compared the chroma-

tin accessibility profiles of Pax3-, Msgn1-, and Myf5-induced EB cells to E9.5 embryos (S2B

Fig and S2 Table). In agreement with the pairwise comparison of Fig 2B, combined analysis of

these ATAC-seq data shows minimal overlap of the loci characterized by increased chromatin

accessibility upon Msgn1, Pax3, and Myf5 induction (S2B Fig), which is further confirmed by

gene ontology (GO) analysis of the loci associated to each cluster (S2 Table). Motif analysis on

the accessible peaks induced by each TF (total number from Fig 2B) confirmed the enrichment

for binding sites associated with bHLH factors, such as Msgn1 and Myf5, and paired domain,

as in the case of Pax3 (Fig 2E and 2F). We observed enrichment of the CCCTC-binding factor

(CTCF) motif in both Msgn1 and Pax3 peaks, thus suggesting that lineage specification transi-

tions induced by these TFs may be associated with changes in chromosome architecture. This

was not the case for the Myf5 peaks enriched for myocyte enhancer factor 2 (MEF2) and MEIS

motifs, which have been shown to cooperate with the myogenic bHLH proteins (Fig 2E)

[37,38].

An interesting hypothesis that can be drawn from these ATAC-seq data is the potential

direct involvement of Msgn1 in Pax3 regulation (Fig 2A and S1B Fig). To investigate this, we

compared the chromatin accessibility profile at the Pax3 locus with published Msgn1 chroma-

tin immunoprecipitation sequencing (ChIP-seq) data [16]. As shown in Fig 2F, Msgn1 binding

is detected at intronic elements of the Pax3 gene, and both peaks correspond to ATAC-seq

peaks found at the Msgn1-inducible EBs and E9.5 embryos. Western blot and ChIP analyses

confirmed the increase in PAX3 protein expression following Msgn1 dox-dependent induc-

tion in serum-free cultures (Fig 2G) and Msgn1 binding at the Pax3 locus (S2G Fig). Nonethe-

less, Msgn1-induced PAX3 expression was found to be much lower than that obtained

following Pax3 induction, and sustained Msgn1 expression was not sufficient for maintaining

Pax3 expression over time (Fig 2G and S2H Fig). These observations may account for Msgn1

incapability to robustly induce myogenesis (Fig 1E and 1F) and suggest the requirement of an

additional factor for maintaining PAX3 expression in the trunk somites.

Altogether, these data demonstrate the sequential activation of the genes involved in skeletal

myogenic lineage specification from presomitic mesoderm, which follows the hierarchy

Msgn1!Pax3!Myf5. Pax3 plays a central role in this process by representing the earliest

upstream regulator for the robust specification of the myogenic lineage from paraxial meso-

derm (Fig 1D and 1F, S1C and S1D Fig).

Conserved role of Pax3 in the regulation of somitic/myogenic gene

expression

Although the necessity of Pax3 during muscle development has been elegantly demonstrated

using transgenic/KO mouse models [17,18,39,40], the molecular mechanisms associated with

Pax3 myogenic activity remain mostly unknown. Given the ability of Pax3 to efficiently drive

skeletal myogenesis from mesodermal cells, we set out to decode the molecular mechanisms

isolated from E9.5 mouse embryos. (D) Functional classification of Msgn1-, Pax3-, and Myf5-induced accessible peaks from serum-free differentiation using

GREAT. Complete annotation data are reported in S2 Table. (E) Selected motifs associated with Msgn1-, Pax3-, and Myf5-induced peaks in serum-free

differentiation. (F) IGV snapshot of the Pax3 locus. Changes in chromatin accessibility induced by Msgn1 in serum-free differentiation overlap to peaks

identified in the Msgn1 ChIP-seq (dashed black squares). (G) Western blot analysis of PAX3 expression in Msgn1- and Pax3-induced cultures following 1-day

and 6-day dox treatment. SSRP1 was used as loading control (“Ctrl”). Numerical values are available in S1 Data. ant./post., anterior–posterior; ATAC-seq, assay

for transposase-accessible chromatin sequencing; bHLH, basic helix-loop-helix; Biol., biological; card., cardiac; ChIP-seq, chromatin immunoprecipitation

sequencing; CTCF, CCCTC-binding factor; dev., development; dox, doxycycline; E, embryonic day; GO, gene ontology; IGV, Integrative Genomics Viewer;

MEF2, myocyte enhancer factor 2; morph., morphology; Msgn1, mesogenin 1; Myf5, myogenic factor 5; organiz., organization; patt., pattern; Pax3, paired

box 3; proc., process; reg., regulation; SSRP1, structure-specific recognition protein; Tot, total; vasc., vascular.

https://doi.org/10.1371/journal.pbio.3000153.g002
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responsible for its activity in early mesodermal cells (1-day Pax3 induction) and myogenic pro-

genitors (6-day Pax3 induction) using unbiased approaches. Transcriptomic analysis of EB-

derived cells identified 422 and 4,647 differentially regulated genes following comparison of

noninduced cells to 1-day and 6-day Pax3-induced cells, respectively (Fig 3A and 3B). As

expected, and in agreement with the ATAC-seq dataset, this last group included many genes

expressed in somites (e.g., Paraxis, Meox1, Grem1), myogenic cells (e.g., Myf5, Met, Eya1),

Notch signaling pathway (e.g., Lfng, Jag1, Megf10), and Hedgehog (HH) signaling pathway

(Cdon, Boc, Gas1) (Fig 3A). Induction of Pax3 in differentiating EBs was also associated with

the repression of the cardiac program and bone morphogenetic protein (BMP) signaling path-

way, as evidenced by the down-regulation of Gata4, Nkx2-5, Hand1, Myh7, Bmp2, and Bmp4,

among others (Fig 3B) [41]. Biological process classification of 1-day Pax3 up-regulated genes

showed enrichment for neurogenesis and mesoderm development, both regulated by Pax3

during embryogenesis (Fig 3C and 3D, S3 Table). However, whereas the levels of myogenic

transcripts (e.g., Myf5, Lbx1, and multiple epidermal growth factor–like domains protein 10

[Megf10]) showed a time-dependent increase in expression, neuronal genes were down-regu-

lated during the 1-day-to-6-day transition (S3A Fig). In addition, 8% (23/289) of the genes

induced by Pax3 were TFs, thus supporting its role as an early master regulator (S3 Table).

Since Pax3-induced cells displayed up-regulation of somitic markers, we next confirmed

that Meox1 expression is impaired in the absence of Pax3 in vivo. As shown in Fig 3E, we ana-

lyzed Pax3-null E9.5 mouse embryos from an F1 cross and found impaired expression of the

somite marker Meox1 in the dorsoventral domain, normally characterized by Pax3 expression.

Selected potential Pax3 targets, including Ebf3, Eya1, Megf10, and Vcam1, were validated by

gene expression analysis in 6-hour Pax3-induced cells (e.g., S3B Fig). Using FACS, we verified

that vascular cell adhesion molecule 1 (Vcam1) is strongly up-regulated by Pax3 (Fig 3F).

Using an analogous approach in differentiating human ES cells, we determined the tran-

scriptional changes induced by PAX3 in human mesoderm. As expected, the ability of PAX3

to induce the myogenic program in differentiating human ES cells is conserved (S3C Fig), and,

similar to murine cells, within 1-day of dox-dependent induction (from day 5 cultures of dif-

ferentiating H9 cells) PAX3 up-regulates genes involved in paraxial mesoderm formation

(S3D Fig). Unbiased transcriptomic analysis identified 746 human transcripts subjected to

PAX3 regulation (388 up-regulated and 358 down-regulated; S3E Fig). GO classification based

on biological process showed that the majority of PAX3-induced transcripts are associated

with developmental processes, including mesoderm and muscle development (S3F Fig). Com-

parison of murine and human datasets revealed that 8% (60/746) and 51% (381/746) of the

genes regulated in inducible-PAX3 (iPAX3) human cells are also differentially expressed in

1-day and 6-day iPax3 mouse cells, respectively (S3G Fig and S4 Table). As observed with

mouse counterparts, genes associated with BMP, Notch, and HH signaling pathways are also

regulated by PAX3 in human cells (Fig 3G and S3H Fig). Altogether, these data identify the

conserved function of Pax3 in the specification of the myogenic lineage.

Pax3 regulates chromatin accessibility during myogenic specification

To investigate whether Pax3 has a direct function in the regulation of the genes identified in

our transcriptomic studies, we analyzed Pax3 genomic occupancy in murine EB-derived cells

1 day and 6 days post dox-mediated induction, using ChIP followed by sequencing (ChIP-

seq). As expected, Pax3 binding was detected at genomic loci proximal to many differentially

regulated genes (S4A and S4B Fig, S5 Table), even though in multiple cases this occurred

many kilobases from the respective TSS. Annotation of 1-day and 6-day ChIP-seq data using

PAVIS [42] assigned a peak to 28% (119/422) and 21% (977/4,647) of the 1-day and 6-day
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Fig 3. Conserved role of Pax3 in the regulation (“regul.”) of somitic/myogenic gene expression. (A-B) Heatmap of genes up-regulated upon 1-day

and 6-day Pax3 induction. Changes are relative to noninduced Pax3 cells and were obtained by the analysis of 3 independent biological replicates.

Selected genes and biological processes affected by Pax3 are indicated on the right side of the heatmaps. (C-D) GO analysis of up-regulated Pax3 genes:

1-day and 6-day samples using DAVID. (E) Analysis of Meox1 expression in the somites of WT and Pax3-null;Pax7-het E9.5 embryos using ISH. Red
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RNA sequencing (RNA-seq) differentially expressed genes, respectively (Fig 4A and S6 Table),

even though this may represent an underestimation due to localization of the peak in a nearby

gene. GO classification of the peaks detected at both time points was consistent with Pax3

function in the regulation of mesoderm (1-day; total 3,780 peaks) and skeletal muscle develop-

ment (6-day; total 5,710 peaks) (S4C Fig and S2 Table). Moreover, 14% of the 1-day Pax3

peaks were also conserved in human ES-derived counterparts, including elements proximal to

the HH coreceptors CDON and GAS1 and the NOTCH2 receptor (S4D Fig and S5 Table).

Next, we took advantage of chromatin accessibility data to investigate the epigenetic

changes occurring during Pax3-mediated specification of the myogenic lineage (Fig 4B and

S5A Fig). As exemplified by the Myod locus (S5A Fig), comparison of ATAC-seq data between

noninduced and 6-day Pax3-induced cells identified an increase in chromatin accessibility at

several loci associated with myogenic commitment (S5B Fig and S2 Table). In agreement with

our transcriptomic analyses (Fig 3 and S3 Fig), loci identified only in noninduced cells (there-

fore characterized by decreased chromatin accessibility in 6-day Pax3-induced cells) are

enriched for cardiac genes, the BMP signaling pathway, and other nonmyogenic mesodermal

biological process categories (S5B Fig and S2 Table). This analysis confirmed the increase in

chromatin accessibility at the Pax3-bound elements associated with several genes belonging to

HH and Notch signaling pathways (Fig 4D and 4E).

Chromatin accessibility is impaired in Pax3-null embryos

To determine whether chromatin remodeling of these elements requires Pax3 in vivo, we ana-

lyzed the changes in chromatin accessibility upon Pax3 loss of function in mouse embryos. For

this analysis, we performed ATAC-seq on PDGFRα+FLK1− cells isolated from the trunk

region of wild-type (WT) and Pax3-null (KO) E9.5 embryos. Clustering of the ATAC-seq data

on the Pax3 ChIP-seq peaks classified 3 groups based on the chromatin accessibility signal

(S5D Fig). Whereas groups 1 and 2 showed limited or no changes (S5E Fig), chromatin acces-

sibility of group 3 revealed a Pax3-dependent change in PDGFRα+FLK1− mesodermal cells

isolated from mouse embryos as well as from day 4 EBs (Fig 4F). These results confirm that

activation of the myogenic program by Pax3 during embryogenesis is associated with chroma-

tin remodeling of its binding sites. For example, we observed a dramatic decrease in accessibil-

ity at the Cdon −49 kb, Vcam1 +3 kb, and Myf5 −111 kb elements (Fig 4E and S5F Fig) and

similar results at many other Pax3-bound sites in Pax3-null E9.5 embryos (e.g., Eya1, Jag1,

Met, and Notch2). In further support of our findings, biregional cell adhesion molecule–

related/down-regulated by oncogenes (Cdon) binding protein (Boc) and Cdon transcripts are

down-regulated in Pax3-null E9.5 embryos (S5G Fig), and analysis of the transcriptomic

changes following expression of dominant positive Pax3-FKHR fusion protein in developing

murine somites [43] showed significant up-regulation of several genes identified in our

genome-wide studies (Fig 4G).

square represents the zoomed region (middle panel). Dashed red line indicates the section displayed in the right panel. (F) Representative FACS

analysis of 2-day Pax3-induced EB cultures shows up-regulation of VCAM1 (y-axis). PDGFRα expression is shown on the x-axis. (G) Comparison of

transcriptional changes for selected genes associated with Hedgehog and Notch signaling (“sign.”) pathways upon Pax3 expression in differentiating

mouse and human ES cells. Data were extracted from RNA-seq analysis of 1-day and 6-day Pax3-induced (+dox) and noninduced (no dox) cultures.

Bars represent fold induction (+dox/no dox) of each sample’s mean. �p< 0.05, ��p< 0.01, ���p< 0.001. Numerical values are available in S1 Data.

BMP, bone morphogenetic protein; develop., development; diff., differentiation; diff. expr., differentially expressed; dox, doxycycline; E, embryonic day;

EB, embryoid body; excr., excretion; FACS, fluorescence-activated cell sorting; GO, gene ontology; ISH, in situ hybridization; Meox1, mesenchyme

homeobox 1; morph., morphogenesis; Neuron., neuronal; Pax, paired box; PDGFRα, platelet-derived growth factor receptor alpha; pos reg, positive

regulation; pos regul transcr RNA pol II prom, positive regulation of transcription from RNA pol II promoter; VCAM1, vascular cell adhesion molecule

1; WT, wild-type.

https://doi.org/10.1371/journal.pbio.3000153.g003
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Fig 4. Pax3 induces chromatin remodeling at a subset of bound loci in mesodermal cells. (A) Venn diagrams displaying overlap between DE

genes and Pax3-bound loci in 1-day (top) and 6-day (down) samples. Numbers indicate the overlap between the two datasets. (B) Heatmap

displaying the changes in chromatin accessibility in PDGFRα+FLK1− cells isolated from noninduced (“non-ind.”), 1-day, and 6-day Pax3-induced
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Pax3 induces chromatin remodeling independently of the activation of the

myogenic program

Previous studies have demonstrated that Pax3 expression in cell types distinct from PDGFRα+

paraxial mesoderm, such as fibroblasts, does not result in efficient activation of the myogenic

program [19,44]. To assess whether this is due to impaired chromatin remodeling of Pax3-

bound sites, we introduced the dox-inducible Pax3 system into NIH3T3 fibroblasts (Fig 5A)

and Bend3 endothelial cells. The expression of somitic and myogenic genes was minimal or

absent upon Pax3 induction in NIH3T3 and Bend3 cells (Fig 5B) and accordingly did not

result in the activation of the myogenic program (Fig 5C). Since the PAX family of TFs has

been implicated in epigenetic regulation through interaction with the COMPASS histone

methyltransferase (HMT) complex and modulation of monomethylated lysine 4 of histone 3

(H3K4me1) [45–48], we evaluated these cells for the deposition of H3K4me1 following Pax3

induction. Following 24 hours of Pax3 induction, H3K4me1 levels in these cells were compara-

ble to EBs at the −111 kb Myf5 enhancer (S6A Fig) and drastically reduced at the intragenic

Myf5 site (+0.7 kb from TSS). To investigate the global molecular function of Pax3 in fibro-

blasts, we performed ChIP-seq and ATAC-seq on 1-day induced iPax3 NIH3T3 cells. As

shown in Fig 5D, ChIP-seq for Pax3 in NIH3T3 cells identified 11,420 peaks, 907 of which

were in common to the 1-day EB dataset. Loci occupied by Pax3 only in EB-derived cells were

associated with genes involved in neurogenesis and mesoderm development, such as Fgfr4
[49] (Fig 5E, S6B Fig and S2 Table). In contrast, peaks identified only in NIH3T3 cells were

characterized by enrichment for biological process categories such as regulation of apoptosis

and protein phosphorylation, such as Src (Fig 5E, S6B Fig and S2 Table). Motif analysis of

peaks found solely in EBs or NIH3T3 or common to both revealed interesting differences in

the modality of Pax3 binding to these different subsets. Whereas EB-derived Pax3 peaks dis-

played enrichment for paired-type PAX motifs, NIH3T3-only peaks were characterized by

homeodomain- and paired-type PAX motifs (Fig 5F, S6C, S6D and S6E Fig). Accordingly,

selectivity between paired- and homeodomain-type motifs has been suggested to play a role in

the pioneering activity of Pax7 in melanotrope versus corticotrope differentiation [50], thus

supporting Pax3’s ability to bind its targets in a context-dependent manner. Next, using

ATAC-seq data from 1-day iPax3 EB and iPax3 NIH3T3 cells, we compared chromatin acces-

sibility at Pax3 binding sites in EBs only, common EBs/NIH3T3, and NIH3T3 only. For all

subsets, k-means clustering showed 3 groups of loci (S6F Fig). Cluster 1 had the highest

cells. Differential accessible loci from 1-day versus noninduced and 6-day versus noninduced were combined in a list of unique peaks and used to

generate the differential analysis. Three clusters (indicated on the right side) were identified, and the corresponding coordinates were used for GO

analysis. The legend indicates the scaled (z score) coverage information for each region. (C) Schematic representation of Hedgehog and Notch

signaling pathways. Red blocks indicate genes characterized by increased chromatin accessibility upon Pax3 induction. (D) IGV track displaying

chromatin accessibility and Pax3 genomic binding at the Lfng and Notch2 loci in cells isolated from 1-day and 6-day Pax3-induced (+) and

noninduced (-) EB cultures. Dashed red squares show Pax3-dependent regulation of chromatin accessibility at the Pax3-bound Lfng −25 kb and

Notch2 +10 kb sites. Pax3 binding to these elements are shown by the ChIP-seq tracks. (E) IGV track displaying chromatin accessibility and Pax3

genomic binding at the Cdon locus in cells isolated from 1-day Pax3-induced (+) and noninduced (-) EB cultures and Pax3 WT and KO E9.5

embryos (“emb.”). Dashed red square shows Pax3-dependent regulation of chromatin accessibility during embryonic development at the Cdon −49

kb site. (F) Distribution of ATAC-seq reads across a subset of 684 Pax3 ChIP-seq peaks generated using k-means clustering. Curves show chromatin

(“chrom.”) accessibility at Pax3 peaks (±3 kb from peak center) in PDGFRα+FLK1− cells from Pax3 WT and KO embryos and noninduced (-) and

1-day induced (+) EB cells. (G) Selected Pax3 targets are regulated during mouse embryonic development (transcriptomic data published by [43]).

Graph represents the expression fold change of selected statistically significant and differentially regulated transcripts from the somites of

Pax3Pax3FKHR/GFP and Pax3GFP/+ embryos. Numerical values are available in S1 Data. ADAM, a disintegrin and metallopeptidase domain 10;

ATAC-seq, assay for transposase-accessible chromatin sequencing; BOC, biregional Cdon binding protein; CDON, cell adhesion molecule–related/

down-regulated by oncogenes; ChIP-seq, chromatin immunoprecipitation sequencing; DE, differentially expressed; DLL, delta-like canonical

Notch ligand; E, embryonic day; EB, embryoid body; GAS1, growth arrest specific 1; GO, gene ontology; ICN, intracellular notch; IGV, Integrative

Genomics Viewer; JAG, jagged; KO, knockout; LFNG, lunatic fringe; MAML, Mastermind-like; Pax3, paired box 3; PTCH, patched; RNAseq, RNA

sequencing; SHH, Sonic hedgehog; SMO, Smoothened; Tot, total; TSS, transcription start site; WT, wild-type.

https://doi.org/10.1371/journal.pbio.3000153.g004
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Fig 5. Pax3 does not activate the myogenic program in NIH3T3 fibroblasts and Bend3 endothelial cells. (A) Pax3 induction in EBs and NIH3T3

iPax3 cells was assessed by western blot using antibodies to PAX3 and ACTIN. (B) qRT-PCR analysis for Myf5 and Meox1 in Pax3-induced (+dox)

and noninduced (no dox) in day 4 EBs, NIH3T3, and Bend3 cells. Graph represents mean + SD from at least 3 independent experiments. �p< 0.05.

(C) Cells from Pax3-induced (+dox) and noninduced (no dox) EBs and NIH3T3 cells were analyzed by western blot using antibodies specific for

eMYHC, MYOG, and Actin. (D) Venn diagram displaying overlap between Pax3 genomic occupancy in 1-day EBs and NIH3T3 iPax3 cells. EBs-only

peaks: 2,873; common EBs/NIH3T3 peaks: 907; NIH3T3-only peaks: 10,513. (E) IGV track displaying genomic occupancy and chromatin accessibility

at the Fgfr4, Vcam1, and Src loci in PDGFRα+FLK1− cells isolated from Pax3-induced (+) and noninduced (-) day 4 EBs and Pax3-induced (+) and

noninduced (-) NIH3T3 fibroblasts. Dashed red square shows Pax3-dependent regulation of chromatin accessibility. (F) Selected transcription factor

Pax3-dependent chromatin remodeling in myogenesis
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accessibility, whereas cluster 3 had the lowest (S6G Fig). Upon dox treatment, we observed

subset-specific Pax3-dependent increase in chromatin accessibility in cluster 2, as exemplified

by Fgfr4, Vcam1, and Src (Fig 5E and S5G Fig). These sites also displayed distinct basal chro-

matin accessibility, indicative of cell-specific differences at remodeled sites (Fig 5G). Taken

together, these findings support the notion that Pax3 has the ability to induce chromatin

remodeling, which is conserved among different cell types, and suggest that activation of the

myogenic program depends on the selection of sites bound by this TF.

Pax3 requires Six4 and Tead2 for efficient induction of skeletal myogenesis

The studies above strongly support the notion that a major role of Pax3 binding is to promote

chromatin remodeling, thereby increasing accessibility of target loci. To identify potential

cooperation between Pax3 and other TFs, we analyzed the conserved motifs enriched near

Pax3 peaks. To gain a comprehensive assessment of the conserved motifs at Pax3 sites, we per-

formed this analysis on 1-day and 6-day Pax3 ChIP-seq peaks as well as on Pax3 binding sites

identified in adult primary myoblasts [51]. This comparison revealed differences in Pax3 geno-

mic binding among these samples (Fig 6A). We found 1,699 sites in common between Pax3

peaks from 1-day and 6-day samples, whereas 504 and 1,184 Pax3 peaks were shared between

myoblasts and 1-day and 6-day samples, respectively (Fig 6A), thus suggesting context-depen-

dent binding of Pax3 across different developmental stages. As expected, motif analysis identi-

fied the presence of Pax3 binding motifs among the top hits, supporting that our ChIP-seq

robustly identified bona fide Pax3 binding sites (Fig 6B). Similar to the NIH3T3-specific Pax3

peaks (Fig 5), Pax3 peaks in myoblasts were found enriched for both paired-type and homeo-

domain-type motifs (Fig 6B), in agreement with Soleimani and colleagues [51]. In contrast, we

detected only paired-type Pax3 binding motifs in 1-day and 6-day peaks (Fig 6B). In addition,

we detected several potential binding sites for other TFs, including members of the homeodo-

main, TEAD, and Runt families, among others (Fig 6B and S7A Fig).

To verify whether the predicted motifs near Pax3 binding sites are occupied by TFs in vivo,

we used available ChIP-seq datasets for Six4 [52], Tead1, Tead4 [53], Jun [54], Runt-related tran-

scription factor 1 (Runx1) [55], and upstream stimulatory factor 1 (Usf1) [56]. Six4 is a known

regulator of the myogenic lineage, as it binds to the Myf5 −111 kb and −57 kb enhancers [18,21],

and it is required for the MyoD-mediated myogenic conversion of MEFs and muscle differentia-

tion [57,58]. Jun is a component of the activator protein 1 (AP1) factor, which has been shown

to bind enhancers in multiple cell types, including skeletal muscle [54,59]. Similarly, Tead and

Runx1 factors regulate several myogenic genes in proliferating myoblasts [53,55]. Usf1 has been

detected in developing somites [60]. Upon k-means clustering of these datasets across a region of

±3 kb from the center of the Pax3 6-day ChIP-seq dataset (Fig 6C and S7 Table), we observed a

subset of Pax3 binding sites overlapping with Six4, Tead1/4, Runx1, and Usf1 (Fig 6D: cluster 1).

Visual inspection of the genome tracks confirmed the co-occurrence of binding for these TFs

(including Jun at selected sites) and Pax3 at subsets of genes such as Cdon, Megf10, and Fgfr4
(Fig 6E). We noted that the 4 distinct clusters also differed for recruitment of Pax3 between

motifs enriched at Pax3-bound loci from EBs-only peaks, common EBs/NIH3T3 peaks, and NIH3T3-only peaks. (G) Distribution of ATAC-seq reads

across a subset of Pax3 ChIP-seq peaks generated using k-means clustering (from S6F Fig). Curves show chromatin accessibility at cluster 2 from EBs-

only, common EBs/NIH3T3, and NIH3T3-only Pax3-bound peaks. Datasets are independent biological replicates. Graph represents the ATAC-seq

reads overlapping to Pax3 ChIP-seq peaks (Pax3 peak center ± 3 kb). Numerical values are available in S1 Data. AP1, activator protein 1; ATAC-seq,

assay for transposase-accessible chromatin sequencing; ChIP-seq, chromatin immunoprecipitation sequencing; dox, doxycycline; EB, embryoid body;

eMYHC, embryonic myosin heavy chain; Fgfr4, fibroblast growth factor receptor 4; IGV, Integrative Genomics Viewer; iPax3, inducible-Pax3;

MYOG, myogenin; Pax3, paired box 3; qRT-PCR, quantitative reverse transcription PCR; Src, Rous sarcoma oncogene; Tot, total; Vcam1, vascular

cell adhesion molecule 1.

https://doi.org/10.1371/journal.pbio.3000153.g005
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1-day and 6-day (Fig 6C: compare clusters 1, 2, and 4 versus cluster 3), indicating that Pax3 bind-

ing at a subset of sites changes during the myogenic specification process. In support of the func-

tional relevance of cluster 1 peaks, GO classification using GREAT showed an enrichment for

skeletal muscle biological process categories (S7C Fig). Among the other clusters, clusters 2 and

4 displayed an enrichment for myogenic biological process categories, whereas cluster 3 was

enriched for terms associated with different aspects of mesoderm specification (S7C Fig). To

assess the biological relevance of these TFs during Pax3-induced myogenesis, we performed

knockdown studies using constructs targeting Six4 and Tead2, which represents the highest-

expressed Tead factor based on our RNA-seq data. Knockdown of Six4 and Tead2 using two

independent shRNA clones induced a>50% reduction of the respective mRNA compared to

scramble control (shSCR) counterparts (Fig 6F) and resulted in the significant reduction of the

expression levels of genes found up-regulated in Pax3-induced EB cultures, including genes asso-

ciated with Notch and Sonic hedgehog (Shh) signaling pathways (Fig 6F and S7D Fig). We then

further investigated whether terminal differentiation of Pax3-induced mesoderm into myosin

heavy chain (MYHC+) cells required Six4 or Tead2. Knockdown of both genes significantly

reduced differentiation (Fig 6G and S7E Fig), thus confirming that these two TFs participate in

the Pax3-mediated activation of the skeletal myogenic program.

Based on these data, we conclude that activation of the skeletal myogenic program during

development involves both Pax3-mediated chromatin remodeling and the subsequent recruit-

ment of Six4 and Tead2.

Discussion

Using genomic techniques combined with in vitro and in vivo models, here we provide the

first comprehensive analysis of Pax3-mediated myogenic specification in developing meso-

derm. In this study, we identified a compendium of Pax3-bound mesodermal enhancers,

defined the epigenetic changes resulting from the recruitment of chromatin remodeling com-

plexes at these sites both in vitro and in vivo, and identified cooperation between Pax3 and the

TFs Six4 and Tead2 during myogenic lineage commitment. These analyses provide important

insights into what can be defined as the “core function” of Pax3 at its binding sites and its

cooperation with other transcriptional regulators (Fig 7).

TF hierarchy during mesoderm patterning

The use of differentiating inducible ES cell lines expressing TFs involved in mesoderm

patterning under serum or serum-free conditions highlights the central role of Pax3 in the

Fig 6. Pax3 cooperates with Six4 and Tead2 to activate the myogenic program. (A) Number of ChIP-seq peaks identified upon PAX3

immunoprecipitation in primary myoblasts, 1-day, and 6-day iPax3-induced cells. Venn diagram indicates the overlap between these 3 datasets. (B)

Selected transcription factor motifs enriched at Pax3-bound loci from 1-day, 6-day, and primary myoblasts. Distribution of the motifs across 500 bp

from the peak center is reported below. (C) Six4 and Runx1 bind at a subset of 6-day Pax3 loci. Fewer loci were also bound by Jun, Tead1-4, and Usf1

proteins. k-means clustering was generated using published ChIP-seq data (from myogenic cell line C2C12). (D) Distribution of ChIP-seq reads for

Six4, Jun, Tead1/4, Runx1, and Usf1 1-day and 6-day Pax3 genomic binding data in cluster 1 (from panel C) generated using k-means clustering.

Curves show overlapping of Six4 and Runx1 binding at Pax3 peaks (±3 kb from peak center). (E) IGV track displaying genomic occupancy for Pax3,

Six4, Runx1, Jun, Tead1/4, and Usf1 at the Cdon locus. Dashed red square indicates Pax3-bound site characterized by Six4, Runx1, Jun, and Tead1/4

occupancy. (F-G) Knockdown of Six4 or Tead2 in iPax3 PDGFRα+FLK1− cells impairs Pax3 transcriptional activity and ultimately myogenic

differentiation. Upon Pax3 induction, day 5 EB cells were analyzed by qRT-PCR with the indicated probes (F) or assayed for terminal differentiation

(G). Graph represents mean + SD from at least 3 independent experiments. MYHC (red); nuclei (blue). Bar: 100 μm. �p< 0.05, ��p< 0.01,
���p< 0.001. Numerical values are available in S1 Data. AP1, activator protein 1; Cdon, cell adhesion molecule–related/down-regulated by oncogenes;

ChIP-seq, chromatin immunoprecipitation sequencing; Ctrl, control; EB, embryoid body; Gapdh, glyceraldehyde 3-phosophate dehydrogenase; IgG,

immunoglobulin G; IGV, Integrative Genomics Viewer; iPax3, inducible-Pax3; Lfng, lunatic fringe; Megf10, multiple epidermal growth factor–like

domains protein 10; Myf5, myogenic factor 5; MYHC, myosin heavy chain; Pax3, paired box 3; qRT-PCR, quantitative reverse transcription PCR; RFX,

regulatory factor X; Runx1, Runt-related transcription factor 1; shSCR, scramble control; shSix4, Six4 knockdown; shTead2, Tead2 knockdown; Six4,

sine oculis-related homeobox 4; Tead1/2/4, TEA domain family member 1/2/4; Tot, total; Usf1, upstream stimulatory factor 1.

https://doi.org/10.1371/journal.pbio.3000153.g006
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specification of the myogenic lineage (Fig 7A). Our data demonstrate that, even though Msgn1

lies upstream of Pax3 in the mesoderm genetic hierarchy [16], it does not efficiently activate

the skeletal myogenic program. Nonetheless, we observed that Msgn1 has mitotic bookmark-

ing capability, which we speculate may be involved in Msgn1 role in lineage fate decision of

neuromesodermal progenitors. Similar to Msgn1, expression of mesoderm posterior 1

(Mesp1) in serum-free cultures of differentiating mouse ES cells induces partial activation of

the skeletal myogenic lineage [26], and in vivo analysis of mesp-b function in zebrafish

embryos demonstrated this transcriptional regulator is necessary for dermomyotome

Fig 7. Model of Pax3 function during embryonic development. (A) Pax3 expression is regulated by Msgn1, expressed in the presomitic mesoderm, as well as

by other unidentified factors that contribute to its expression in the formed somites. Pax3, in turn, regulates the myogenic program by inducing, among the

others, components of Notch and HH signaling pathways while repressing nonmyogenic lineages. (B) Pax3 binds and remodels chromatin by increasing

chromatin accessibility. Cooperation between Pax3 and Six4-Tead2 ensures proper activation of the skeletal myogenic program. aPSM, anterior presomitic

mesoderm; HH, hedgehog; Msgn1, mesogenin 1; Pax3, paired box 3; pPSM, posterior presomitic mesoderm.

https://doi.org/10.1371/journal.pbio.3000153.g007
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development [61]. However, although these authors observed that mesp-b expression in trans-

genic embryos directly regulates meox1 and ripply1 expression, this was not the case for pax3,

thus suggesting an indirect role of mesp-b in the regulation of this TF. Based on our data,

Msgn1 does not induce Mesp1/2, which are up-regulated only upon Tbx6 expression in

serum-free condition (S7F Fig). Since partial muscle specification occurs only upon Msgn1

induction under serum-free differentiation conditions, we conclude that other signals are

required for the efficient transition of the presomitic progenitors to the myogenic lineage.

In addition, we observed that signaling pathways activated by serum components inhibit

Msgn1 paraxial mesoderm inducing activity. In agreement with this hypothesis, Chan and col-

leagues reported that both Bmp2 and Bmp4 repress Mesp1-mediated myogenic differentiation

by promoting the cardiac cell fate [62]. Pax3 function, in contrast, is independent of the growth

factor environment, and its induction results in robust activation of the skeletal myogenic pro-

gram. Because embryonic myogenic progenitors have been suggested not to be affected by the

BMP/transforming growth factor beta (TGFβ) pathway [63], we predict this may occur through

a Pax3-dependent transcriptional regulation of key components of this pathway during devel-

opment. Accordingly, in our RNA-seq dataset, we observed down-regulation of Bmp2/4 and

up-regulation of the Sulf2 and Twsg1, secreted factors involved in BMP signaling repression

(S3H Fig) [41,64,65], although further studies will be required to investigate whether this pro-

cess is directly regulated by Pax3. Corroborating our in vitro results, we show the impaired

expression of Meox1 along the dorsoventral axis in Pax3-null E9.5 embryos. Previous findings

reported for Paraxis and Lfng in E10.5 splotch-homozygous embryos, a Pax3-null allele [66,67],

further support the notion that Pax3 regulates paraxial mesoderm specification [25]. Analysis of

the ATAC-seq dataset from paraxial mesoderm cells of E9.5 embryos and differentiating induc-

ible Msgn1, Pax3, and Myf5 ES cells revealed that differentially accessible peaks are subdivided

into clusters with distinct GO classifications based on the TF of origin. This analysis confirms

that Pax3 regulates chromatin accessibility at loci associated with genes involved in the determi-

nation of myogenic progenitors and highlights the difference with Myf5, which activates genes

further downstream in the muscle differentiation program.

Pax3-mediated modulation of signaling pathway components

Our transcriptomic and epigenetic studies indicate that Pax3 regulates the expression of a subset

of genes associated with HH and Notch signaling pathways. During development, Shh secreted

from notochord and dorsal neural tube plays an important role in Myf5 and Myod induction

(reviewed by [68]). Cdon, Boc, and growth arrest specific 1 (Gas1) have been identified as essen-

tial ligand-binding components of the HH coreceptor Patched [69–71] and are required for

proper patterning of multiple tissues [72]. Since Cdon, Boc, and Gas1 are expressed in the Pax3

+ dermomyotome [73–75], our data are in agreement with an active and evolutionarily con-

served role of Pax3 in binding and remodeling of the regulatory elements responsible for induc-

tion of these HH coreceptors. This hypothesis is further supported by the observation that

Cdon, Boc, and Gas1 transcripts are up-regulated in the somites of Pax3Pax3FKHR/GFP embryos, a

transcriptionally dominant Pax3 allele [43]. At the molecular level, both Cdon and Boc are part

of a cell–cell adhesion complex (which also includes N- and M-cadherins) required for the dif-

ferentiation of skeletal myogenic progenitors through activation of p38 mitogen-activated pro-

tein kinase (MAPK) and cell division cycle 42 (Cdc42) signaling [76]. In accordance, we

observed that treatment of Pax3-induced cultures with the p38 inhibitor SB203580 impairs myo-

genic specification (S7G Fig).

The Notch signaling pathway plays an important role in preventing precocious differentia-

tion of progenitors in the developing muscle (reviewed by [77]). Nonetheless, to date,
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regulatory networks responsible for the expression of these genes during myogenic specifica-

tion have not been deeply investigated or have been limited to muscle cell lines, such as

C2C12. Our data identify an important function for Pax3 in the expression of components of

the Notch pathway. Similar to the HH signaling pathway, Pax3-induced changes in chromatin

accessibility were detected at loci associated with Notch pathway genes (e.g., Lfng and Notch2),

as well as extracellular matrix proteins required for the establishment of the future muscle

stem cell niche (e.g., Megf10 and M-cadherin [78]). Most of these observations were corrobo-

rated by data collected in developing mouse embryos and through analysis of murine and

human iPAX3 differentiating ES cultures. Altogether, our data reveal novel Pax3-dependent

transcriptional targets accounting for the activation or repression of signaling pathways

important for skeletal myogenic lineage specification.

Pax3 and chromatin remodeling

We demonstrate that Pax3 induction in mesodermal cells results in increased chromatin acces-

sibility at Pax3 targets and epigenetic mark deposition. Histone methylation accounts for

diverse functions during transcriptional regulation, and multiple complexes mediate the depo-

sition/erasure of this modification. H3K4me1 and trimethylated lysine 4 of histone 3

(H3K4me3) are deposited by the lysine (K)-specific methyltransferase 2C/D (MLL3/4) and

SET1 complexes, respectively, which are characterized by common and specific subunits [79].

Although interaction between the HMT complex and Pax3 has not been reported, studies car-

ried out by Rudnicki and colleagues demonstrated that the Pax7-mediated recruitment of the

MLL2-ASH2L-WDR5-RBBP5 complex at the Myf5 −111 kb and −57 kb enhancers is impor-

tant for the deposition of H3K4me3 in proximity of the Myf5 TSS [46,80]. Similarly, other

studies focusing on different Pax family members reported their interaction with the MLL3/4

HMT complex [47,48]. Our data showed that Pax3-mediated increased chromatin accessibility

at the Myf5 −111 kb enhancer is associated with deposition of H3K4me1. These findings dem-

onstrating that chromatin accessibility is diminished at Pax3 loci in paraxial mesoderm cells

from Pax3-null E9.5 embryos support an active role for Pax3 in the regulation of chromatin

remodeling during development.

Based on our work and other published studies, we hypothesize that the general function of

Pax proteins in transcriptional regulation is to initiate chromatin remodeling at their binding

sites, which in turn may enable binding of other TFs participating in a given lineage-specific

program, as outlined in Fig 7B for Pax3 and the myogenic lineage. This model is supported by

the following observations: (1) Pax3 cooperates with other TFs to activate the myogenic pro-

gram, as demonstrated by Six4 and Tead2 knockdown; (2) increased chromatin accessibility is

observed at Pax3 sites in mesoderm (both in vitro and in vivo) and in NIH3T3 fibroblasts; (3)

deposition of H3K4me1 occurs at Pax3 sites also in nonmyogenic cells, such as NIH3T3, even

though these cells cannot differentiate into muscle upon Pax3 induction. Of relevance, the

related factors Pax7 and Pax2 regulate chromatin accessibility and H3K4me1 deposition in dif-

ferent cell types [45,48,50,81]. Pax7-dependent chromatin remodeling enables T-box 19 (Tpit)

binding in pituitary cells [50] and correlates with future MyoD occupancy at a subset of

enhancers in myogenic cells [45]. Alignment of the protein sequences of different Pax mem-

bers identifies high conservation at the N-terminal region corresponding to the DNA-binding

domains (paired and homeodomain), whereas the C-terminal regions show very little homol-

ogy. Although this observation suggests that recruitment of the HMT complex might involve

its interaction with the Pax DNA-binding domains, we detected no increase in H3K4me1

deposition using a Pax3 mutant lacking the C-terminal region, thus raising the possibility that

the interaction between Pax TFs and the HMT complex might require the interaction with
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both the N terminus and C terminus of the protein. Future studies investigating the structure

of the C-terminal region will be instrumental for addressing this open question.

Is Pax3 a pioneer TF?

Our data demonstrate that Pax3 modulates chromatin accessibility and H3K4me1 levels, thus

establishing a more favorable landscape for the concerted action of cooperating TFs, such as

Six4 and Tead2, in the context of myogenic lineage commitment. These findings are compati-

ble with a pioneering function of Pax3 during skeletal myogenic specification, even though

additional data would be required to include Pax3 in this category. A recent study demon-

strated that pioneer factor binding differs across cell types and that stable occupancy is likely

the result of cooperative interactions with other cell-specific TFs [82]. Accordingly, whereas

Pax3 expression in NIH3T3 fibroblasts does not activate the skeletal myogenic program and

occupies a different subset of loci compared to EB-derived cells, our experiments in NIH3T3

fibroblasts demonstrate that this TF retains the ability to increase chromatin accessibility at a

different subset of loci. Coexpression of Pax3, Runx1, Six1, and other mesodermal TFs in

NIH3T3 and mouse embryonic fibroblasts (MEFs) does not enhance myogenic commitment,

and in fact, other investigators have reprogrammed fibroblasts into myogenic cells solely by

Myod transduction [83,84]. Furthermore, in a previous study on Pax7, a closely related Pax

gene, we observed that chromatin remodeling occurs primarily at sites depleted of repressive

histone marks (trimethylated lysine 27 of histone 3 [H3K27me3] and trimethylated lysine 9 of

histone 3 [H3K9me3]; [45]). Based on these data, we speculate that the chromatin status of the

cells may represent the main barrier for the Pax3-mediated conversion of nonmesodermal

cells into skeletal myogenic progenitors. This hypothesis is in agreement with the enrichment

of the CTCF motif at the sites characterized by increased chromatin accessibility upon Pax3

expression in differentiating ES cells, and it is further supported by the observation that pio-

neer-resistant Pax7-bound loci in melanotrope cells harbor the CTCF sequence [81].

In conclusion, our data provide the first comprehensive analysis of Pax3 function during

skeletal myogenesis and demonstrate that Pax3-mediated lineage commitment results from

the coordinated modulation of signaling pathways and downstream transcriptional effectors.

Materials and methods

Ethics statement

All animals were handled in strict accordance with good animal practice as defined by the rele-

vant national and/or local animal welfare bodies, and all animal work was approved by the

University of Minnesota Institutional Animal Care and Use Committee (protocol number

1702-34580A).

Plasmids

The p2lox-Pax3 vector was previously described [25]. The p2lox-Msgn1 plasmid was generated

by subcloning the Msgn1 CDS amplified from genomic DNA (PCR primers available in S8

Table). The Msgn1 PCR product was cloned into the pCR2.1-TOPO vector (Invitrogen) and

sequenced prior to subcloning in the final vector. p2lox-Foxc1, p2lox-Meox1, p2lox-Myf5,

p2lox-Paraxis, p2lox-Six1, and p2lox-Tbx6 were generated by subcloning the respective coding

sequences obtained from Open Biosystems (GE healthcare). The p2lox-Pax3-GFP and p2lox-

Msgn1-GFP vectors were generated by subcloning the EGFP sequence at the C-terminal

region of Pax3 and Msgn1 cDNA (after removal of the stop codon and separated by a linker,

sequence: EFLINAT). Knockdown constructs from the TRC library (pLKO) were obtained
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from the University of Minnesota Genomic Center (UMGC). pLKO.1-blast-SCRAMBLE was

a gift from Keith Mostov (Addgene plasmid #26701 [85]). To purify cells transduced with the

knockdown constructs, all pLKO plasmids were modified by replacing the selection gene

(puromycin or blasticidin) with the sequence encoding the EGFP (referred hereafter as pLKO-

shRNA-PGK-GFP). pSAM2-Pax3-ires-GFP was obtained by subcloning the murine or human

Pax3 sequence into the EcoRI site of the pSAM2-ires-GFP lentiviral vector. pFUGW-rtTA and

pSAM2-ires-GFP were previously described [86]. Additional cloning details for all constructs

will be available upon request.

Cell cultures

Inducible mouse ES cell lines were generated by Cre-loxP mediated recombination of the

p2lox targeting plasmids into A2lox-cre mouse ES cells [23]. The recombination cassette,

located next to the Hprt gene, contains the Tet-responsive element (TRE) driving the expres-

sion of one single copy of cDNA, thus ensuring quasi-physiological expression levels. Pax3--

ires-GFP and control Ires-GFP mES cell lines were described previously [25]. Inducible PAX3

H9 human ES cells were generated by lentiviral transduction of the pSAM2-PAX3-ires-GFP

and pFUGW-rtTA constructs and maintained on Matrigel-coated flasks using mTeSR (Stem

Cell Technology). mES cells were maintained on mitotically impaired MEFs in KnockOut

DMEM (Invitrogen) supplemented with 15% FBS (Embryomax ES-qualified FBS [Millipore]),

1% Penicillin/Streptomycin (Invitrogen), 2 mM GlutaMAX (Invitrogen), 0.1 mM Non-Essen-

tial Amino Acids (Invitrogen), 0.1 mM β-mercaptoethanol (Invitrogen), and 1,000 U/ml LIF

(Millipore). The myogenic differentiation protocol was previously described [87]. Briefly, the

ES/MEF cell suspension was preplated in a gelatin-coated dish for 30 minutes in order to

remove fibroblasts, and the resulting supernatant (enriched for mES cells) was then diluted to

40,000 cells/ml in EB differentiation medium and incubated in an orbital shaker at 80 RPM.

EB differentiation medium was composed of IMDM (Invitrogen) supplemented with 15% FBS

(Embryomax ES-qualified FBS), 1% penicillin/streptomycin (Invitrogen), 2 mM GlutaMAX

(Invitrogen), 50 μg/ml ascorbic acid (Sigma-Aldrich), and 4.5 mM monothioglycerol (MP bio-

medicals). For serum-free differentiation, FBS was replaced with an equivalent amount of

KnockOut Serum Replacement (Invitrogen). Transgene induction was achieved by adding

dox (Sigma-Aldrich) to day 3 EBs cultures (final concentration 1 μg/ml) and then maintained

throughout the differentiation protocol by replacing the media (including dox) every 2 days.

At day 5, EBs were disaggregated, and single cells were incubated for 20 minutes with

PDGFRα-PE, FLK1-APC, and VCAM1-biotin-conjugated antibodies (e-Bioscience) followed

by 5 minutes of incubation with Streptavidin-PeCy7. PDGFRα+FLK1− cells were sorted using

FACSAria II (BD biosciences) and replated on gelatin-coated dishes using serum or serum-

free EB differentiation media supplemented with 1 μg/ml dox and 10 ng/ml mouse basic FGF

(bFGF; Preprotech). Except Myf5+dox cells from serum-free cultures, which did not express

PDGFRα and were replated as bulk, analysis of myogenic potential for the other TFs was per-

formed in PDGFRα+FLK1− cells. Skeletal myogenic differentiation was assessed in cells cul-

tured 4 days as monolayer by withdrawing bFGF and dox from the cultures (in order to shut

down transgene expression) followed by additional 2 days of culture in the same serum or

serum-free media. HEK293T, NIH3T3, and Bend3 cells were maintained in DMEM (Invitro-

gen) supplemented with 10% FBS (Millipore), 1% penicillin/streptomycin (Invitrogen), and 2

mM GlutaMAX (Invitrogen).

Skeletal myogenic differentiation of H9 iPAX3 ES cells was achieved by plating 106 cells in

6 cm nonadherent Petri dishes and incubated at 37˚C, 5% CO2 on a shaker at 60 RPM. After 2

days, mTeSR was replaced with EB Myogenic (EBM) Media supplemented with 10 μM Y-
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27632 and 10 μM GSK3 inhibitor (CHIR990217) (media composition described in [88]). Two

days later, media were replaced to remove GSK3 inhibitor, and the formed EBs were plated on

gelatin-coated flasks using EBM + 10 ng/ml human bFGF. Twenty-four hours later, cultures

were supplemented with 1 μg/ml dox for PAX3 induction. Twenty-four hours later, cells were

harvested using trypsin+EDTA solution and FACS sorted based on GFP expression. Sorted

cells were collected for RNA extraction. To assess the myogenic commitment upon PAX3

induction, GFP+ cells from H9 iPAX3 differentiating cultures were sorted 4 days post dox sup-

plementation and plated at 1.5 × 106 cells per T25 on gelatin-coated flasks using EBM supple-

mented with 5 ng/ml bFGF, 1 μg/ml dox, and 5 μM ROCK inhibitor (ROCK inhibitor was

removed the day after) and cultured as monolayer. At about 90% cell density, cells were pas-

saged using trypsin+EDTA and replated on new gelatin-coated flasks. Terminal differentiation

was induced by switching 100% confluent cultures to KOSR differentiation media (KnockOut

DMEM + 20% KnockOut Serum Replacement + 1% penicillin/streptomycin + 2 mM Gluta-

MAX; all products from Gibco).

Lentiviral transduction and knockdown

Lentiviruses were produced in HEK293T cells by cotransfection of pVSV-G, Δ8.9 and lenti-

viral constructs using Lipofectamine LTX-Plus reagent (Invitrogen). Supernatants containing

lentiviral particles were filtered using 0.45 μm filters and applied to cells cultured in 6-well

plates. To facilitate transduction, 6-well plates were centrifuged for 90 minutes at 1,100g at

30˚C. Pax3-inducible NIH3T3 and Bend3 cells were generated by cotransduction of pSAM2-

Pax3-ires-GFP and pFUGW-rtTA lentiviruses. Six4 and Tead2 knockdown was performed by

transducing mES cells with the respective pLKO-shRNA-PGK-GFP constructs (including the

shSCR). At day 5 of differentiation, GFP+ cells were sorted using FACSAria II and replated

on gelatin-coated dishes or resuspended in Trizol (Invitrogen) for RNA analysis. Replated

day 5 PDGFRα+FLK1− cells from Six4 and Tead2 knockdown experiments were cultured 4

days as monolayer followed by withdrawal of bFGF and dox for 2 days before fixation and

immunostaining.

Mice and embryo explants

Pax3-null and Pax3-null;Pax7-het E9.5 embryos were generated by timed mating of Pax3cre/+

mice or Pax3cre/+;Pax7+/− mice. Time-mated mice were euthanized using CO2 for collecting

embryos. For RNA analysis and FACS isolation of PDGFRα+FLK1− cells, embryos were dis-

sected under the stereoscope to remove head and heart, and the remaining tissues were disso-

ciated in 0.25% trypsin for 3 minutes at 37˚C. Cells from individual embryos were then stained

using PDGFRα-PE and FLK1-APC antibodies, FACS sorted, and processed for ATAC-seq.

For all experiments, genotyping was performed using genomic DNA isolated from yolk sacs.

ChIP and library generation

ChIP was performed following the protocol described by Young and colleagues, with minor

modifications [89]. D4 EBs (1-day induced and control Pax3 mouse cells) were trypsin-treated

at 37˚C for 1 minute with gentle shaking, and reaction was inhibited by adding 10% FBS/PBS.

One-day induced Pax3 NIH3T3 cells and 6-day induced Pax3 mouse cells growing in mono-

layer were harvested by incubation with trypsin for 1–2 minutes. Human differentiating

PAX3-inducible cells were collected at day 6 of differentiation (following 24-hour dox-medi-

ated induction) by incubation with trypsin for 1–2 minutes. Single cells were washed once

with PBS, resuspended in 10% FBS/PBS, and supplemented with formaldehyde (final concen-

tration 1%) for crosslinking of protein-DNA complexes (10 minutes at RT) followed by

Pax3-dependent chromatin remodeling in myogenesis

PLOS Biology | https://doi.org/10.1371/journal.pbio.3000153 February 26, 2019 23 / 39

https://doi.org/10.1371/journal.pbio.3000153


quenching with glycine and staining with PDGFRα-PE antibody. PDGFRα+ cells were sorted

using FACSAria II, snap-frozen in liquid nitrogen, and stored at −80˚C if not processed imme-

diately. Cell pellets were incubated in lysis buffer LB1 supplemented with protease inhibitors

(50 mM HEPES KOH [pH 7.5], 140 mM NaCl, 1 mM EDTA, 10% glycerol, 0.5% NP40, 0.25%

Triton X-100 + complete-mini [Roche]) for 10 minutes at +4˚C followed by incubation in

buffer LB2 supplemented with protease inhibitors (10 mM Tris-HCl [pH 8], 200 mM NaCl, 1

mM EDTA, 0.5 mM EGTA + complete-mini [Roche]) for 10 minutes at +4˚C. Cell pellet was

then resuspended in LB3 supplemented with protease inhibitors (10 mM Tris-HCl [pH 8], 100

mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 0.1% Sodium Deoxycholate, 0.5% N-lauroylsarcosine

+ complete-mini [Roche]) and then sonicated. For H3K4me1, cells were sonicated using Bior-

uptor Pico (25 cycles 30 seconds ON, 30 seconds OFF) to achieve an average size of 200 bp.

For Pax3, cells were sonicated with a Branson sonicator at 18% power for 1 minute with inter-

vals of 10 seconds ON and 10 seconds OFF to achieve an average chromatin size of 300 bp.

After shearing, samples were centrifuged for 10 minutes at 16,000g and snap-frozen in liquid

nitrogen if not processed immediately. For histone ChIP, 12 μg of chromatin (diluted to

250 μl) was precleared for 4 hours at 4˚C with 10 μl of BSA-blocked Protein A conjugated

sepharose beads (GE Healthcare). For Pax3 ChIP, 25–40 μg of chromatin (diluted to 500 μl)

was precleared for 4 hours at 4˚C with 20 μl of BSA-blocked Protein A (or Protein G) conju-

gated sepharose beads (GE Healthcare). Samples were supplemented with 1/10 volume of 10%

Triton X-100 and incubated overnight with anti-Pax3 (Santa Cruz Biotechnology sc-34926) or

anti-H3K4me1 (ab8895 [Abcam]) antibodies. Immune complexes were recovered by incuba-

tion with 20 μl of BSA-blocked Protein G conjugated sepharose beads for 4 hours at 4˚C and

then washed 5 times with RIPA wash buffer (50 mM HEPES KOH [pH 7.5], 500 mM LiCl, 1

mM EDTA, 1% NP40, 0.25% Triton X-100, 0.7% sodium deoxycholate) and 1 time with TEN

buffer (10 mM Tris-HCl [pH 8], 1 mM EDTA, 50 mM NaCl). Immunoprecipitated chromatin

was recovered by incubating beads with 200 μl of elution buffer (50 mM Tris-HCl [pH 8], 10

mM EDTA, 1% sodium dodecyl sulfate) for 20 minutes at 65˚C. Chromatin from IP and Input

(equivalent to 1% of starting material) was reverse cross-linked overnight at 65˚C, then diluted

1:1 with TE (10 mM Tris-HCl [pH 8], 1 mM EDTA) supplemented with 4 μl of RNaseA 20

mg/ml, and incubated for 2 hours at 37˚C followed by proteinase K treatment (4 μl of 20 mg/

ml stock for each sample) for 30 minutes at 55˚C. DNA was purified by Phenol-chloroform-

isoamyl alcohol extraction (twice) followed by chloroform extraction, then supplemented with

1/10 of volume of 3 M Sodium Acetate (pH 5) and 1.5 μl of glycogen, and precipitated with 2

volumes of 100% ethanol at −80˚C for >1 hour. Following 30 minutes of centrifuge at 16,000g,

pellets were washed with 75% ethanol, air dried, and dissolved in 45 μl H2O. qPCR was per-

formed in a final volume of 10 μl using SYBR Premix Ex Taq II (Clontech), 0.5 μl of 1.4 μM

primer stock, and 0.3 μl sample/reaction and run on a 384-well plate on a ABI7900HT instru-

ment (Applied Biosystems). The primer sequences used for qPCR are provided in S8 Table.

Libraries were generated following a gel-free protocol using AMPure XP beads (Beckman

Coulter) for all the purification and size selection steps. DNA (10 ng or less) was end repaired

using End-It DNA End Repair (Epicentre) and then A-tailed using Klenow Fragment (30!50

exo- NEB) followed by adapter-barcode ligation using T4 DNA ligase (Enzymatics). Illumina-

compatible adapter barcodes were purchased from BIOO scientific. After ligation, DNAs were

negatively size selected using 0.5x AMPure XP beads, and unbound DNAs were positively size

selected by adding 0.4x AMPure XP beads (this step allows for retention of DNA fragments

ranging 200–500 bp). Libraries were amplified using Phusion High Fidelity PCR master mix

2x (NEB) with a 16-cycle program. Libraries from iPax3 NIH3T3 cells were generated using

the NEBNext DNA library prep kit (NEB). Purified libraries were then submitted to the

UMGC for quantification, quality control, and sequencing. Libraries were pooled and
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sequenced on single-end runs of the HiSeq2500 operated at high-output mode (Illumina).

Libraries for Pax3 were sequenced to an average depth of 25 million reads per sample. The

sequencer outputs were processed using the computer cluster managed by the Minnesota

Supercomputing Institute (MSI).

ChIP-seq analysis

Each sample’s reads were aligned to the mouse (mm10) or human (hg38) genome using Bow-

tie2 [90], followed by removal of PCR duplicates using Samtools [91]. Peak calling was per-

formed using MACS [92] with the following settings:—bw 300 -p 1e-3. Similar results were

obtained by performing peak calling using QESEQ [93] with the following settings: -s 100 -c

15 -p 0.01. To identify the list of high-confidence mouse Pax3 peaks, we performed 3 indepen-

dent Pax3 ChIP-seq experiments, and, using the BEDTools intersect function, only common

regions between 2 experiments were further considered [94]. In addition, the Pax3 peak list

was filtered (intersect–v option) for sites overlapping to peaks detected in the uninduced con-

trol ChIP-seq and in the mouse ChIP-seq blacklist [56]. Density maps were generated with

SeqMiner using the enrichment file enr.sgr produced by QESEQ. Bigwig files for visualization

on IGV [95] were generated by converting the wig files obtained from MACS, using the Kent

tool Wig-to-BigWig [96]. Motif analysis was performed using the MEME suite [97], but simi-

lar results were obtained using the Cistrome tool Seqpos [98].

ATAC-seq

Analysis of chromatin accessibility was performed following the protocol described by Buen-

rostro and colleagues [99]. Fifty thousand freshly sorted cells from differentiated ES cultures,

iPax3 NIH3T3 fibroblasts, and single embryos were washed with 200 μl of cold PBS and then

resuspended in 100 μl of cold lysis buffer (10 mM Tris-HCl [pH 7.4], 10 mM NaCl, 3 mM

MgCl2, 0.1% IGEPAL CA-630), spun at 500g for 10 minutes at 4˚C, and resuspended in 50 μl

of the transposition reaction mix. Transposition occurred at 37˚C for 30 minutes, after which

transposed DNA was purified using a Qiagen MinElute Kit and eluted in 10 μl elution buffer.

PCR amplification using Illumina-compatible adapter barcodes and final library preparation

was performed at the UMGC. After quality control, libraries were pooled and sequenced on

paired-end runs of the HiSeq2500 operated at high-output mode (Illumina).

ATAC-seq analysis

Reads were aligned to the mouse genome (mm10) using Bowtie2 with the following settings:

-q -I 38 -X 2000—local—dovetail—no-mixed—no-discordant. Aligned reads were filtered for

PCR duplicates using Samtools and then processes with MACS 1.4 with the following settings:

—nomodel—nolambda—keep-dup all—call-subpeaks -p 1e-4 -w–S. Bigwig files for visualiza-

tion on IGV were generated by converting the wig files obtained from MACS, using the Kent

tool Wig-to-BigWig. ATAC-seq reads overlapping to Pax3 peaks were retrieved using the R

Bioconductor package and then used to generate density maps with Seqminer [100]. To iden-

tify differentially accessible peaks, we used the BEDTools intersect function: the common

regions (-f 0.5 -F 0.5 -e options) for the dox-induced samples were intersected (-v -f 0.2

options) with the combined list of control peaks (from noninduced cells), and the resulting list

was then compared (-f 0.5 -F 0.5 –e options) with the peak list detected in PDGFRα+FLK1

− cells from E9.5 embryos. Motif analysis was performed using the MEME suite, but similar

results were obtained using the Cistrome tool Seqpos. To generate ATAC-seq heatmaps, peaks

associated with specific samples were combined into a single BED file for each set of sample of

interest: (1) Msgn1-only, Pax3-only, and Myf5-only peaks in serum-free condition and (2)
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1-day-only and 6-day-only in serum condition. The average coverage across all regions in the

combined BED files was calculated by BEDTools map for each sample from coverage informa-

tion in the BEDGRAPH files generated by MACS2. Heatmaps and clusters were created using

R v3.5.1 and the pheatmap package from combined coverage data via a custom R script. Heat-

maps show scaled (z score) coverage information for each region in the relevant BED file.

Clusters were created using euclidean distance measurements and the R function cutree to get

a specified number of clusters equal to the number of sample types. Functional annotation of

differentially accessible peaks was performed using GREAT (http://bejerano.stanford.edu/

great/public/html/) [33]. The GREAT association rule was the following: Single nearest gene:

500 kb max extension, curated regulatory domains included.

Western blot and immunoprecipitation

Proteins were extracted from cultured cells using RIPA buffer (150 mM NaCl, 50 mM Tris-

HCl [pH 7.5], 1 mM EDTA, 1% Triton, 1% Sodium Deoxicholate, 0.1% SDS) supplemented

with protease inhibitors (Complete [Roche]) and quantified with Bradford reagent (Sigma-

Aldrich). Protein samples were prepared in Laemmli buffer and loaded on gels for SDS-PAGE.

Proteins were transferred on PVDF membranes (Millipore) for the detection with the indi-

cated antibodies. A list of antibodies used in this study is provided in S8 Table.

RNA isolation, qRT-PCR, and transcriptomic analysis

Samples were resuspended in Trizol (Invitrogen) prior to RNA isolation using the PureLink

RNA Mini kit (Invitrogen) following the manufacturer’s instructions for “Trizol samples”

(including in-column DNase treatment). RNAs were retrotranscribed using Superscript Vilo

(Invitrogen). Gene expression analyses were performed using an amount of cDNA corre-

sponding to 12.5 ng of starting RNA for each reaction. qRT-PCR was performed using Premix

Ex Taq Probe qPCR Master Mix (Takara) and TaqMan probes (Applied Biosystems).

The 1-day and 6-day transcriptomic analyses were performed on differentiating iPax3 cells.

Noninduced and 1-day induced samples represent PDGFRα+FLK1− FACS-sorted cells from

day 4 EBs. Six-day samples represent PDGFRα+FLK1− FACS-sorted cells from day 5 EBs,

which were further cultured as monolayer for additional 4 days. Libraries were generated

using the TrueSeq stranded kit and dual-index adapter barcodes at the UMGC. The libraries

were then pooled and sequenced on a paired-end run on the NovaSeq (Illumina). FastQ

paired-end reads (150 bp, n = 12.8 million per sample) were trimmed using Trimmomatic

(v0.33) enabled with the “-q” option; 3 bp sliding-window trimming from the 30 end requiring

minimum Q30. Quality control on raw sequence data for each sample was performed with

FastQC. Read mapping was performed via Hisat2 (v2.0.2) using the mouse genome (mm10) as

a reference. Gene quantification was done via Cuffquant for FPKM values and feature counts

for raw read counts. Differentially expressed genes were identified using the edgeR (negative

binomial) feature in CLCGWB (Qiagen, Valencia, CA, United States) using raw read counts.

We filtered the generated list based on a minimum 2X absolute fold change and FDR-cor-

rected p< 0.05. The R heatmap.3 function was used to display the resulting heatmap. Func-

tional annotation of differentially expressed genes was performed using the online tool

DAVID [101]. Graphs represent the output of biological process category.

The transcriptomic analysis of human H9 iPAX3 cells was performed on day 6 of differenti-

ation. Noninduced cells were collected by trypsinization and sorted by FACS to eliminate dead

cells (based on PI staining). Twenty-four-hour dox-treated H9 iPAX3 cells were FACS purified

based on GFP expression (from PI-negative gate). Total RNA (100 ng) from 3 independent

replicates/condition was used to generate libraries using the ligation-mediated sequencing
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(LM-Seq) protocol [102] and quantitated using the Qubit fluorometer (Life Technologies) fol-

lowing the author’s instructions. The libraries were then pooled using 13 ng/sample for a 51

+10 cycle single-read run on the HiSeq 2500 (Illumina) by high-output sequencing. The

sequencer outputs were processed using Illumina’s CASAVA-1.8.2 base-calling software. Each

sample’s reads were then processed using RSEM version 1.2.3 (with bowtie-0.12.9 for the

alignment step) [103,104]. Genes were filtered to select only those with median-normalized

transcripts per million mapped reads (TPM) greater than 10 in at least one sample, log2fold

change greater than 1, and p< 0.05. The R heatmap.3 function was used to display the result-

ing heatmap. Functional annotation of differentially expressed genes was performed using the

online tool DAVID [101]. Graphs represent the output of biological process category.

Immunostaining

Immunofluorescence staining was performed by fixing cells with 4% paraformaldehyde

(PFA)/PBS for 10 minutes at 4˚C, then permeabilizing them with 0.1% Triton/PBS, and block-

ing with 5% BSA/PBS before incubating with the primary antibodies. Samples were rinsed

with PBS, blocked with 5% BSA/PBS, and then incubated with the secondary antibody. After

washing, samples were mounted on the slides using Prolong Gold with DAPI (Invitrogen).

Pictures were acquired with Axioimager M1 fluorescence microscope and quantified using the

ImageJ distribution Fiji [105]. Analysis of myogenic differentiation potential of inducible-TF

mES cells was performed as follows: color channels were separated, and threshold levels for the

red and blue channels were adjusted in order to select the area positive respectively to MYOG

or MYHC (red) and DAPI (blue). The area positive for each channel was analyzed using Ana-

lyze Particle using 0–Infinity as the size setting. Finally, the percentage of MYOG+ or MYHC

+ area for each image was normalized based on nuclear staining (DAPI+). Data represent

mean ± SD of representative pictures from 3 independent experiments.

Fluorescence live cell imaging

PDGFRα+FLK1− sorted cells (serum or serum-free) expressing dox-inducible Msgn1-GFP or

Pax3-GFP fusion proteins were plated on Matrigel-coated 35 mm glass-bottom dishes (Ibidi).

Twenty-four hours after plating, living cells were incubated with 5 μg/ml Hoechst 33342 for 15

minutes and subsequently analyzed using a Nikon inverted TiE deconvolution microscope sys-

tem. Cells were kept in a live cell environmental chamber (Ibidi) during image acquisition

(37˚C, 5% CO2, and 90% humidity). Phenol red–free basal medium was used to decrease back-

ground fluorescence. At least 10 images were collected and analyzed from 3 independent cell

preparations for each TF-GFP expressing line. Following acquisition, images were decon-

volved using the NIS-Elements deconvolution module. Cells expressing H2B-GFP or Pax3 (no

GFP) were used as positive and negative controls, respectively, for imaging analysis purposes.

Whole-mount in situ hybridization

mRNA was stained by in situ hybridization [106]. Embryos were dissected in cold 1xPBS,

fixed overnight in 4% PFA at 4˚C, and dehydrated in methanol. Following rehydration to

1xPBS 0.1%Tween-20 (PTw), embryos were incubated in 6% hydrogen peroxide, 10 minutes

in 10 μg/ml proteinase K, postfixed for 30 minutes in 4% PFA, 0.1% glutaraldehyde, and trans-

ferred to hybridization solution (50% formamide, 5xSSC, 0.5% CHAPS, 100 μg/ml Heparin,

0.2% Tween-20, 50 μg/ml yeast tRNA). After 1 hour at 65˚C, digoxigenin (DIG)-labeled ribop-

robe was added to 1 μg/ml and embryos incubated for 18 hours. Meox1 probe sequence was

previously described [107]. Following hybridization, embryos were washed twice in 5xSSC, 1%

SDS for 10 minutes; transferred to 200 mM NaCl, 50 mM Tris (pH 7.5) with 1 U/ml RNaseA
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for 30 minutes; and washed twice for 30 minutes in 2xSSC. Embryos were blocked in 2%

Roche Blocking reagent (RBr; 11096176001 ROCHE) in TBST for 3 hours and incubated in

0.2% RBr at 4˚C overnight 1:2,000 dilution of AP-anti-DIG (11093274910 ROCHE). Embryos

were then washed 10 times in TBST for 24–48 hours. Embryos were next transferred to NTMT

(100 mM NaCl, 100 mM Tris [pH 9.5], 50 mM MgCl2, 0.1% Tween-20) and color developed

by incubating in the dark in with NBT/BCIP (Promega). After extensive washing in PTw with

1 mM EDTA, embryos were clarified in 80% glycerol and photographed on a dissecting

microscope.

Statistical analysis

Differences between multiple samples in Fig 1B and 1C, S5C Fig, and S7E Fig were analyzed

for statistical significance using one-way ANOVA. Statistical analyses between control and

treated groups in Figs 3G, 5B and 6F and S3B, S3D, S3H, S6A, S7D and S7F Figs were per-

formed using paired two-tailed Student t test. Statistical analysis reported in Fig 1F and S5G

Fig were assessed using unpaired two-tailed Student t test. p-Values < 0.05 were considered to

be statistically significant.

Genomic datasets

Sequencing data generated in this work are available from the GEO database under the acces-

sion number GSE125203. The following genomic data were also used in this study: microarray

embryos (GSE22040); Jun (GSE37525), Runx1 (GSE56077); Six4 (GSE6690); Tead1 and 4

(GSE82193); Msgn1 (GSE55263), Usf1 (GSE49847), Pax3 –myoblasts (GSE25092).

Supporting information

S1 Fig. (Related to Fig 1). Distinct functions of Msgn1, Pax3, and Myf5 during mesoderm

specification. (A) qPCR validation of TFs induction. Fold induction (+dox/no dox) is reported

below. (B) FACS plots of day 5 EBs from A2lox-Pax3, A2lox-FoxC1, A2lox-Meox1, A2lox-

Msgn1, A2lox-Myf5, A2lox-Paraxis, and A2lox-Six1 ES cell lines differentiated in serum and

serum-free conditions. y-axis: FLK1; x-axis: PDGFRα. (C) qPCR validation of selected genes

in day 5 EBs from serum- and serum-free differentiation. Graph represents mean + SD from 2

or 3 independent experiments. (D) Western blot of day 10 cultures from serum- and serum-

free differentiation of A2lox-Pax3, A2lox-FoxC1, A2lox-Meox1, A2lox-Paraxis, and A2lox-

Six1 ES cell lines. eMYHC. MYOG. ACTIN. (E) Expression of Eya1-4 and Myf5 genes in non-

induced, 1-day, and 6-day Pax3 induced cells. Graph represents mean+SD of expected counts

in logarithmic scale. Data were pulled from RNA-seq reported in Fig 3A and 3B. (F) FACS

plots of day 5 EBs from A2lox-Pax3-GFP and A2lox-Msgn1-GFP ES cell lines differentiated in

serum-free condition. y-axis: FLK1; x-axis: PDGFRα. (G) Immunofluorescence staining for

MyoG in FACS-sorted PDGFRα+FLK1− cells from serum-free day 10 cultures following 24

hours of dox withdrawal. Images are representative of 3 biological replicates. MYOG (red);

nuclei (blue). Bar: 100 μm. (H) Live cell imaging of Pax3, H2B-GFP, Msgn1-GFP, and

Pax3-GFP fusion proteins using wide-field microscopy followed by image deconvolution.

DNA was visualized using Hoechst 33342. Bar: 5 μm. Numerical values are available in S1

Data. dox, doxycycline; EB, embryoid body; eMYHC, embryonic myosin heavy chain; ES,

embryonic stem; FACS, fluorescence-activated cell sorting; FoxC1, forkhead box C1; Meox1,

mesenchyme homeobox 1; Msgn1, mesogenin 1; Myf5, myogenic factor 5; MYOG, myogenin;

Pax3, paired box 3; PDGFRα, platelet-derived growth factor alpha; qPCR, quantitative PCR;

RNA-seq, RNA sequencing; Six1, sine oculis-related homeobox 1; TF, transcription factor.

(TIF)
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S2 Fig. (Related to Fig 2). Analysis of ATAC-seq data from iMsgn1, iPax3, and iMyf5 ES cell

lines and PDGFRα+FLK1− cells isolated from the trunk region of E9.5 mouse embryos. (A)

Representative IGV tracks for genes associated with paraxial mesoderm/somite formation,

myogenic progenitor specification, and muscle differentiation and comparison with PDGFRα
+FLK1− cells isolated from E9.5 mouse embryos. (B) Heatmap displaying the changes in chro-

matin accessibility in PDGFRα+FLK1− cells from E9.5 embryos and noninduced, Msgn1-,

Pax3-, and Myf5-induced cells from serum-free differentiation. Differential accessible loci

from the comparison of each TF versus noninduced cells were combined in a list of unique

peaks and used to generate the differential analysis. Five clusters (indicated on the right side)

were identified, and the corresponding coordinates were used for GO analysis. Legend indi-

cates the scaled (z score) coverage information for each region. (C) IGV track displaying chro-

matin accessibility at the Myog locus in cells isolated from 1-day and 6-day Pax3-induced (+)

and noninduced (-) EB cultures. Dashed red squares show increased chromatin accessibility at

the Myog promoter. This region is a known binding site for muscle regulatory factors. DNase-

seq data for E9.5 and E10.5 embryos from Encode consortium are shown below. (D–F) Sche-

matic tables reporting outputs from MEME motif analyses for Msgn1-, Pax3-, and Myf5-in-

duced peaks in serum-free differentiation. (G) ChIP-qPCR validation of Msgn1 binding to the

Pax3 locus. Graph represents mean + SD of at least 3 independent biological replicates.
�p< 0.05, ��p< 0.01. (H) Western blot analysis of MSGN1 expression in Msgn1-induced cul-

tures following 1-day and 6-day doxycycline treatment. GAPDH was used as loading control.

Numerical values are available in S1 Data. ATAC-seq, assay for transposase-accessible chroma-

tin sequencing; ChIP, chromatin immunoprecipitation; E, embryonic day; EB, embryoid

body; ES, embryonic stem; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; GO, gene

ontology; IGV, Integrative Genomics Viewer; iPax3, inducible-Pax3; Msgn1, mesogenin 1;

Myf5, myogenic factor 5; Pax3, paired box 3; qPCR, quantitative PCR; RNA-seq, RNA

sequencing; TF, transcription factor.

(TIF)

S3 Fig. (Related to Fig 3). PAX3 transcriptional changes in differentiating human ES cells. (A)

Heatmap of genes up-regulated upon 1-day and 6-day Pax3 induction in mouse cells. Changes

are relative to noninduced iPax3. A subset of 1-day induced genes is down-regulated in 6-day

samples. Selected affected by Pax3 are indicated on the right side of the heatmap. (B) qPCR val-

idation of selected genes from Fig 3. Graph represents mean + SD of at least 3 independent

biological replicates. �p< 0.05, ��p< 0.01, ���p< 0.001. (C) Immunofluorescence staining for

MYOG and MYHC in terminally differentiated cultures from PAX3-induced H9 cells. Left:

MYOG (red). Right: MYHC (red). Nuclei (blue). Bar: 100 μm. (D) qPCR analysis of selected

genes upon 24 hours of PAX3 expression in differentiating H9 cells. Cells were collected at day

6 of differentiation. Graph represents mean + SD of at least 3 independent biological replicates.
�p< 0.05, ��p< 0.01. (E) Heatmap of genes up-regulated by PAX3 on day 6 differentiating H9

cells from dox-treated and untreated cultures. (F) Gene ontology analysis of PAX3-up-regu-

lated genes using DAVID. (G) Venn diagram displaying overlap among differentially

expressed genes in 1-day and 6-day mouse and 1-day human cells upon Pax3 induction. (H)

Gene expression data for Bmp2, Bmp4, Sulf2, and Twsg1 extracted from RNA-seq analysis of

Pax3-induced (+dox) and noninduced (no dox) differentiating mouse and human ES cells.

Bars represent fold induction (+dox/no dox) of each sample’s mean. �p< 0.05, ��p< 0.01,
���p< 0.001. Numerical values are available in S1 Data. Bmp, bone morphogenetic protein;

dox, doxycycline; ES, embryonic stem; iPax3, inducible-Pax3; MYHC, myosin heavy chain;

MYOG, myogenin; Pax3, paired box 3; qPCR, quantitative PCR; RNA-seq, RNA sequencing;
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Sulf2, sulfatase 2; Twsg1, twisted gastrulation BMP signaling modulator 1.

(TIF)

S4 Fig. (Related to Fig 4). Pax3 genomic occupancy in differentiating mouse and human ES

cells. (A) qPCR validation of selected Pax3-bound loci identified by ChIP-seq in day 4 EBs.

Mean + SD of at least 3 independent biological replicates is shown. (B) IGV tracks displaying

Pax3 genomic occupancy at target gene loci (Dbx1, Ebf3, and Prrx1) in 1-day and 6-day Pax3

ChIP-seq murine datasets. Dashed red squares indicate Pax3 peaks. (C) GREAT functional

classification based on biological process of 1-day (3,780) and 6-day (5,710) Pax3 ChIP-seq

peaks. Complete annotation data are reported in S2 Table. (D) IGV tracks displaying con-

served PAX3 genomic occupancy at loci encoding for Hedgehog (CDON and GAS1) and

Notch (NOTCH2) genes in the human genome. Conservation across species and peaks from

the 1-day Pax3 ChIP-seq murine dataset (upon genome batch conversion to hg38) are shown

below the PAX3 ChIP-seq from differentiating human ES cells. Dashed red squares indicate

conserved Pax3 peaks. Numerical values are available in S1 Data. ChIP-seq, chromatin immu-

noprecipitation sequencing; EB, embryoid body; ES, embryonic stem; IGV, Integrative Geno-

mics Viewer; Pax3, paired box 3; qPCR, quantitative PCR.

(TIF)

S5 Fig. (Related to Fig 4). Pax3 regulates chromatin accessibility during myogenic commit-

ment. (A) IGV track displaying chromatin accessibility and Pax3 genomic binding at the

Myod locus in cells isolated from 1-day and 6-day Pax3-induced (+) and noninduced (-) EB

cultures. Dashed red squares show Pax3-dependent regulation of chromatin accessibility at

several Pax3-bound sites. Pax3 binding to these elements are shown by the ChIP-seq tracks.

(B) GREAT functional annotation of genomic loci in clusters 1, 2, and 3 from chromatin

accessibility analysis of noninduced, 1-day, and 6-day Pax3-induced cells (from Fig 4B).

Graphs report biological process classification. Complete annotation data are reported in S2

Table. (C) qRT-PCR analysis of selected genes following 1-day and 6-day Pax3-induction.

Mean + SD of at least 3 independent biological replicates is shown. �p< 0.05, ��p< 0.01,
���p< 0.001. (D) k-means clustering of ATAC-seq data from PDGFRα+FLK1− cells isolated

from Pax3 1-day induced (+) and noninduced (-) day 4 EBs and Pax3 WT and KO E9.5

embryos. Graph represents the ATAC-seq reads overlapping to 1-day Pax3 ChIP-seq peaks

(Pax3 peak center ± 3 kb). (E) Distribution of ATAC-seq reads in clusters 1 and 3 from k-

means clustering (panel F). (F) IGV track displaying chromatin accessibility at the Vcam1 and

Myf5 loci in PDGFRα+FLK1− cells isolated from Pax3-induced (+) and noninduced (-) day 4

EBs and Pax3 WT and KO E9.5 embryos. Dashed red square shows Pax3-dependent regula-

tion of chromatin accessibility at the Pax3-bound Vcam1 +3 kb and Myf5 −111 kb sites. Pax3

binding to Vcam1 +3 kb region and Myf5 −111 kb are shown by the ChIP-seq track. (G)

qRT-PCR analysis of selected genes in trunk explants (somite + neural tube) from Pax3-null

(KO: n = 4) and WT (n = 3) E9.5 embryos. Graph represents mean + SD of independent bio-

logical replicates. �p< 0.05, ��p< 0.01, ���p< 0.001. Numerical values are available in S1

Data. ATAC-seq, assay for transposase-accessible chromatin sequencing; ChIP-seq, chromatin

immunoprecipitation sequencing; E, embryonic day; EB, embryoid body; IGV, Integrative

Genomics Viewer; KO, knockout; Pax3, paired box 3; qRT-PCR, quantitative reverse tran-

scription PCR; WT, wild-type.

(TIF)

S6 Fig. (Related to Fig 5). Pax3 does not activate the myogenic program in NIH3T3 fibro-

blasts and Bend3 endothelial cells. (A) Analysis of H3K4me1 deposition across the Myf5 locus

in control (no dox) and Pax3-induced (+dox) day 4 EB, NIH3T3, and Bend3 cells. Graph
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represents mean + SD from at least 3 independent experiments. �p< 0.05. (B) GREAT func-

tional annotation of peaks from EB-only and NIH3T3-only Pax3 ChIP-seq (from Fig 5D).

Graphs report biological process classification. Complete annotation data are reported in S2

Table. (C-E) Schematic tables reporting outputs from MEME motif analyses for EBs-only

peaks, common EBs/NIH3T3 peaks, and NIH3T3-only peaks. (F) k-means clustering of

ATAC-seq data from 1-day induced (+) and noninduced (-) EB-derived and NIH3T3 iPax3

cells. Graph represents the ATAC-seq reads overlapping to EBs-only, common EBs/NIH3T3,

and NIH3T3-only Pax3 ChIP-seq peaks (Pax3 peak center ± 3 kb). (G) Distribution of ATAC-

seq reads in clusters 1 and 3 from panel F. Curves show chromatin accessibility centered on

EBs-only, common EBs:NIH3T3, and NIH3T3-only Pax3-bound peaks. Datasets are indepen-

dent biological replicates. Graph represents the ATAC-seq reads overlapping to Pax3 ChIP-

seq peaks (Pax3 peak center ± 3 kb). Numerical values are available in S1 Data. ATAC-seq,

assay for transposase-accessible chromatin sequencing; ChIP-seq, chromatin immunoprecipi-

tation sequencing; dox, doxycycline; EB, embryoid body; H3K4me1, monomethylated lysine 4

of histone 3; iPax3, inducible-Pax3; Pax3, paired box 3.

(TIF)

S7 Fig. (Related to Fig 6). Pax3 cooperates with Six4 and Tead2 to activate the myogenic pro-

gram. (A) Selected transcription factor motifs enriched at Pax3-bound loci from 1-day, 6-day,

and primary myoblasts. Distribution of the motifs across 500 bp from the peak center is

reported below. (B) IGV track displaying genomic occupancy for Pax3, Six4, Runx1, Jun,

Tead1/4, and Usf1 at the Megf10 and Fgfr4 loci. Dashed red square indicates Pax3-bound site

characterized by Six4, Runx1, Jun, and Tead1/4 occupancy. (C) GREAT functional classifica-

tion of loci from clusters 1, 2, 3, and 4 shown in Fig 6C. Complete annotation data are reported

in S2 Table. (D) Gene expression analysis of day 5 EB cells upon Six4 and Tead2 knockdown.

Indicated transcripts were analyzed by qRT-PCR with the indicated probes. Graph represents

mean + SD from at least 3 independent experiments. (E) Quantification of the MYHC+ area

of the immunostaining images shown in Fig 6G. Graph represents mean + SD from at least 3

independent experiments. ���p< 0.001. (F) Expression analysis of Mesp1-2 in nontreated (no

dox) and induced (+dox) day 5 EB cells from inducible Msgn1 and Tbx6 ES cell lines differen-

tiated in serum and serum-free conditions. Graph represents mean + SD from at least 3 inde-

pendent experiments. �p< 0.05, ��p< 0.01. (G) Western blot of day 10 cultures from serum

differentiation of iPax3 cells. Day 5 EB-derived PDGFRα+FLK1− sorted cells from Pax3-in-

duced (+) and noninduced (-) cultures were treated with the p38 inhibitor SB203580 or the

vehicle (DMSO) and collected for analysis after 5 days. eMYHC. MYOG. ACTIN. Numerical

values are available in S1 Data. dox, doxycycline; EB, embryoid body; ES, embryonic stem;

eMYHC, embryonic MYHC; IGV, Integrative Genomics Viewer; iPax3, inducible-Pax3;

Mesp1-2, mesoderm posterior 1–2; Msgn1, mesogenin 1; MYHC, myosin heavy chain;

MYOG, myogenin; Pax3, paired box 3; qRT-PCR, quantitative reverse transcription PCR;

Runx1, Runt-related transcription factor 1; Tead, TEA domain family member; Tbx6, T-box 6;

Usf1, upstream stimulatory factor 1.

(TIF)

S1 Table. Genomic coordinates (mm10) of loci identified by ATAC-seq (relative to Figs 2

and 4 and S2B Fig). ATAC-seq, assay for transposase-accessible chromatin sequencing.

(XLSX)

S2 Table. GO analysis results from GREAT (related to Fig 2, S2, S4, S5, S6 and S7 Figs).

GO, gene ontology.

(XLSX)
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S3 Table. List of differentially expressed genes following Pax3 induction (1-day and 6-day)

in differentiating mouse ES cells and GO analysis from DAVID (related to Fig 3). ES,

embryonic stem; GO, gene ontology; Pax3, paired box 3.

(XLSX)

S4 Table. Common differentially expressed genes in mouse and human transcriptomic

data (related to S3 Fig).

(XLSX)

S5 Table. Genomic coordinates of Pax3 binding sites in mouse (mm10) and human (hg38)

cells (related to Fig 4 and S4 Fig). Pax3, paired box 3.

(XLSX)

S6 Table. Annotation of murine Pax3 binding sites to the nearest gene using PAVIS

(related to Fig 4). Pax3, paired box 3.

(XLSX)

S7 Table. Genomic coordinates (mm10) of Pax3-bound loci in clusters 1–4 (related to Fig

6). Pax3, paired box 3.

(XLSX)

S8 Table. List of primers and antibodies used in this study.

(XLSX)

S1 Data. Numerical values underlying the summary data displayed in this study.

(XLSX)

Acknowledgments

The authors thank Dr. Richard Harland (UC Berkeley) for his research support; Emilia Espo-

sito and Alexander Aulehla for sharing unpublished ATAC-seq data; Yi Ren (LHI FACS core)

and Dr. Juan E. Abrahante from the University of Minnesota Informatics Institute (UMII) for

assistance with RNA-seq data analysis; the staff of the University of Minnesota Genomic Cen-

ter for technical support; the Minnesota Supercomputing Institute for bioinformatics infra-

structures; and the University Imaging Centers at the University of Minnesota for support,

especially Dr. Mark Sanders and Dr. Thomas Pengo. In addition, the authors would like to

thank Dr. Michael Kyba for critical reading of the manuscript and Cynthia Faraday for assis-

tance with artwork.

Author Contributions

Conceptualization: Alessandro Magli, Rita C. R. Perlingeiro.

Data curation: Alessandro Magli.

Formal analysis: Alessandro Magli, Lauren J. Mills.

Funding acquisition: James A. Thomson, Daniel J. Garry, Brian D. Dynlacht, Rita C. R.

Perlingeiro.

Investigation: Alessandro Magli, June Baik, Lauren J. Mills, Il-Youp Kwak, Bridget S. Dillon,

Ricardo Mondragon Gonzalez, David A. Stafford, Scott A. Swanson.

Methodology: Alessandro Magli, June Baik, Il-Youp Kwak, Ricardo Mondragon Gonzalez,

David A. Stafford, Scott A. Swanson.

Pax3-dependent chromatin remodeling in myogenesis

PLOS Biology | https://doi.org/10.1371/journal.pbio.3000153 February 26, 2019 32 / 39

http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3000153.s010
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3000153.s011
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3000153.s012
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3000153.s013
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3000153.s014
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3000153.s015
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3000153.s016
https://doi.org/10.1371/journal.pbio.3000153


Project administration: Alessandro Magli, Rita C. R. Perlingeiro.

Resources: Brian D. Dynlacht.

Software: Lauren J. Mills.

Supervision: Ron Stewart, James A. Thomson, Daniel J. Garry, Brian D. Dynlacht, Rita C. R.

Perlingeiro.

Validation: Alessandro Magli.

Visualization: Alessandro Magli.

Writing – original draft: Alessandro Magli.

Writing – review & editing: Rita C. R. Perlingeiro.

References
1. Levine M, Cattoglio C, Tjian R. Looping back to leap forward: transcription enters a new era. Cell.

2014; 157(1):13–25. https://doi.org/10.1016/j.cell.2014.02.009 PMID: 24679523; PubMed Central

PMCID: PMCPMC4059561.

2. Calo E, Wysocka J. Modification of enhancer chromatin: what, how, and why? Mol Cell. 2013; 49

(5):825–37. https://doi.org/10.1016/j.molcel.2013.01.038 PMID: 23473601; PubMed Central PMCID:

PMCPMC3857148.

3. Zaret KS, Mango SE. Pioneer transcription factors, chromatin dynamics, and cell fate control. Curr

Opin Genet Dev. 2016; 37:76–81. https://doi.org/10.1016/j.gde.2015.12.003 PMID: 26826681;

PubMed Central PMCID: PMCPMC4914445.

4. Kimelman D. Tales of Tails (and Trunks): Forming the Posterior Body in Vertebrate Embryos. Curr

Top Dev Biol. 2016; 116:517–36. https://doi.org/10.1016/bs.ctdb.2015.12.008 PMID: 26970638;

PubMed Central PMCID: PMCPMC4883064.

5. Buckingham M, Rigby PW. Gene regulatory networks and transcriptional mechanisms that control

myogenesis. Dev Cell. 2014; 28(3):225–38. Epub 2014/02/15. https://doi.org/10.1016/j.devcel.2013.

12.020 PMID: 24525185.

6. Chapman DL, Agulnik I, Hancock S, Silver LM, Papaioannou VE. Tbx6, a mouse T-Box gene impli-

cated in paraxial mesoderm formation at gastrulation. Dev Biol. 1996; 180(2):534–42. https://doi.org/

10.1006/dbio.1996.0326 PMID: 8954725.

7. Yoon JK, Wold B. The bHLH regulator pMesogenin1 is required for maturation and segmentation of

paraxial mesoderm. Genes Dev. 2000; 14(24):3204–14. https://doi.org/10.1101/gad.850000 PMID:

11124811; PubMed Central PMCID: PMCPMC317151.

8. Kume T, Jiang H, Topczewska JM, Hogan BL. The murine winged helix transcription factors, Foxc1

and Foxc2, are both required for cardiovascular development and somitogenesis. Genes Dev. 2001;

15(18):2470–82. Epub 2001/09/20. https://doi.org/10.1101/gad.907301 PMID: 11562355; PubMed

Central PMCID: PMC312788.

9. Buckingham M, Relaix F. The role of Pax genes in the development of tissues and organs: Pax3 and

Pax7 regulate muscle progenitor cell functions. Annu Rev Cell Dev Biol. 2007; 23:645–73. Epub 2007/

05/18. https://doi.org/10.1146/annurev.cellbio.23.090506.123438 PMID: 17506689.

10. Goulding MD, Chalepakis G, Deutsch U, Erselius JR, Gruss P. Pax-3, a novel murine DNA binding

protein expressed during early neurogenesis. EMBO J. 1991; 10(5):1135–47. Epub 1991/05/01.

PMID: 2022185; PubMed Central PMCID: PMC452767.

11. Burgess R, Rawls A, Brown D, Bradley A, Olson EN. Requirement of the paraxis gene for somite for-

mation and musculoskeletal patterning. Nature. 1996; 384(6609):570–3. Epub 1996/12/12. https://doi.

org/10.1038/384570a0 PMID: 8955271.

12. Mankoo BS, Skuntz S, Harrigan I, Grigorieva E, Candia A, Wright CV, et al. The concerted action of

Meox homeobox genes is required upstream of genetic pathways essential for the formation, pattern-

ing and differentiation of somites. Development. 2003; 130(19):4655–64. Epub 2003/08/20. https://

doi.org/10.1242/dev.00687 [pii]. PMID: 12925591.

13. Grifone R, Demignon J, Houbron C, Souil E, Niro C, Seller MJ, et al. Six1 and Six4 homeoproteins are

required for Pax3 and Mrf expression during myogenesis in the mouse embryo. Development. 2005;

132(9):2235–49. https://doi.org/10.1242/dev.01773 PMID: 15788460.

Pax3-dependent chromatin remodeling in myogenesis

PLOS Biology | https://doi.org/10.1371/journal.pbio.3000153 February 26, 2019 33 / 39

https://doi.org/10.1016/j.cell.2014.02.009
http://www.ncbi.nlm.nih.gov/pubmed/24679523
https://doi.org/10.1016/j.molcel.2013.01.038
http://www.ncbi.nlm.nih.gov/pubmed/23473601
https://doi.org/10.1016/j.gde.2015.12.003
http://www.ncbi.nlm.nih.gov/pubmed/26826681
https://doi.org/10.1016/bs.ctdb.2015.12.008
http://www.ncbi.nlm.nih.gov/pubmed/26970638
https://doi.org/10.1016/j.devcel.2013.12.020
https://doi.org/10.1016/j.devcel.2013.12.020
http://www.ncbi.nlm.nih.gov/pubmed/24525185
https://doi.org/10.1006/dbio.1996.0326
https://doi.org/10.1006/dbio.1996.0326
http://www.ncbi.nlm.nih.gov/pubmed/8954725
https://doi.org/10.1101/gad.850000
http://www.ncbi.nlm.nih.gov/pubmed/11124811
https://doi.org/10.1101/gad.907301
http://www.ncbi.nlm.nih.gov/pubmed/11562355
https://doi.org/10.1146/annurev.cellbio.23.090506.123438
http://www.ncbi.nlm.nih.gov/pubmed/17506689
http://www.ncbi.nlm.nih.gov/pubmed/2022185
https://doi.org/10.1038/384570a0
https://doi.org/10.1038/384570a0
http://www.ncbi.nlm.nih.gov/pubmed/8955271
https://doi.org/10.1242/dev.00687
https://doi.org/10.1242/dev.00687
http://www.ncbi.nlm.nih.gov/pubmed/12925591
https://doi.org/10.1242/dev.01773
http://www.ncbi.nlm.nih.gov/pubmed/15788460
https://doi.org/10.1371/journal.pbio.3000153


14. Laclef C, Hamard G, Demignon J, Souil E, Houbron C, Maire P. Altered myogenesis in Six1-deficient

mice. Development. 2003; 130(10):2239–52. PMID: 12668636.

15. Li X, Oghi KA, Zhang J, Krones A, Bush KT, Glass CK, et al. Eya protein phosphatase activity regu-

lates Six1-Dach-Eya transcriptional effects in mammalian organogenesis. Nature. 2003; 426

(6964):247–54. Epub 2003/11/25. https://doi.org/10.1038/nature02083 PMID: 14628042.

16. Chalamalasetty RB, Garriock RJ, Dunty WC Jr., Kennedy MW, Jailwala P, Si H, et al. Mesogenin 1 is

a master regulator of paraxial presomitic mesoderm differentiation. Development. 2014; 141

(22):4285–97. https://doi.org/10.1242/dev.110908 PMID: 25371364; PubMed Central PMCID:

PMCPMC4302905.

17. Bajard L, Relaix F, Lagha M, Rocancourt D, Daubas P, Buckingham ME. A novel genetic hierarchy

functions during hypaxial myogenesis: Pax3 directly activates Myf5 in muscle progenitor cells in the

limb. Genes Dev. 2006; 20(17):2450–64. Epub 2006/09/05. 20/17/2450 [pii] https://doi.org/10.1101/

gad.382806 PMID: 16951257; PubMed Central PMCID: PMC1560418.

18. Daubas P, Buckingham ME. Direct molecular regulation of the myogenic determination gene Myf5 by

Pax3, with modulation by Six1/4 factors, is exemplified by the -111 kb-Myf5 enhancer. Dev Biol. 2013;

376(2):236–44. https://doi.org/10.1016/j.ydbio.2013.01.028 PMID: 23384562.

19. Buchberger A, Freitag D, Arnold HH. A homeo-paired domain-binding motif directs Myf5 expression in

progenitor cells of limb muscle. Development. 2007; 134(6):1171–80. Epub 2007/02/16. dev.02798

[pii] https://doi.org/10.1242/dev.02798 PMID: 17301086.

20. Daubas P, Duval N, Bajard L, Langa Vives F, Robert B, Mankoo BS, et al. Fine-tuning the onset of

myogenesis by homeobox proteins that interact with the Myf5 limb enhancer. Biol Open. 2015; 4

(12):1614–24. https://doi.org/10.1242/bio.014068 PMID: 26538636; PubMed Central PMCID:

PMCPMC4736032.

21. Giordani J, Bajard L, Demignon J, Daubas P, Buckingham M, Maire P. Six proteins regulate the activa-

tion of Myf5 expression in embryonic mouse limbs. Proc Natl Acad Sci U S A. 2007; 104(27):11310–5.

https://doi.org/10.1073/pnas.0611299104 PMID: 17592144; PubMed Central PMCID:

PMCPMC2040895.

22. Magli A, Perlingeiro RRC. Myogenic progenitor specification from pluripotent stem cells. Semin Cell

Dev Biol. 2017; 72:87–98. https://doi.org/10.1016/j.semcdb.2017.10.031 PMID: 29107681; PubMed

Central PMCID: PMCPMC5723218.

23. Iacovino M, Bosnakovski D, Fey H, Rux D, Bajwa G, Mahen E, et al. Inducible cassette exchange: a

rapid and efficient system enabling conditional gene expression in embryonic stem and primary cells.

Stem Cells. 2011; 29(10):1580–8. PMID: 22039605; PubMed Central PMCID: PMCPMC3622722.

24. Darabi R, Gehlbach K, Bachoo RM, Kamath S, Osawa M, Kamm KE, et al. Functional skeletal muscle

regeneration from differentiating embryonic stem cells. Nat Med. 2008; 14(2):134–43. https://doi.org/

10.1038/nm1705 PMID: 18204461.

25. Magli A, Schnettler E, Rinaldi F, Bremer P, Perlingeiro RC. Functional dissection of Pax3 in paraxial

mesoderm development and myogenesis. Stem Cells. 2013; 31(1):59–70. https://doi.org/10.1002/

stem.1254 PMID: 23081715; PubMed Central PMCID: PMCPMC3528848.

26. Chan SS, Shi X, Toyama A, Arpke RW, Dandapat A, Iacovino M, et al. Mesp1 patterns mesoderm into

cardiac, hematopoietic, or skeletal myogenic progenitors in a context-dependent manner. Cell Stem

Cell. 2013; 12(5):587–601. https://doi.org/10.1016/j.stem.2013.03.004 PMID: 23642367; PubMed

Central PMCID: PMCPMC3646300.

27. Festuccia N, Dubois A, Vandormael-Pournin S, Gallego Tejeda E, Mouren A, Bessonnard S, et al.

Mitotic binding of Esrrb marks key regulatory regions of the pluripotency network. Nat Cell Biol. 2016;

18(11):1139–48. Epub 2016/10/28. https://doi.org/10.1038/ncb3418 PMID: 27723719.

28. Kadauke S, Udugama MI, Pawlicki JM, Achtman JC, Jain DP, Cheng Y, et al. Tissue-specific mitotic

bookmarking by hematopoietic transcription factor GATA1. Cell. 2012; 150(4):725–37. Epub 2012/08/

21. https://doi.org/10.1016/j.cell.2012.06.038 PMID: 22901805; PubMed Central PMCID:

PMCPMC3425057.

29. Teves SS, An L, Hansen AS, Xie L, Darzacq X, Tjian R. A dynamic mode of mitotic bookmarking by

transcription factors. Elife. 2016; 5. Epub 2016/11/20. https://doi.org/10.7554/eLife.22280 PMID:

27855781; PubMed Central PMCID: PMCPMC5156526.

30. Buenrostro JD, Giresi PG, Zaba LC, Chang HY, Greenleaf WJ. Transposition of native chromatin for

fast and sensitive epigenomic profiling of open chromatin, DNA-binding proteins and nucleosome posi-

tion. Nat Methods. 2013; 10(12):1213–8. https://doi.org/10.1038/nmeth.2688 PMID: 24097267;

PubMed Central PMCID: PMCPMC3959825.

31. Edmondson DG, Cheng TC, Cserjesi P, Chakraborty T, Olson EN. Analysis of the myogenin promoter

reveals an indirect pathway for positive autoregulation mediated by the muscle-specific enhancer

Pax3-dependent chromatin remodeling in myogenesis

PLOS Biology | https://doi.org/10.1371/journal.pbio.3000153 February 26, 2019 34 / 39

http://www.ncbi.nlm.nih.gov/pubmed/12668636
https://doi.org/10.1038/nature02083
http://www.ncbi.nlm.nih.gov/pubmed/14628042
https://doi.org/10.1242/dev.110908
http://www.ncbi.nlm.nih.gov/pubmed/25371364
https://doi.org/10.1101/gad.382806
https://doi.org/10.1101/gad.382806
http://www.ncbi.nlm.nih.gov/pubmed/16951257
https://doi.org/10.1016/j.ydbio.2013.01.028
http://www.ncbi.nlm.nih.gov/pubmed/23384562
https://doi.org/10.1242/dev.02798
http://www.ncbi.nlm.nih.gov/pubmed/17301086
https://doi.org/10.1242/bio.014068
http://www.ncbi.nlm.nih.gov/pubmed/26538636
https://doi.org/10.1073/pnas.0611299104
http://www.ncbi.nlm.nih.gov/pubmed/17592144
https://doi.org/10.1016/j.semcdb.2017.10.031
http://www.ncbi.nlm.nih.gov/pubmed/29107681
http://www.ncbi.nlm.nih.gov/pubmed/22039605
https://doi.org/10.1038/nm1705
https://doi.org/10.1038/nm1705
http://www.ncbi.nlm.nih.gov/pubmed/18204461
https://doi.org/10.1002/stem.1254
https://doi.org/10.1002/stem.1254
http://www.ncbi.nlm.nih.gov/pubmed/23081715
https://doi.org/10.1016/j.stem.2013.03.004
http://www.ncbi.nlm.nih.gov/pubmed/23642367
https://doi.org/10.1038/ncb3418
http://www.ncbi.nlm.nih.gov/pubmed/27723719
https://doi.org/10.1016/j.cell.2012.06.038
http://www.ncbi.nlm.nih.gov/pubmed/22901805
https://doi.org/10.7554/eLife.22280
http://www.ncbi.nlm.nih.gov/pubmed/27855781
https://doi.org/10.1038/nmeth.2688
http://www.ncbi.nlm.nih.gov/pubmed/24097267
https://doi.org/10.1371/journal.pbio.3000153


factor MEF-2. Mol Cell Biol. 1992; 12(9):3665–77. PMID: 1324403; PubMed Central PMCID:

PMCPMC360220.

32. Yee SP, Rigby PW. The regulation of myogenin gene expression during the embryonic development

of the mouse. Genes Dev. 1993; 7(7A):1277–89. PMID: 8391506.

33. McLean CY, Bristor D, Hiller M, Clarke SL, Schaar BT, Lowe CB, et al. GREAT improves functional

interpretation of cis-regulatory regions. Nat Biotechnol. 2010; 28(5):495–501. https://doi.org/10.1038/

nbt.1630 PMID: 20436461; PubMed Central PMCID: PMCPMC4840234.

34. Weintraub H, Tapscott SJ, Davis RL, Thayer MJ, Adam MA, Lassar AB, et al. Activation of muscle-

specific genes in pigment, nerve, fat, liver, and fibroblast cell lines by forced expression of MyoD. Proc

Natl Acad Sci U S A. 1989; 86(14):5434–8. PMID: 2748593; PubMed Central PMCID:

PMCPMC297637.

35. Summerbell D, Ashby PR, Coutelle O, Cox D, Yee S, Rigby PW. The expression of Myf5 in the devel-

oping mouse embryo is controlled by discrete and dispersed enhancers specific for particular popula-

tions of skeletal muscle precursors. Development. 2000; 127(17):3745–57. Epub 2000/08/10. PMID:

10934019.

36. Tajbakhsh S, Buckingham ME. Mouse limb muscle is determined in the absence of the earliest myo-

genic factor myf-5. Proc Natl Acad Sci U S A. 1994; 91(2):747–51. Epub 1994/01/18. PMID: 8290594;

PubMed Central PMCID: PMCPMC43026.

37. Heidt AB, Rojas A, Harris IS, Black BL. Determinants of myogenic specificity within MyoD are required

for noncanonical E box binding. Mol Cell Biol. 2007; 27(16):5910–20. Epub 2007/06/15. https://doi.

org/10.1128/MCB.01700-06 PMID: 17562853; PubMed Central PMCID: PMCPMC1952131.

38. Molkentin JD, Black BL, Martin JF, Olson EN. Cooperative activation of muscle gene expression by

MEF2 and myogenic bHLH proteins. Cell. 1995; 83(7):1125–36. Epub 1995/12/29. PMID: 8548800.

39. Relaix F, Rocancourt D, Mansouri A, Buckingham M. A Pax3/Pax7-dependent population of skeletal

muscle progenitor cells. Nature. 2005; 435(7044):948–53. https://doi.org/10.1038/nature03594 PMID:

15843801.

40. Tajbakhsh S, Rocancourt D, Cossu G, Buckingham M. Redefining the genetic hierarchies controlling

skeletal myogenesis: Pax-3 and Myf-5 act upstream of MyoD. Cell. 1997; 89(1):127–38. PMID:

9094721.

41. Magli A, Schnettler E, Swanson SA, Borges L, Hoffman K, Stewart R, et al. Pax3 and Tbx5 specify

whether PDGFRalpha+ cells assume skeletal or cardiac muscle fate in differentiating embryonic stem

cells. Stem Cells. 2014; 32(8):2072–83. https://doi.org/10.1002/stem.1713 PMID: 24677751; PubMed

Central PMCID: PMCPMC4107161.

42. Huang W, Loganantharaj R, Schroeder B, Fargo D, Li L. PAVIS: a tool for Peak Annotation and Visual-

ization. Bioinformatics. 2013; 29(23):3097–9. https://doi.org/10.1093/bioinformatics/btt520 PMID:

24008416; PubMed Central PMCID: PMCPMC3834791.

43. Lagha M, Sato T, Regnault B, Cumano A, Zuniga A, Licht J, et al. Transcriptome analyses based on

genetic screens for Pax3 myogenic targets in the mouse embryo. BMC Genomics. 2010; 11:696.

Epub 2010/12/15. https://doi.org/10.1186/1471-2164-11-696 PMID: 21143873; PubMed Central

PMCID: PMCPMC3018477.

44. Gang EJ, Bosnakovski D, Simsek T, To K, Perlingeiro RC. Pax3 activation promotes the differentiation

of mesenchymal stem cells toward the myogenic lineage. Exp Cell Res. 2008; 314(8):1721–33. Epub

2008/04/09. https://doi.org/10.1016/j.yexcr.2008.02.016 [pii]. PMID: 18395202.

45. Lilja KC, Zhang N, Magli A, Gunduz V, Bowman CJ, Arpke RW, et al. Pax7 remodels the chromatin

landscape in skeletal muscle stem cells. PLoS ONE. 2017; 12(4):e0176190. https://doi.org/10.1371/

journal.pone.0176190 PMID: 28441415; PubMed Central PMCID: PMCPMC5404880.

46. McKinnell IW, Ishibashi J, Le Grand F, Punch VG, Addicks GC, Greenblatt JF, et al. Pax7 activates

myogenic genes by recruitment of a histone methyltransferase complex. Nat Cell Biol. 2008; 10

(1):77–84. https://doi.org/10.1038/ncb1671 PMID: 18066051; PubMed Central PMCID:

PMCPMC2739814.

47. McManus S, Ebert A, Salvagiotto G, Medvedovic J, Sun Q, Tamir I, et al. The transcription factor Pax5

regulates its target genes by recruiting chromatin-modifying proteins in committed B cells. EMBO J.

2011; 30(12):2388–404. https://doi.org/10.1038/emboj.2011.140 PMID: 21552207; PubMed Central

PMCID: PMCPMC3116275.

48. Patel SR, Kim D, Levitan I, Dressler GR. The BRCT-domain containing protein PTIP links PAX2 to a

histone H3, lysine 4 methyltransferase complex. Dev Cell. 2007; 13(4):580–92. https://doi.org/10.

1016/j.devcel.2007.09.004 PMID: 17925232; PubMed Central PMCID: PMCPMC2100379.

49. Lagha M, Kormish JD, Rocancourt D, Manceau M, Epstein JA, Zaret KS, et al. Pax3 regulation of FGF

signaling affects the progression of embryonic progenitor cells into the myogenic program. Genes

Pax3-dependent chromatin remodeling in myogenesis

PLOS Biology | https://doi.org/10.1371/journal.pbio.3000153 February 26, 2019 35 / 39

http://www.ncbi.nlm.nih.gov/pubmed/1324403
http://www.ncbi.nlm.nih.gov/pubmed/8391506
https://doi.org/10.1038/nbt.1630
https://doi.org/10.1038/nbt.1630
http://www.ncbi.nlm.nih.gov/pubmed/20436461
http://www.ncbi.nlm.nih.gov/pubmed/2748593
http://www.ncbi.nlm.nih.gov/pubmed/10934019
http://www.ncbi.nlm.nih.gov/pubmed/8290594
https://doi.org/10.1128/MCB.01700-06
https://doi.org/10.1128/MCB.01700-06
http://www.ncbi.nlm.nih.gov/pubmed/17562853
http://www.ncbi.nlm.nih.gov/pubmed/8548800
https://doi.org/10.1038/nature03594
http://www.ncbi.nlm.nih.gov/pubmed/15843801
http://www.ncbi.nlm.nih.gov/pubmed/9094721
https://doi.org/10.1002/stem.1713
http://www.ncbi.nlm.nih.gov/pubmed/24677751
https://doi.org/10.1093/bioinformatics/btt520
http://www.ncbi.nlm.nih.gov/pubmed/24008416
https://doi.org/10.1186/1471-2164-11-696
http://www.ncbi.nlm.nih.gov/pubmed/21143873
https://doi.org/10.1016/j.yexcr.2008.02.016
http://www.ncbi.nlm.nih.gov/pubmed/18395202
https://doi.org/10.1371/journal.pone.0176190
https://doi.org/10.1371/journal.pone.0176190
http://www.ncbi.nlm.nih.gov/pubmed/28441415
https://doi.org/10.1038/ncb1671
http://www.ncbi.nlm.nih.gov/pubmed/18066051
https://doi.org/10.1038/emboj.2011.140
http://www.ncbi.nlm.nih.gov/pubmed/21552207
https://doi.org/10.1016/j.devcel.2007.09.004
https://doi.org/10.1016/j.devcel.2007.09.004
http://www.ncbi.nlm.nih.gov/pubmed/17925232
https://doi.org/10.1371/journal.pbio.3000153


Dev. 2008; 22(13):1828–37. Epub 2008/07/03. https://doi.org/10.1101/gad.477908 PMID: 18593883;

PubMed Central PMCID: PMCPMC2492669.

50. Budry L, Balsalobre A, Gauthier Y, Khetchoumian K, L’Honore A, Vallette S, et al. The selector gene

Pax7 dictates alternate pituitary cell fates through its pioneer action on chromatin remodeling. Genes

Dev. 2012; 26(20):2299–310. https://doi.org/10.1101/gad.200436.112 PMID: 23070814; PubMed

Central PMCID: PMCPMC3475802.

51. Soleimani VD, Punch VG, Kawabe Y, Jones AE, Palidwor GA, Porter CJ, et al. Transcriptional domi-

nance of Pax7 in adult myogenesis is due to high-affinity recognition of homeodomain motifs. Dev

Cell. 2012; 22(6):1208–20. Epub 2012/05/23. https://doi.org/10.1016/j.devcel.2012.03.014 [pii].

PMID: 22609161; PubMed Central PMCID: PMC3376216.

52. Chakroun I, Yang D, Girgis J, Gunasekharan A, Phenix H, Kaern M, et al. Genome-wide association

between Six4, MyoD, and the histone demethylase Utx during myogenesis. FASEB J. 2015; 29

(11):4738–55. https://doi.org/10.1096/fj.15-277053 PMID: 26229056.

53. Joshi S, Davidson G, Le Gras S, Watanabe S, Braun T, Mengus G, et al. TEAD transcription factors

are required for normal primary myoblast differentiation in vitro and muscle regeneration in vivo. PLoS

Genet. 2017; 13(2):e1006600. https://doi.org/10.1371/journal.pgen.1006600 PMID: 28178271;

PubMed Central PMCID: PMCPMC5323021.

54. Blum R, Vethantham V, Bowman C, Rudnicki M, Dynlacht BD. Genome-wide identification of enhanc-

ers in skeletal muscle: the role of MyoD1. Genes Dev. 2012; 26(24):2763–79. https://doi.org/10.1101/

gad.200113.112 PMID: 23249738; PubMed Central PMCID: PMCPMC3533080.

55. Umansky KB, Gruenbaum-Cohen Y, Tsoory M, Feldmesser E, Goldenberg D, Brenner O, et al. Runx1

Transcription Factor Is Required for Myoblasts Proliferation during Muscle Regeneration. PLoS

Genet. 2015; 11(8):e1005457. https://doi.org/10.1371/journal.pgen.1005457 PMID: 26275053;

PubMed Central PMCID: PMCPMC4537234.

56. Consortium EP. An integrated encyclopedia of DNA elements in the human genome. Nature. 2012;

489(7414):57–74. https://doi.org/10.1038/nature11247 PMID: 22955616; PubMed Central PMCID:

PMCPMC3439153.

57. Santolini M, Sakakibara I, Gauthier M, Ribas-Aulinas F, Takahashi H, Sawasaki T, et al. MyoD repro-

gramming requires Six1 and Six4 homeoproteins: genome-wide cis-regulatory module analysis.

Nucleic Acids Res. 2016; 44(18):8621–40. https://doi.org/10.1093/nar/gkw512 PMID: 27302134;

PubMed Central PMCID: PMCPMC5062961.

58. Liu Y, Chu A, Chakroun I, Islam U, Blais A. Cooperation between myogenic regulatory factors and SIX

family transcription factors is important for myoblast differentiation. Nucleic Acids Res. 2010; 38

(20):6857–71. https://doi.org/10.1093/nar/gkq585 PMID: 20601407; PubMed Central PMCID:

PMCPMC2978361.

59. Malik AN, Vierbuchen T, Hemberg M, Rubin AA, Ling E, Couch CH, et al. Genome-wide identification

and characterization of functional neuronal activity-dependent enhancers. Nat Neurosci. 2014; 17

(10):1330–9. https://doi.org/10.1038/nn.3808 PMID: 25195102; PubMed Central PMCID:

PMCPMC4297619.

60. Fujimi TJ, Aruga J. Upstream stimulatory factors, USF1 and USF2 are differentially expressed during

Xenopus embryonic development. Gene Expr Patterns. 2008; 8(6):376–81. Epub 2008/07/01. https://

doi.org/10.1016/j.gep.2008.05.003 PMID: 18585979.

61. Windner SE, Doris RA, Ferguson CM, Nelson AC, Valentin G, Tan H, et al. Tbx6, Mesp-b and Ripply1

regulate the onset of skeletal myogenesis in zebrafish. Development. 2015; 142(6):1159–68. Epub

2015/03/01. https://doi.org/10.1242/dev.113431 PMID: 25725067; PubMed Central PMCID:

PMCPMC4360180.

62. Chan SS, Hagen HR, Swanson SA, Stewart R, Boll KA, Aho J, et al. Development of Bipotent Cardiac/

Skeletal Myogenic Progenitors from MESP1+ Mesoderm. Stem Cell Reports. 2016; 6(1):26–34.

https://doi.org/10.1016/j.stemcr.2015.12.003 PMID: 26771351; PubMed Central PMCID:

PMCPMC4719188.

63. Cusella-De Angelis MG, Molinari S, Le Donne A, Coletta M, Vivarelli E, Bouche M, et al. Differential

response of embryonic and fetal myoblasts to TGF beta: a possible regulatory mechanism of skeletal

muscle histogenesis. Development. 1994; 120(4):925–33. PMID: 7600968.

64. Guiral EC, Faas L, Pownall ME. Neural crest migration requires the activity of the extracellular sulpha-

tases XtSulf1 and XtSulf2. Dev Biol. 2010; 341(2):375–88. https://doi.org/10.1016/j.ydbio.2010.02.

034 PMID: 20206618.

65. Ross JJ, Shimmi O, Vilmos P, Petryk A, Kim H, Gaudenz K, et al. Twisted gastrulation is a conserved

extracellular BMP antagonist. Nature. 2001; 410(6827):479–83. https://doi.org/10.1038/35068578

PMID: 11260716.

Pax3-dependent chromatin remodeling in myogenesis

PLOS Biology | https://doi.org/10.1371/journal.pbio.3000153 February 26, 2019 36 / 39

https://doi.org/10.1101/gad.477908
http://www.ncbi.nlm.nih.gov/pubmed/18593883
https://doi.org/10.1101/gad.200436.112
http://www.ncbi.nlm.nih.gov/pubmed/23070814
https://doi.org/10.1016/j.devcel.2012.03.014
http://www.ncbi.nlm.nih.gov/pubmed/22609161
https://doi.org/10.1096/fj.15-277053
http://www.ncbi.nlm.nih.gov/pubmed/26229056
https://doi.org/10.1371/journal.pgen.1006600
http://www.ncbi.nlm.nih.gov/pubmed/28178271
https://doi.org/10.1101/gad.200113.112
https://doi.org/10.1101/gad.200113.112
http://www.ncbi.nlm.nih.gov/pubmed/23249738
https://doi.org/10.1371/journal.pgen.1005457
http://www.ncbi.nlm.nih.gov/pubmed/26275053
https://doi.org/10.1038/nature11247
http://www.ncbi.nlm.nih.gov/pubmed/22955616
https://doi.org/10.1093/nar/gkw512
http://www.ncbi.nlm.nih.gov/pubmed/27302134
https://doi.org/10.1093/nar/gkq585
http://www.ncbi.nlm.nih.gov/pubmed/20601407
https://doi.org/10.1038/nn.3808
http://www.ncbi.nlm.nih.gov/pubmed/25195102
https://doi.org/10.1016/j.gep.2008.05.003
https://doi.org/10.1016/j.gep.2008.05.003
http://www.ncbi.nlm.nih.gov/pubmed/18585979
https://doi.org/10.1242/dev.113431
http://www.ncbi.nlm.nih.gov/pubmed/25725067
https://doi.org/10.1016/j.stemcr.2015.12.003
http://www.ncbi.nlm.nih.gov/pubmed/26771351
http://www.ncbi.nlm.nih.gov/pubmed/7600968
https://doi.org/10.1016/j.ydbio.2010.02.034
https://doi.org/10.1016/j.ydbio.2010.02.034
http://www.ncbi.nlm.nih.gov/pubmed/20206618
https://doi.org/10.1038/35068578
http://www.ncbi.nlm.nih.gov/pubmed/11260716
https://doi.org/10.1371/journal.pbio.3000153


66. Henderson DJ, Conway SJ, Copp AJ. Rib truncations and fusions in the Sp2H mouse reveal a role for

Pax3 in specification of the ventro-lateral and posterior parts of the somite. Dev Biol. 1999; 209

(1):143–58. Epub 1999/04/20. S0012-1606(99)99215-1 [pii] https://doi.org/10.1006/dbio.1999.9215

PMID: 10208749.

67. Schubert FR, Tremblay P, Mansouri A, Faisst AM, Kammandel B, Lumsden A, et al. Early meso-

dermal phenotypes in splotch suggest a role for Pax3 in the formation of epithelial somites. Dev Dyn.

2001; 222(3):506–21. Epub 2001/12/18. https://doi.org/10.1002/dvdy.1211 [pii] PMID: 11747084.

68. Bryson-Richardson RJ, Currie PD. The genetics of vertebrate myogenesis. Nat Rev Genet. 2008; 9

(8):632–46. https://doi.org/10.1038/nrg2369 PMID: 18636072.

69. Martinelli DC, Fan CM. Gas1 extends the range of Hedgehog action by facilitating its signaling. Genes

Dev. 2007; 21(10):1231–43. Epub 2007/05/17. https://doi.org/10.1101/gad.1546307 PMID:

17504940; PubMed Central PMCID: PMCPMC1865494.

70. Tenzen T, Allen BL, Cole F, Kang JS, Krauss RS, McMahon AP. The cell surface membrane proteins

Cdo and Boc are components and targets of the Hedgehog signaling pathway and feedback network

in mice. Dev Cell. 2006; 10(5):647–56. Epub 2006/05/02. https://doi.org/10.1016/j.devcel.2006.04.

004 PMID: 16647304.

71. Izzi L, Levesque M, Morin S, Laniel D, Wilkes BC, Mille F, et al. Boc and Gas1 each form distinct Shh

receptor complexes with Ptch1 and are required for Shh-mediated cell proliferation. Dev Cell. 2011; 20

(6):788–801. Epub 2011/06/15. https://doi.org/10.1016/j.devcel.2011.04.017 PMID: 21664577;

PubMed Central PMCID: PMCPMC3432913.

72. Allen BL, Song JY, Izzi L, Althaus IW, Kang JS, Charron F, et al. Overlapping roles and collective

requirement for the coreceptors GAS1, CDO, and BOC in SHH pathway function. Dev Cell. 2011; 20

(6):775–87. Epub 2011/06/15. https://doi.org/10.1016/j.devcel.2011.04.018 PMID: 21664576;

PubMed Central PMCID: PMCPMC3121104.

73. Kang JS, Mulieri PJ, Hu Y, Taliana L, Krauss RS. BOC, an Ig superfamily member, associates with

CDO to positively regulate myogenic differentiation. EMBO J. 2002; 21(1–2):114–24. Epub 2002/01/

10. https://doi.org/10.1093/emboj/21.1.114 PMID: 11782431; PubMed Central PMCID:

PMCPMC125805.

74. Kang JS, Mulieri PJ, Miller C, Sassoon DA, Krauss RS. CDO, a robo-related cell surface protein that

mediates myogenic differentiation. J Cell Biol. 1998; 143(2):403–13. Epub 1998/10/24. PMID:

9786951; PubMed Central PMCID: PMCPMC2132836.

75. Lee CS, Buttitta L, Fan CM. Evidence that the WNT-inducible growth arrest-specific gene 1 encodes

an antagonist of sonic hedgehog signaling in the somite. Proc Natl Acad Sci U S A. 2001; 98

(20):11347–52. Epub 2001/09/27. https://doi.org/10.1073/pnas.201418298 PMID: 11572986;

PubMed Central PMCID: PMCPMC58732.

76. Kang JS, Bae GU, Yi MJ, Yang YJ, Oh JE, Takaesu G, et al. A Cdo-Bnip-2-Cdc42 signaling pathway

regulates p38alpha/beta MAPK activity and myogenic differentiation. J Cell Biol. 2008; 182(3):497–

507. Epub 2008/08/06. https://doi.org/10.1083/jcb.200801119 PMID: 18678706; PubMed Central

PMCID: PMCPMC2500135.

77. Mourikis P, Tajbakhsh S. Distinct contextual roles for Notch signalling in skeletal muscle stem cells.

BMC Dev Biol. 2014; 14:2. Epub 2014/01/30. https://doi.org/10.1186/1471-213X-14-2 PMID:

24472470; PubMed Central PMCID: PMCPMC3903015.

78. Brohl D, Vasyutina E, Czajkowski MT, Griger J, Rassek C, Rahn HP, et al. Colonization of the satellite

cell niche by skeletal muscle progenitor cells depends on Notch signals. Dev Cell. 2012; 23(3):469–

81. Epub 2012/09/04. https://doi.org/10.1016/j.devcel.2012.07.014 PMID: 22940113.

79. Piunti A, Shilatifard A. Epigenetic balance of gene expression by Polycomb and COMPASS families.

Science. 2016; 352(6290):aad9780. https://doi.org/10.1126/science.aad9780 PMID: 27257261.

80. Kawabe Y, Wang YX, McKinnell IW, Bedford MT, Rudnicki MA. Carm1 regulates Pax7 transcriptional

activity through MLL1/2 recruitment during asymmetric satellite stem cell divisions. Cell Stem Cell.

2012; 11(3):333–45. https://doi.org/10.1016/j.stem.2012.07.001 PMID: 22863532; PubMed Central

PMCID: PMCPMC3438319.

81. Mayran A, Khetchoumian K, Hariri F, Pastinen T, Gauthier Y, Balsalobre A, et al. Pioneer factor Pax7

deploys a stable enhancer repertoire for specification of cell fate. Nat Genet. 2018; 50(2):259–69.

Epub 2018/01/24. https://doi.org/10.1038/s41588-017-0035-2 PMID: 29358650.

82. Donaghey J, Thakurela S, Charlton J, Chen JS, Smith ZD, Gu H, et al. Genetic determinants and epi-

genetic effects of pioneer-factor occupancy. Nat Genet. 2018; 50(2):250–8. Epub 2018/01/24. https://

doi.org/10.1038/s41588-017-0034-3 PMID: 29358654.

83. Bar-Nur O, Gerli MFM, Di Stefano B, Almada AE, Galvin A, Coffey A, et al. Direct Reprogramming of

Mouse Fibroblasts into Functional Skeletal Muscle Progenitors. Stem Cell Reports. 2018; 10(5):1505–

21. Epub 2018/05/10. https://doi.org/10.1016/j.stemcr.2018.04.009 PMID: 29742392.

Pax3-dependent chromatin remodeling in myogenesis

PLOS Biology | https://doi.org/10.1371/journal.pbio.3000153 February 26, 2019 37 / 39

https://doi.org/10.1006/dbio.1999.9215
http://www.ncbi.nlm.nih.gov/pubmed/10208749
https://doi.org/10.1002/dvdy.1211
http://www.ncbi.nlm.nih.gov/pubmed/11747084
https://doi.org/10.1038/nrg2369
http://www.ncbi.nlm.nih.gov/pubmed/18636072
https://doi.org/10.1101/gad.1546307
http://www.ncbi.nlm.nih.gov/pubmed/17504940
https://doi.org/10.1016/j.devcel.2006.04.004
https://doi.org/10.1016/j.devcel.2006.04.004
http://www.ncbi.nlm.nih.gov/pubmed/16647304
https://doi.org/10.1016/j.devcel.2011.04.017
http://www.ncbi.nlm.nih.gov/pubmed/21664577
https://doi.org/10.1016/j.devcel.2011.04.018
http://www.ncbi.nlm.nih.gov/pubmed/21664576
https://doi.org/10.1093/emboj/21.1.114
http://www.ncbi.nlm.nih.gov/pubmed/11782431
http://www.ncbi.nlm.nih.gov/pubmed/9786951
https://doi.org/10.1073/pnas.201418298
http://www.ncbi.nlm.nih.gov/pubmed/11572986
https://doi.org/10.1083/jcb.200801119
http://www.ncbi.nlm.nih.gov/pubmed/18678706
https://doi.org/10.1186/1471-213X-14-2
http://www.ncbi.nlm.nih.gov/pubmed/24472470
https://doi.org/10.1016/j.devcel.2012.07.014
http://www.ncbi.nlm.nih.gov/pubmed/22940113
https://doi.org/10.1126/science.aad9780
http://www.ncbi.nlm.nih.gov/pubmed/27257261
https://doi.org/10.1016/j.stem.2012.07.001
http://www.ncbi.nlm.nih.gov/pubmed/22863532
https://doi.org/10.1038/s41588-017-0035-2
http://www.ncbi.nlm.nih.gov/pubmed/29358650
https://doi.org/10.1038/s41588-017-0034-3
https://doi.org/10.1038/s41588-017-0034-3
http://www.ncbi.nlm.nih.gov/pubmed/29358654
https://doi.org/10.1016/j.stemcr.2018.04.009
http://www.ncbi.nlm.nih.gov/pubmed/29742392
https://doi.org/10.1371/journal.pbio.3000153


84. Ito N, Kii I, Shimizu N, Tanaka H, Takeda S. Direct reprogramming of fibroblasts into skeletal muscle

progenitor cells by transcription factors enriched in undifferentiated subpopulation of satellite cells. Sci

Rep. 2017; 7(1):8097. Epub 2017/08/16. https://doi.org/10.1038/s41598-017-08232-2 PMID:

28808339; PubMed Central PMCID: PMCPMC5556026.

85. Bryant DM, Datta A, Rodriguez-Fraticelli AE, Peranen J, Martin-Belmonte F, Mostov KE. A molecular

network for de novo generation of the apical surface and lumen. Nat Cell Biol. 2010; 12(11):1035–45.

https://doi.org/10.1038/ncb2106 PMID: 20890297; PubMed Central PMCID: PMCPMC2975675.

86. Choi SH, Gearhart MD, Cui Z, Bosnakovski D, Kim M, Schennum N, et al. DUX4 recruits p300/CBP

through its C-terminus and induces global H3K27 acetylation changes. Nucleic Acids Res. 2016; 44

(11):5161–73. https://doi.org/10.1093/nar/gkw141 PMID: 26951377; PubMed Central PMCID:

PMCPMC4914088.

87. Magli A, Incitti T, Perlingeiro RC. Myogenic Progenitors from Mouse Pluripotent Stem Cells for Muscle

Regeneration. Methods Mol Biol. 2016; 1460:191–208. https://doi.org/10.1007/978-1-4939-3810-0_

14 PMID: 27492174.

88. Darabi R, Arpke RW, Irion S, Dimos JT, Grskovic M, Kyba M, et al. Human ES- and iPS-derived myo-

genic progenitors restore DYSTROPHIN and improve contractility upon transplantation in dystrophic

mice. Cell Stem Cell. 2012; 10(5):610–9. Epub 2012/05/09. https://doi.org/10.1016/j.stem.2012.02.

015 [pii]. PMID: 22560081; PubMed Central PMCID: PMC3348507.

89. Boyer LA, Lee TI, Cole MF, Johnstone SE, Levine SS, Zucker JP, et al. Core transcriptional regulatory

circuitry in human embryonic stem cells. Cell. 2005; 122(6):947–56. https://doi.org/10.1016/j.cell.

2005.08.020 PMID: 16153702; PubMed Central PMCID: PMCPMC3006442.

90. Langmead B, Salzberg SL. Fast gapped-read alignment with Bowtie 2. Nat Methods. 2012; 9(4):357–

9. https://doi.org/10.1038/nmeth.1923 PMID: 22388286; PubMed Central PMCID:

PMCPMC3322381.

91. Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, et al. The Sequence Alignment/Map for-

mat and SAMtools. Bioinformatics. 2009; 25(16):2078–9. https://doi.org/10.1093/bioinformatics/

btp352 PMID: 19505943; PubMed Central PMCID: PMCPMC2723002.

92. Zhang Y, Liu T, Meyer CA, Eeckhoute J, Johnson DS, Bernstein BE, et al. Model-based analysis of

ChIP-Seq (MACS). Genome Biol. 2008; 9(9):R137. https://doi.org/10.1186/gb-2008-9-9-r137 PMID:

18798982; PubMed Central PMCID: PMCPMC2592715.

93. Micsinai M, Parisi F, Strino F, Asp P, Dynlacht BD, Kluger Y. Picking ChIP-seq peak detectors for ana-

lyzing chromatin modification experiments. Nucleic acids research. 2012; 40(9):e70. Epub 2012/02/

07. https://doi.org/10.1093/nar/gks048 PMID: 22307239; PubMed Central PMCID: PMC3351193.

94. Quinlan AR, Hall IM. BEDTools: a flexible suite of utilities for comparing genomic features. Bioinfor-

matics. 2010; 26(6):841–2. https://doi.org/10.1093/bioinformatics/btq033 PMID: 20110278; PubMed

Central PMCID: PMCPMC2832824.

95. Thorvaldsdottir H, Robinson JT, Mesirov JP. Integrative Genomics Viewer (IGV): high-performance

genomics data visualization and exploration. Brief Bioinform. 2013; 14(2):178–92. https://doi.org/10.

1093/bib/bbs017 PMID: 22517427; PubMed Central PMCID: PMCPMC3603213.

96. Zhu J, Sanborn JZ, Diekhans M, Lowe CB, Pringle TH, Haussler D. Comparative genomics search for

losses of long-established genes on the human lineage. PLoS Comput Biol. 2007; 3(12):e247. https://

doi.org/10.1371/journal.pcbi.0030247 PMID: 18085818; PubMed Central PMCID: PMCPMC2134963.

97. Bailey TL, Boden M, Buske FA, Frith M, Grant CE, Clementi L, et al. MEME SUITE: tools for motif dis-

covery and searching. Nucleic Acids Res. 2009; 37(Web Server issue):W202–8. Epub 2009/05/22.

https://doi.org/10.1093/nar/gkp335 PMID: 19458158; PubMed Central PMCID: PMCPMC2703892.

98. Liu T, Ortiz JA, Taing L, Meyer CA, Lee B, Zhang Y, et al. Cistrome: an integrative platform for tran-

scriptional regulation studies. Genome Biol. 2011; 12(8):R83. https://doi.org/10.1186/gb-2011-12-8-

r83 PMID: 21859476; PubMed Central PMCID: PMCPMC3245621.

99. Buenrostro JD, Wu B, Chang HY, Greenleaf WJ. ATAC-seq: A Method for Assaying Chromatin Acces-

sibility Genome-Wide. Curr Protoc Mol Biol. 2015; 109:21 9 1–9. https://doi.org/10.1002/0471142727.

mb2129s109 PMID: 25559105; PubMed Central PMCID: PMCPMC4374986.

100. Ye T, Krebs AR, Choukrallah MA, Keime C, Plewniak F, Davidson I, et al. seqMINER: an integrated

ChIP-seq data interpretation platform. Nucleic Acids Res. 2011; 39(6):e35. https://doi.org/10.1093/

nar/gkq1287 PMID: 21177645; PubMed Central PMCID: PMCPMC3064796.

101. Huang da W, Sherman BT, Lempicki RA. Systematic and integrative analysis of large gene lists using

DAVID bioinformatics resources. Nat Protoc. 2009; 4(1):44–57. https://doi.org/10.1038/nprot.2008.

211 PMID: 19131956.

102. Hou Z, Jiang P, Swanson SA, Elwell AL, Nguyen BK, Bolin JM, et al. A cost-effective RNA sequencing

protocol for large-scale gene expression studies. Sci Rep. 2015; 5:9570. https://doi.org/10.1038/

srep09570 PMID: 25831155; PubMed Central PMCID: PMCPMC4381617.

Pax3-dependent chromatin remodeling in myogenesis

PLOS Biology | https://doi.org/10.1371/journal.pbio.3000153 February 26, 2019 38 / 39

https://doi.org/10.1038/s41598-017-08232-2
http://www.ncbi.nlm.nih.gov/pubmed/28808339
https://doi.org/10.1038/ncb2106
http://www.ncbi.nlm.nih.gov/pubmed/20890297
https://doi.org/10.1093/nar/gkw141
http://www.ncbi.nlm.nih.gov/pubmed/26951377
https://doi.org/10.1007/978-1-4939-3810-0_14
https://doi.org/10.1007/978-1-4939-3810-0_14
http://www.ncbi.nlm.nih.gov/pubmed/27492174
https://doi.org/10.1016/j.stem.2012.02.015
https://doi.org/10.1016/j.stem.2012.02.015
http://www.ncbi.nlm.nih.gov/pubmed/22560081
https://doi.org/10.1016/j.cell.2005.08.020
https://doi.org/10.1016/j.cell.2005.08.020
http://www.ncbi.nlm.nih.gov/pubmed/16153702
https://doi.org/10.1038/nmeth.1923
http://www.ncbi.nlm.nih.gov/pubmed/22388286
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1093/bioinformatics/btp352
http://www.ncbi.nlm.nih.gov/pubmed/19505943
https://doi.org/10.1186/gb-2008-9-9-r137
http://www.ncbi.nlm.nih.gov/pubmed/18798982
https://doi.org/10.1093/nar/gks048
http://www.ncbi.nlm.nih.gov/pubmed/22307239
https://doi.org/10.1093/bioinformatics/btq033
http://www.ncbi.nlm.nih.gov/pubmed/20110278
https://doi.org/10.1093/bib/bbs017
https://doi.org/10.1093/bib/bbs017
http://www.ncbi.nlm.nih.gov/pubmed/22517427
https://doi.org/10.1371/journal.pcbi.0030247
https://doi.org/10.1371/journal.pcbi.0030247
http://www.ncbi.nlm.nih.gov/pubmed/18085818
https://doi.org/10.1093/nar/gkp335
http://www.ncbi.nlm.nih.gov/pubmed/19458158
https://doi.org/10.1186/gb-2011-12-8-r83
https://doi.org/10.1186/gb-2011-12-8-r83
http://www.ncbi.nlm.nih.gov/pubmed/21859476
https://doi.org/10.1002/0471142727.mb2129s109
https://doi.org/10.1002/0471142727.mb2129s109
http://www.ncbi.nlm.nih.gov/pubmed/25559105
https://doi.org/10.1093/nar/gkq1287
https://doi.org/10.1093/nar/gkq1287
http://www.ncbi.nlm.nih.gov/pubmed/21177645
https://doi.org/10.1038/nprot.2008.211
https://doi.org/10.1038/nprot.2008.211
http://www.ncbi.nlm.nih.gov/pubmed/19131956
https://doi.org/10.1038/srep09570
https://doi.org/10.1038/srep09570
http://www.ncbi.nlm.nih.gov/pubmed/25831155
https://doi.org/10.1371/journal.pbio.3000153


103. Langmead B, Trapnell C, Pop M, Salzberg SL. Ultrafast and memory-efficient alignment of short DNA

sequences to the human genome. Genome Biol. 2009; 10(3):R25. https://doi.org/10.1186/gb-2009-

10-3-r25 PMID: 19261174; PubMed Central PMCID: PMCPMC2690996.

104. Li B, Dewey CN. RSEM: accurate transcript quantification from RNA-Seq data with or without a refer-

ence genome. BMC Bioinformatics. 2011; 12:323. https://doi.org/10.1186/1471-2105-12-323 PMID:

21816040; PubMed Central PMCID: PMCPMC3163565.

105. Schindelin J, Arganda-Carreras I, Frise E, Kaynig V, Longair M, Pietzsch T, et al. Fiji: an open-source

platform for biological-image analysis. Nat Methods. 2012; 9(7):676–82. https://doi.org/10.1038/

nmeth.2019 PMID: 22743772; PubMed Central PMCID: PMCPMC3855844.

106. Nagy A. Manipulating the mouse embryo: a laboratory manual. 3rd ed. Cold Spring Harbor, NY: Cold

Spring Harbor Laboratory Press; 2003.

107. Stafford DA, Brunet LJ, Khokha MK, Economides AN, Harland RM. Cooperative activity of noggin and

gremlin 1 in axial skeleton development. Development. 2011; 138(5):1005–14. https://doi.org/10.

1242/dev.051938 PMID: 21303853; PubMed Central PMCID: PMCPMC3035099.

Pax3-dependent chromatin remodeling in myogenesis

PLOS Biology | https://doi.org/10.1371/journal.pbio.3000153 February 26, 2019 39 / 39

https://doi.org/10.1186/gb-2009-10-3-r25
https://doi.org/10.1186/gb-2009-10-3-r25
http://www.ncbi.nlm.nih.gov/pubmed/19261174
https://doi.org/10.1186/1471-2105-12-323
http://www.ncbi.nlm.nih.gov/pubmed/21816040
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1038/nmeth.2019
http://www.ncbi.nlm.nih.gov/pubmed/22743772
https://doi.org/10.1242/dev.051938
https://doi.org/10.1242/dev.051938
http://www.ncbi.nlm.nih.gov/pubmed/21303853
https://doi.org/10.1371/journal.pbio.3000153

