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Abstract  

Vertebrate skeletal muscle development and repair relies on the precise control of 

Wnt signaling. Dact1 (Dapper/Frodo) is an important modulator of Wnt signaling, 

interacting with key components of the various Wnt transduction pathways. Here, we 

characterized Dact1 mRNA and protein expression in chicken and mouse fetal muscles 

in vivo and during the differentiation of chick primary and mouse C2C12 myoblasts in 

vitro. We also performed in silico analysis to investigate Dact1 gene expression in human 

myopathies, and evaluated the Dact1 protein structure to seek an explanation for the 

accumulation of Dact1 protein aggregates in the nuclei of myogenic cells. 

Our results show for the first time that in both chicken and mouse, Dact1 is 

expressed during myogenesis, with a strong upregulation as cells engage in terminal 

differentiation, cell cycle withdrawal and cell fusion. In humans, Dact1 expression was 

found to be altered in specific muscle pathologies, including muscular dystrophies. Our 

bioinformatic analyses of Dact1 proteins revealed long intrinsically disordered regions, 

which may underpin the ability of Dact1 to interact with its many partners in the various 

Wnt pathways. In addition, we found that Dact1 has strong propensity for liquid-liquid 

phase separation, a feature that explains its ability to form nuclear aggregates and points 

to a possible role as a molecular ‘on’-‘off’ switch. 

Taken together, our data suggest Dact1 as a candidate, multi-faceted regulator of 

amniote myogenesis with a possible pathophysiological role in human muscular 

diseases. 
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Introduction 

Skeletal muscles form the largest tissue in the body of vertebrates and are crucial 

for daily activities including locomotion, breathing and feeding. In addition, they have a 

key role in energy metabolism and exert important effects on other tissues and organs by 

releasing myokines during muscular contractions (Barbalho et al., 2020; Hargreaves and 

Spriet, 2020). Due to its importance, skeletal muscle biology has been studied intensively. 

However, therapies for diseases such as muscular dystrophies are still lacking. Therefore, 

the identification of new molecules involved in muscle development, repair or disease-

related dysfunction is of interest to both basic and applied research. 

Vertebrate muscle develops from multipotent, mesoderm-derived progenitor cells 

which undergo specification and differentiation to eventually generate contractile, 

multinucleated myofibers. This process, known as myogenesis, occurs in temporally 

distinct phases throughout life. Embryonic or primary myogenesis gives rise to the first 

set of multinucleated muscle fibers in the myotomes and developing limbs of the embryo, 

setting up the basic pattern for the formation of fetal and adult muscles (Chal and 

Pourquié, 2017). Fetal or secondary myogenesis as well as perinatal myogenesis occurs 

on enlarged scales and, therefore, is fundamental for growth and maturation of skeletal 

muscles (Davis and Fiorotto, 2009). Adult myogenesis is required for the repair of 
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damaged muscles and exercise-mediated muscle hypertrophy and involves the satellite 

cells, mitotically quiescent muscle stem cells located between the basal lamina and the 

sarcolemma of muscle fibers (Le Grand and Rudnicki, 2007). Although temporally distinct, 

the different phases of myogenesis rely on a common set of regulatory molecules, whose 

main components are the paired box transcription factors Pax3 and Pax7 as well as the 

Myogenic Regulatory Factors (MRFs), a small family of basic helix-loop-helix transcription 

factors composed of Myf5, MyoD, MRF4 and Myogenin (Asfour et al., 2018). The 

expression of these molecules is finely regulated along the different steps of skeletal 

myogenesis. Initially, muscle stem cells that are either Pax3+ (mouse) or Pax3+/Pax7+ 

(chicken) in embryonic myogenesis, or Pax7+ in the fetal, perinatal and adult myogenesis, 

generate Myf5+/MyoD+ proliferative myoblasts (Chal and Pourquié, 2017). After several 

cycles of proliferation, the myoblasts withdraw from the cell cycle and differentiate into 

Myogenin+ mononucleated myocytes. The myocytes then elongate, producing 

mononucleated myotubes, which are Myosin Heavy Chain positive (MyHc+) and express 

contractile proteins such as actin, myosin and elastic myofilaments to assemble the 

sarcomeres. Progressively, the single-nucleated myotubes fuse with nearby myocytes 

and further mature, producing multinucleated contractile myofibers (Chal and Pourquié, 

2017). These myofibers express different types of MyHc, generating the physiologically 

distinct slow-twitch Type I and fast-twitch Type II fibers.  

Wnt glycoproteins constitute a family of secreted molecules, which are able to 

trigger different signaling pathways to exert their biological effects. The canonical or 

Wnt/β-Catenin pathway is the best known Wnt pathway and has β-Catenin as its central 

component. In the absence of Wnts, β-Catenin is targeted for phosphorylation and is 
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degraded by a destruction complex composed of Axin, Adenomatous Polyposis Coli 

(APC), Casein Kinase I (CKI) and Glycogen Synthase Kinase 3β (GSK3β). However, this 

process is interrupted when Wnt ligands reach target cells and bind to the Frizzled (Fzd) 

receptors and the Low-density lipoprotein receptor-related proteins 5/6 (LRP5/6) co-

receptors: the Wnt-Fzd interaction activates Dishevelled (Dvl), which blocks the activity 

of the β-Catenin destruction complex. This allows β-Catenin to accumulate and be 

translocated to the nucleus, where it interacts with the Lymphoid Enhancer Factor (LEF) 

and T-cell Factor (TCF) transcription factors to activate specific Wnt target genes. Wnts 

can also activate non-canonical pathways, which are β-Catenin-independent but still 

require Wnt-Fzd interaction as well as the transduction activity of Dvl. Among these 

pathways are the Planar Cell Polarity (Wnt/PCP) and the calcium-dependent (Wnt/Ca2+) 

pathways (Girardi and Le Grand, 2018). The Wnt/PCP pathway has the Rho and Rac 

small GTPases as central participants, which promote Rho-associated protein kinase 

(ROCK) or c-Jun N-terminal kinases (JNKs) activation, leading to changes in cell 

adhesion/motility or tissue polarity (Girardi and Le Grand, 2018). The Wnt/Ca2+ pathway 

involves the activation of phospholipase C (PLC) and increase of intracellular calcium 

(Ca2+) levels, activating PKC (Protein Kinase C) or CamKII (Calcium-Calmodulin-

Dependent Kinase II) and CN (Calcineurin). Once activated, the Wnt/Ca2+ pathway 

promotes changes in cell fate, migration or tissue polarity (Girardi and Le Grand, 2018; 

von Maltzahn et al., 2012a).   

Both Wnt/β-Catenin and non-canonical Wnt pathways are known to regulate 

several processes of skeletal myogenesis. During embryonic myogenesis, Wnts are 

secreted by the dorsal neural tube (Wnt1, Wnt3a and Wnt4) and surface ectoderm (Wnt7a 
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and Wnt6), coordinating the spatial-temporal expression of Pax3/7 as well as that of the 

MRFs (Otto et al., 2006; Tajbakhsh et al., 1998; Yu et al., 2013). Besides coordinating 

gene transcription, Wnt canonical signaling is required for the somite to generate the 

dermomyotome and myotome as well as for the delamination of progenitor cells that 

migrate into the limb to compose the appendicular muscles (Hutcheson et al., 2009). 

Within the myotomes, the non-canonical Wnt/PCP pathway mediated by Wnt11 is 

required for the proper orientation and elongation of myocytes (Gros et al., 2009). During 

fetal myogenesis, the Wnt/β-Catenin pathway modulates skeletal muscle mass 

deposition as well as fiber type specification, which requires both canonical and Wnt/Ca2+ 

signaling (Chin et al., 1998; Kuroda et al., 2013). In addition, non-canonical Wnt signaling 

is necessary during fetal myogenesis for the clustering of acetylcholine receptors in the 

center of muscle fibers during the establishment of the neuromuscular junctions (Kuroda 

et al., 2013). In adult myogenesis, the Wnt/PCP pathway triggered by Wnt7a first acts to 

stimulate symmetric cell division of muscle stem cells to expand the precursor cell pool. 

Thereafter, canonical Wnt signaling is elevated, promoting myoblast differentiation and 

cell cycle withdrawal (Le Grand et al., 2009). Thereafter, Wnt7a stimulates the Wnt/PCP 

pathway again, promoting myocyte fusion (Lacour et al., 2017). Furthermore, excessive 

Wnt/β-Catenin signaling was shown to promote fibrosis in aged muscle (Brack et al., 

2007). 

Dact1 (aka Dapper1 and Frodo1) is a Dvl binding protein that modulates the Wnt/β-

Catenin and Wnt/PCP signaling pathways (Cheyette et al., 2002). This protein acts as a 

context-dependent regulator of the Wnt/β-Catenin pathway that can both inhibit and 

activate this pathway, depending on its phosphorylation status (Cheyette et al., 2002; 
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Gao et al., 2008; Gloy et al., 2002; Teran et al., 2009). Concerning the Wnt/PCP pathway, 

Dact1 acts with Dvl2 and SEC14-like and spectrin-type domains 1 (Sestd1) protein to 

control the trafficking and post-transcriptional modifications of VANGL planar cell polarity 

protein 2 (Vangl2), a transmembrane molecule that plays a crucial role in this pathway 

(Suriben et al., 2009; Yang et al., 2013). Possibly due to its ability to balance signaling 

levels of different Wnt pathways, Dact1 participates in several processes during 

development, including gastrulation, morphogenetic movements, somitogenesis, 

notochord and head development, and heart formation (Brott and Sokol, 2005; Cheyette 

et al., 2002; Hikasa and Sokol, 2004; Suriben et al., 2006). Accordingly, a series of 

posterior malformations occur in mice mutant for Dact1, which are related to increased 

activity of the PCP protein Vangl2 in the posterior primitive streak (Suriben et al., 2009; 

Wen et al., 2010). In addition, mutations in human Dact1 gene have been associated to 

neural tube defects (Shi et al., 2012) and to the Townes-Brocks syndrome (Webb et al., 

2017), while changes in Dact1 transcriptional activity are related to several types of 

cancer (Li et al., 2017; Yin et al., 2013; Yuan et al., 2012). 

Previous studies have shown that Dact1 is expressed in the presomitic mesoderm 

of mouse embryos, in phase with the Wnt inhibitor Axin2 (Suriben et al., 2006). This 

expression occurs just before the activation of Pax7 in the newly formed somites. In 

addition, Dact1 is expressed in the central dermomyotome of chicken embryos (Alvares 

et al., 2009), a region that is known to generate a population of stem cells that gives rise 

to fetal myoblasts as well as to adult satellite cells (Gros et al., 2005). Despite these 

studies inferring that Dact1 might be involved in skeletal muscle development, the 

expression profile of Dact1 during myogenesis has not been established. Therefore, in 
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this work we characterized Dact1 mRNA and protein expression in fetal chicken and 

mouse muscle in vivo and in two well established in vitro systems of myogenesis: primary 

cultures of chick myoblasts (Hirst and Marcelle, 2015; Mermelstein et al., 2007) and 

cultures of C2C12 murine myoblasts, a cell lineage derived from adult satellite cells (Yaffe 

and Saxel, 1977). We also compared Dact1 gene expression levels between healthy and 

diseased human muscle using the Gene Expression Omnibus (GEO) datasets. Finally, 

because we detected a curious, punctate accumulation of Dact1 protein in the nuclei of 

myogenic cells resembling supramolecular assemblies or membrane-less organelles that 

result from intrinsically disordered regions (IDRs) driving liquid-liquid phase separation 

(Boeynaems et al., 2018), we used various mathematical algorithms to test for these 

features in silico. 

Our study for the first time revealed the expression of Dact1 mRNA and protein in 

fetal muscles and during in vitro skeletal myogenesis of chicken and mouse. Moreover, 

we found deregulated Dact1 expression in specific human muscle diseases. In addition, 

we found that, similar to other proteins involved in controlling Wnt signaling (Xue et al., 

2012), the Dact1 protein contains long IDRs and has a strong propensity to undergo 

liquid-liquid phase separation, a feature that can explain the ability of Dact1 to form 

nuclear aggregates in myogenic cells.  
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Materials and Methods 

Animal Procedures 

Fertilized eggs from the Yamaguishi Organic Farm - Brazil were incubated at 

38.5°C in a humidified atmosphere to obtain the 11-day-old (E11) chicken embryos used 

in this work. The procedures used for embryos harvesting and euthanasia were evaluated 

by the Ethics Committee for Animal Care and Use in Scientific Research from the 

University of Campinas (CEUA/UNICAMP) and received the approval number: 4236-1. 

C57BL/6 mice for breeding were obtained at the Multidisciplinary Center for Biological 

Investigation on Laboratory Animal Science (CEMIB/UNICAMP). The procedures for 

animals’ care, mating and euthanasia of pregnant females for collection of E14.5 mouse 

embryos were evaluated by the CEUA/UNICAMP and received the approval number 

3780-1. 

Primary Culture of Chicken Embryonic Myoblasts 

Primary cultures of myogenic cells were prepared from breast muscles of E11 

chick embryos. The protocol used was adapted from (Mermelstein et al., 2007), with the 

following modification: the suspension of cells isolated from tissue was pre-plated in 100 

mm diameter culture dish for 25 min in order to reduce the amount of fibroblasts that are 

co-isolated with myoblasts. Cells were grown under a humidified 5% CO2 atmosphere at 

37°C and fed daily with fresh culture medium (Minimum Essential Medium Eagle with the 

addition of 10% horse serum, 0.05% chick embryo extract, 1% L-glutamine and 100 

IU/mL penicillin and 100 μg/mL streptomycin).  
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C2C12 Culture  

 C2C12 cells were cultured on poly-D-lysine (Sigma-Aldrich)-coated coverslips in 

Dulbecco’s modified Eagle High Glucose Medium (DMEM) containing 10% fetal bovine 

serum (FBS), 100 IU/mL penicillin and 100 μg/mL streptomycin in a humidified 5% CO2 

atmosphere. To induce differentiation, C2C12 cells were grown to sub-confluence and 

then shifted to medium containing 2% horse serum. Harvesting of C2C12 cells was done 

during proliferation and days 0 (first day of differentiation induction), 3 and 5. All cell 

culture reagents were purchased from Thermo Fisher Scientific.  

 

Histological Preparations and Microscopy 

 Small fragments of muscle were dissected from E11 chicken embryos (breast) or 

E14.5 mouse embryos (gastrocnemius). Samples fixation was carried out in 4% 

paraformaldehyde overnight at 4 °C. Tissue processing was performed according to 

standard histological procedures (Castelucci et al., 2018) prior to embedding either in 

paraffin (Paraplast-Sigma) or historesin (Leica Microsystems, Germany). Ticker (7 μm) 

or thinner (3 μm) sections were prepared for in situ hybridization (ISH) or staining with 

Giemsa, respectively. Stained sections were analyzed and documented under a Nikon 

Eclipse E800 microscope (Nikon Corporation, Japan).  

 

In situ Hybridization 

 ISH on paraffin sections (7 μm) of E11 chicken breast muscle was carried out as 

previously described (Sensiate et al., 2014). Antisense RNA probes for chicken Dact1 

and Myogenin are those described in (Alvares et al., 2009) and (Berti et al., 2015), 
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respectively. Sections were analyzed and photographed under a Nikon Eclipse E800 

microscope on 100x lens (Nikon Corporation).  

Immunofluorescence in Fetal Muscle Tissue 

Immunofluorescences were carried out in E11 chicken breast muscle (8 μm 

cryosections) and mouse E14.5 gastrocnemius muscle (7 μm paraffin sections). After 

deparaffinization, the same protocol was used for chicken and mouse samples as follows. 

The slides were incubated with blocking buffer solution (1% BSA, 0.1% Triton-X 100, 50 

mM Glycine and 0.1 M PBS) for 30 min at room temperature and then with the primary 

antibodies (Dact1, dilution 1:300, ab51260 Abcam®; Desmin, dilution 1:300, D93F5 XP®

Cell Signaling technology) at 4°C overnight. As negative control of reactions, the 

incubation step with the primary antibody was omitted. After washing, sections were 

incubated with the secondary antibody conjugated with Alexa Fluor® 488 (dilution 1:400, 

ab150077 Abcam®). Nuclei were stained using DAPI (dilution 1:1000, sc-3598, Santa 

Cruz) and mounted with VECTASHIELD mounting medium (Vector Labs).  Sections were 

observed and photographed using a Leica DM5500B fluorescence microscope on 20x 

and 40x lenses.  

Immunofluorescence in Cells 

Primary chick myoblast and C2C12 cells on coverslips were fixed in 100% acetone 

on ice. The immunofluorescence protocol and Dact1 and Desmin antibodies used in these 

experiments were the same described above. In addition, we used the β-Catenin antibody 

C-18 (dilution 1:300, sc-1496, Santa Cruz) to perform the immunofluorescence assays in
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primary chick myoblasts. Cells were mounted with VECTASHIELD mounting medium 

(Vector Labs) and observed using a Laser Confocal Microscope LSM 780-NLO (Carl 

Zeiss, Germany) or Leica DM5500B.  

 

Imaging 

 All image processing was carried out with ImageJ 

(http://rsbweb.nih.gov/ij/download.html) and Adobe Photoshop software.  

 

Quantitative PCR (qRT-PCR) 

 Gene expression levels of Dact1, Myogenin, and Myomaker were analyzed in 

chick myoblasts and C2C12 cells. Total RNA was extracted using TRIzol Reagent 

(Invitrogen), and cDNAs were synthesized using RevertAid H Minus First Strand cDNA 

Synthesis kit (Fermentas), according to manufacturer's instructions. qRT-PCR reactions 

were carried out using SYBR Green (Applied Biosystems) in an Applied Biosystems 7300 

thermocycler. Gene-specific primers (Invitrogen) are presented in Table 1. The 18S rRNA 

and GAPDH were used as housekeeping genes for chick myoblasts and C2C12 cells, 

respectively. The mathematical model 2ˆ-ΔΔCt was used to quantify gene expression, 

considering day 1 (chick myoblasts) and proliferation (C2C12) as reference. To validate 

the real-time PCR assays, efficiency and dissociation curves were determined for each 

gene, and cDNA concentration and primer adjustments were performed. Three 

independent experiments were performed, and measurements of gene expression levels 

were determined using technical duplicates.  

 

http://rsbweb.nih.gov/ij/download.html
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Statistical Analyses 

 Dact1, Myogenin and Myomaker gene expression analyses over time were done 

by ANOVA for repeated measures followed by Tukey's post-test. GraphPad Prism 5.0 

(LLC, San Diego, CA, USA) was used for statistical calculations and graph design. 

Statistical significance was defined as p <0.05 (*), p <0.01 (**), and p<0.001 (***). Data 

were presented as means ± standard error of the mean SEM (N=3). 

 

Analysis of Dact1 mRNA Expression in Human Skeletal Muscle  

 Genotype-Tissue Expression (GTEx) Portal (https://www.gtexportal.org/) was 

used to determine Dact1 gene expression levels in non-disease human skeletal muscle 

samples (dbGaP accession number phs000424.vN. on 05/01/2019). For mRNA-level 

quantifications, read counts and TPM values were produced with RNA-SeQC v1.1.8 

(DeLuca et al., 2012).  

 

GeoProfiles Analysis 

 The shinyGEO application was used to analyze Dact1 gene expression in the 

Omnibus dataset GSE3307, containing Affymetrix mRNA profiles from human patient 

muscle biopsies using HG-U133A microarrays (Bakay et al., 2006; Dumas et al., 2016). 

p-values were calculated using a two-sample t-test for differential expression. Statistical 

significance was defined as p <0.05. 

 

https://www.gtexportal.org/
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Bioinformatics Analysis of Dact1 protein structure 

 The sequences used for bioinformatic predictions were Human (Uniprot ID 

Q9NYF0); Mouse (Uniprot ID Q8R4A3) and Chick (Uniprot ID Q1G7H4). The presence 

of intrinsically disordered regions in the Dact1 protein was investigated by the following 

disorder predictors: PONDR-FIT (Predictor of Intrinsically Disordered Amino Acids) (Xue 

et al., 2010), PONDR-VLXT (Romero et al., 2001), IUPred-long (long regions of intrinsic 

disorder) and IUPred-short (short regions of intrinsic disorder) (Dosztanyi, 2018), 

PONDR-VSL2 and PONDR-VL3 (Peng et al., 2005), and PrDOS (Ishida and Kinoshita, 

2007). PONDR-FIT is available at http://original.disprot.org/pondr-fit.php; PONDR-VLXT, 

PONDR-VL3, and PONDR-VSL2 at http://www.pondr.com/; IUPred2-long disorder and 

IUPred2-short disorder at https://iupred2a.elte.hu/plotand and PrDOS at 

http://prdos.hgc.jp/cgi-bin/top.cgi. The average disorder profile was obtained by 

calculating the mean of disorder reports from the seven computational tools. A score > 

0.5 refers to amino acid residues in disordered regions whereas scores from 0.2 to 0.5 

indicate residues in flexible segments. CIDER (Classification of Intrinsically               

Disordered Ensemble Regions) server (http://pappulab.wustl.edu/CIDER/analysis/) 

generated the plot of net charge along primary sequence, the sliding                                      

window size was 5 (Holehouse et al., 2017). CatGRANULE algorithm 

(http://s.tartaglialab.com/new_submission/catGRANULES) predicted liquid-liquid phase 

separation based on the following features: primary sequence composition, structural 

disorder and nucleic acid binding propensities (Bolognesi et al., 2016). Controls proteins 

for catGRANULE analyses were hNPM1 (Uniprot ID P06748), hTau40 (Uniprot ID 

P10636-6), hAlb (Uniprot ID P02768) and hSmac/Diablo (Uniprot ID Q9NR28). 

http://original.disprot.org/pondr-fit.php
http://www.pondr.com/
https://iupred2a.elte.hu/plotand
http://prdos.hgc.jp/cgi-bin/top.cgi
http://pappulab.wustl.edu/CIDER/analysis/
http://s.tartaglialab.com/new_submission/catGRANULES
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Results 

Dact1 expression in fetal breast muscle of chicken 

This study aimed at establishing whether Dact1 is expressed during myogenesis, 

and hence may be a candidate regulator of Wnt-induced aspects of muscle cell behavior. 

We started by investigating Dact1 expression in fetal chicken breast muscle at day 11 of 

development (E11), using in situ hybridization (ISH) and immunofluorescence (IF). 

Morphological analysis of this tissue was also performed for comparisons. Since the 

developing breast muscle is composed by different cell types, we in the ISH assays used 

Myogenin as an established molecular marker. We choose this marker because it is 

specifically expressed in the nuclei of myogenic cells entering terminal differentiation 

(Zammit, 2017). Desmin, an intermediate filament protein that is found only in muscle and 

endothelial cells (Capetanaki et al., 1997), was used as a marker for skeletal muscle 

differentiation in the IF assays.  

Our analyses revealed that at E11, fetal chicken breast muscle is composed mainly 

of myotubes surrounded by fibroblast-like cells (Fig. 1A), which are myoblasts, myocytes 

or muscle fibroblasts (Yablonka-Reuveni et al., 1988). Cells juxtaposed to the myotubes 

probably are myocytes (Fig. 1A, arrow), which approach the myotubes to fuse into them 

to generate multinucleated myofibers. Dact1 mRNA was identified both in the myotubes 

(Fig. 1B, asterisk) and in the cells surrounding them (Fig. 1B, arrow) in the chicken 

developing fetal muscle. Myogenin transcripts were detected mainly in the nuclei of 

myotubes (Fig. 1C, arrowhead). Dact1 protein showed the same distribution observed for 

Dact1 transcripts, being found both in myotubes and in cells adjacent to them (Fig. 1D, 

asterisk and arrow, respectively). Desmin was specifically expressed in the developing 



16 

myotubes (Fig. 1E). These results support the idea that Dact1 participates in fetal 

myogenesis. 

Dact1 expression during in vitro differentiation of chick primary myoblasts

To further elucidate Dact1 expression profiles during chicken myogenesis, we 

quantified its mRNA expression levels and established its protein distribution during the 

five days of differentiation (D1 to D5) of primary myoblasts in culture. Besides Dact1, 

Myogenin and Myomaker mRNA levels were also determined by qRT-PCR as markers 

for differentiation and myocyte-myotube fusion (Millay et al., 2013), respectively.  Along 

Dact1 and Desmin, we also evaluated β-Catenin cellular distribution by IF during 

myogenesis as an indicator of the Wnt canonical signaling activity.  

Our results revealed that Dact1 gene expression increases progressively 

throughout myogenesis, reaching higher levels at D4 of culture differentiation (Fig. 2A). 

This elevation of Dact1 expression begins when Myogenin reaches its highest level at 

D4, thus coinciding with the onset of terminal myogenic differentiation. However, while 

Myogenin expression drops rapidly, Dact1 expression remains elevated until D5 (Fig. 2A). 

Myomaker gene expression was upregulated at D3, revealing that the highest fusion 

activity of myoblasts occurs at this time in culture, one day before Dact1 upregulation 

(Fig. 2A). 

Regarding Dact1 protein, a subtle immunolabeling was observed in the myogenic 

cells from D1 to D3 (Fig. 2B). In these cells, Dact1 protein was found in the cytoplasm 

(Fig. 2B, red arrowheads) but also in the nuclei as punctate spots (Fig. 2B, white 

arrowheads). At the late stages of myogenic differentiation (D4 to D5), it was possible to 



17 

 

observe that the cytoplasmic distribution of Dact1 changes, with this protein gradually 

assuming the highly organized and striated arrangement of sarcomeres (Fig. 2B, red 

arrow). Besides this cytoplasmic pattern, Dact1 forms conspicuous aggregates in the 

nuclei of myofibers (Fig. 2B, D5, white arrowhead and inset).  

Similar to Dact1, β-Catenin was also expressed throughout myogenesis (Fig. 3).  

However, while from D1 to D3 this protein was mostly localized in the cytoplasm (Fig. 3, 

red arrowheads), between D4 and D5 β-Catenin was translocated to the nuclei of 

myotubes (Fig. 3, D5, white arrowhead), besides being observed in the plasma 

membrane (Fig. 3, yellow arrowheads). The translocation of β-Catenin to the nuclear 

compartment indicates that the Wnt canonical pathway is activated from D4, 

concomitantly with the elevation of Dact1 expression and with the broad distribution of 

this protein in myotubes and myofibers. This suggests that Dact1 may have a positive 

effect on Wnt signal transduction. 

 

Dact1 expression during mouse skeletal myogenesis 

After determining that Dact1 gene and protein are expressed during chicken in vivo 

and in vitro myogenesis, we set out to investigate whether this molecule also participates 

in the skeletal myogenesis of mouse. For that, we used the murine C2C12 myoblast cell 

line as a model system to track Dact1 gene expression and protein distribution from 

proliferation to different days post-induction of differentiation (D0, D3 and D5). In addition, 

IF was carried out in the E14.5 gastrocnemius muscle. This day was chosen because in 

mouse the embryonic myogenesis finishes at E13.5, and at E14.5 fetal myogenesis is 

ongoing (Chal and Pourquié, 2017; Zammit et al., 2008), akin to E11 chicken.  
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Our qRT-PCR results showed that Dact1 gene expression levels increased 

progressively during C2C12 differentiation (Fig. 4A), reaching highly elevated levels at 

D3. Myogenin and Myomaker were also both upregulated from D3 onwards, indicating 

that differentiation and fusion of myocytes to the forming myotubes occur with greater 

intensity from this day on. Since Dact1 upregulation was observed concomitantly with the 

induction of these molecular markers, we conclude that higher levels of Dact1 gene 

expression are associated with the late steps of mouse myogenesis, similar to what was 

found in the chicken.  

In the Dact1 IFs, we observed that during proliferation, this protein is diffusely 

distributed over the cytoplasm (Fig. 4B, red arrowheads) and nuclei of myoblasts.  As 

differentiation progresses (D0-D5, Fig.4B), Dact1 maintains its dispersed distribution 

throughout the cytoplasm while progressively accumulates in the nuclei (Fig. 4B, D5, 

white arrowhead). In the nucleus, Dact1 distribution is broad but more intense in regions 

that overlap with higher-order chromatin structure (Fig. 4B, inset in D5), evidenced by 

DAPI as large fluorescent dots. These dots are known as chromocenters and correspond 

to heterochromatin foci that, during myogenic differentiation, cluster together to promote 

the expression of muscle-specific genes, as the global chromatin reorganizes itself (Brero 

et al., 2005). In regard to the cytoplasmic Dact1, we found that this protein does not 

display the striated pattern in the myofibers generated by the differentiation of C2C12 

cells, as observed in the chicken myofibers derived from primary myoblasts. In the mouse 

E14.5 gastrocnemius (Fig. 4C), Dact1 is evenly distributed in the developing muscle 

tissue, showing that in mammals this protein also participates in the fetal myogenesis, as 

observed in chicken. 
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Dact1 mRNA expression in human myopathies 

After identifying that Dact1 is expressed during chicken and mouse myogenesis, 

we sought to investigate whether this gene is expressed in human skeletal muscle. This 

was done by analyzing the gene expression database available on Genotype-Tissue 

Expression (GTEx) Portal. Furthermore, we investigated whether the expression of this 

gene was altered in dystrophies and other muscle diseases in human patients. For that, 

differential expression analysis was performed in the GSE3307 series, which contains 

expression profiles by microarray for 12 different muscle diseases (HG-U133A array) 

obtained from Children's National Medical Center (Bakay et al., 2006), totalizing 121 

human samples. These analyses were done using shinyGEO, a web-based application 

for analyzing gene expression omnibus datasets (Dumas et al., 2016). Details over the 

sample groups and Dact1 differential expression data were presented in Table 2. 

Dact1 expression in human skeletal muscle was confirmed by data source GTEx 

Analysis Release V7 (dBGap Accession phs000424.v7. p2), presenting low levels of 

Transcripts Per Million (TPM=1.020) from non-diseased skeletal muscle samples. 

Regarding the analysis of Dact1 expression in human myopathies, we found that this 

gene is up-regulated in patients with Duchenne Muscular Dystrophy (DMD, OMIM 

#310200) compared to normal muscle samples (Table 2) with a 1.73-fold-change (FC) 

(P = 0.001). In addition, samples from patients with Limb-Girdle Muscular Dystrophy type 

2A (LGMD-2A, OMIM #253600) display Dact1 up-regulation (FC=1.45, P=0.017). On the 

other hand, in Acute Quadriplegic Myopathy (AQM) muscle biopsies, Dact1 is 

downregulated when compared to control samples (FC=0.77, P=0.018). The analysis of 
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Dact1 in the other nine muscle diseases in this array showed no significant differences in 

gene expression profiles.  

To assess whether the modulation of Dact1 mRNA levels detected in DMD, LGMD-

2A and AQM is accompanied by changes in Wnt/β-Catenin and Wnt/PCP signaling, we 

expanded the shinyGEO analyses to include genes that encode Dact1 direct binding 

partners, targets of the Wnt/β-Catenin signaling and molecules involved in the control of 

Wnt/PCP signaling.  The MRFs MyoD and Myogenin were also evaluated to identify which 

phase of the reparative myogenesis (proliferation or differentiation) is prevalent in the 

muscle biopsies analyzed. The complete list of genes, fold-changes and significance 

levels are presented in Supplementary Table 1.  

Our results indicate an increase in the activity of Wnt/β-Catenin signaling in DMD, 

LGMD-2A and AQM, given that mRNAs for Ctnnb1, the gene that encodes β-Catenin, as 

well as those of the Wnt target genes Cyclin-D1 and Follistatin (Han et al., 2014; Shtutman 

et al., 1999) were both increased in comparison to control muscle biopsies. This elevation 

of Wnt/β-Catenin signaling seems to be Dvl-independent, since mRNA levels of the genes 

encoding different Dvl proteins were either reduced (Dvl1) or do not change significantly 

(Dvl2 and Dvl3). Therefore, our results did not allow us to establish a clear link between 

Dact1 and the observed changes in Wnt/β-Catenin signaling. In addition, our results 

revealed that mRNAs for HDAC1, a nuclear partner of Dact1 that also associates with β-

Catenin (Billin et al., 2000), was upregulated in all three myopathies. Also, lower levels of 

Wnt/PCP signaling seem to occur in DMD and AQM, since Wnt7a and/or Fzd7 mRNAs 

are significantly reduced. Myogenin transcript levels were elevated in DMD and AQM, but 

not in LGMD-2A, while MyoD expression did not differ in comparison to controls. 
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Bioinformatic tests for Dact1 protein organization and its phase-separation 

propensity 

Our study revealed a curious, punctate accumulation of Dact1 protein in the nuclei 

of myogenic cells, mainly at the late stages of differentiation. The accumulation of proteins 

and other biomolecules as condensates, also known as supramolecular assemblies or 

membrane-less organelles, has been observed in a variety of systems including the 

nucleoli in the nucleus or the centriole in the cytoplasm (Boeynaems et al., 2018). Studies 

on the P-bodies in C. elegans revealed that these condensates form via phase separation 

of a dense and a dilute liquid phase of the molecules involved (Boeynaems et al., 2018; 

Brangwynne et al., 2009). The phase transition is driven by the multivalency of adhesive 

domains or motifs, with multivalency often being achieved through intrinsically disordered 

regions (IDRs) that can serve as scaffolds for multiple motifs (Boeynaems et al., 2018). 

Dact proteins have been shown to be multi-motif proteins (Schubert et al., 2014), but the 

presence of IDRs that may facilitate phase-transition and condensate formation has not 

been investigated. We therefore used the PONDR-FIT algorithm (Xue et al., 2010) to 

determine the likelihood of primary disorder in human, mouse and chicken Dact1. Our 

analysis identified long, conserved IDRs in all three proteins, with human Dact1 predicted 

to have 72% of amino acids located within natively unfolded segments (score > 0.5), 

followed by 66% for mouse and 65% for chicken Dact1 (Fig. 5A). IDRs cover most of the 

Dact1 conserved motifs (Schubert et al. 2014), apart from those located in the regions 

involved in the interaction of Dact1 with Lef1 and Vangl2 (Gao et al., 2008; Suriben et al., 

2009). To obtain additional support for the intrinsically disordered structure of Dact1, 
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human Dact1 was analyzed using six further disorder predictors (Dosztanyi et al., 2005; 

Ishida and Kinoshita, 2007; Peng et al., 2006; Peng et al., 2005; Romero et al., 2001). 

These predictors all produced highly similar disorder profiles (Fig.5B), and the mean 

average disorder profile (Fig. 5B, black curve) confirmed that Dact1 largely consists of 

disordered regions with the majority of amino acids scoring between 1.0 and 0.5 which 

denotes flexible regions. 

Typically, IDRs are characterized by a high propensity of charged amino acids in 

conjunction with few hydrophobic residues, which allows the domains to adopt a random 

coil or globular conformation depending on the net charge (Das et al., 2015). We used 

the CIDER (Holehouse et al., 2017) algorithm to test whether this is also the case for 

Dact1. Indeed, human Dact1 contains well-mixed positive and negative amino acids (Fig. 

5C). Moreover, based on sequence similarity by BLAST alignment tool, Dact1 was shown 

to contain a coiled-coil domain (residues 92-156), which was predicted by MULTICOIL 

server (Wolf et al., 1997). 

The structural features of Dact1 infer that the protein may be able to form higher 

order assemblies through liquid-liquid phase separation. To test whether this is indeed 

the case, we subjected the human protein to the catGRANULE algorithm (Bolognesi et 

al., 2016). As positive control, we used human NPM1 and human Tau40, two proteins 

known for their high propensity to phase-separate (Mitrea et al., 2018b; Wegmann et al., 

2018). Dvl1, Dvl2 and β-Catenin were evaluated, given that these proteins are Dact1 

binding partners that also present IDRs (Harnoš et al., 2019; Xue et al., 2012). As 

negative control, we used human Albumin (hp75) and human Smac, which represent well-

structured globular proteins and as reported to date, do not phase-separate (Mastrangelo 
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et al., 2015; Wegmann et al., 2018). Our analysis revealed a strong tendency for chicken, 

human and mouse Dact1 to undergo liquid-liquid phase separation. Scores for these 

proteins range between 1.405 and 0.977, higher than the score for hNPM1 and lower 

than the score for hTau40 (Fig. 5D). The scores for Dvl1 and β-Catenin are 0.682 and 

0.332 (scores > 0), respectively, confirming that these proteins are likely to phase-

separate. In contrast, Dvl2 was not predicted to undergo liquid-liquid phase separation 

(score < 0). hp75 and hSmac proteins, as expected, displayed negative scores (Fig. 5D).  

 

Discussion 

Wnt signaling controls embryonic, fetal and adult myogenesis, including precursor 

cell proliferation, differentiation, fusion and fiber type specification, with Wnt/β-Catenin 

and Wnt/PCP signaling exhibiting distinct, context-dependent and at times antagonistic 

roles at each stage of development and each step of myogenesis (Lacour et al., 2017). 

Since Dact1 can regulate both, Wnt/β-Catenin and Wnt/PCP signal transduction 

(Cheyette et al., 2002; Gao et al., 2008; Gloy et al., 2002; Suriben et al., 2009; Teran et 

al., 2009), we wondered whether the gene could play a role in myogenesis. As a prelude 

to functional studies, we investigated Dact1 mRNA and protein expression in fetal 

muscles as well as during skeletal myogenesis using in vitro culture systems for both 

chicken primary and murine C2C12 myoblasts. In addition, we investigated expression 

databases for the expression of Dact1 in healthy and diseased adult human muscle. 

Finally, we in silico analyzed the structure of Dact1 proteins to unravel the reason for the 

aggregation of the protein we observed in the nuclei of myogenic cells. Our work clearly 

correlates Dact1 expression with the terminal differentiation of muscle and with ongoing 
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Wnt signal transduction. Dact1 expression is altered in a number of muscular dystrophies 

and, owing to the protein mainly consisting of Intrinsically Disordered Domains (IDRs), it 

is able to partake in liquid-liquid phase transitions and the formation of supramolecular 

assemblies, also known as membrane-less organelles. 

 

The Wnt modulator Dact1 is expressed during amniote fetal myogenesis, with 

upregulated expression during late differentiation steps 

Comparatively analyzing Dact1 expression in chicken and mouse fetal muscle in 

vivo and in fetal and C2C12 myogenesis in vitro, we consistently detected mRNA and 

protein in myoblasts, myocytes, myotubes and myofibers. In both chicken and mouse, 

Dact1 protein was present in the cytoplasm and in the nuclei of myogenic cells, 

suggesting an involvement in numerous, but conserved aspects of amniote muscle cell 

behavior. Notably, Dact1 mRNA and protein were specifically upregulated during late 

phases of muscle cell differentiation, concomitant with the upregulation of Myogenin and 

Myomaker and the formation of multinucleated myotubes, slightly preceding the nuclear 

accumulation of β-Catenin. The finding is novel as previous studies only showed Dact1 

expression in undifferentiated mesoderm before the onset of myogenesis (Alvares et al., 

2009; Suriben et al., 2006), and it suggests possible roles for Dact1 in terminal 

differentiation and cell fusion. 

Recent studies showed that at the steps during myogenesis when Dact1 

expression is upregulated, Wnt/β-Catenin activity drives the myoblast-myocyte transition 

but inhibits cell fusion, working in an antagonism with Wnt7a-Fzd7 which promoted 

myocyte fusion (Girardi and Le Grand, 2018; Hutcheson et al., 2009; Kuroda et al., 2013; 
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Lacour et al., 2017). Moreover, Wnt/β-Catenin stimulated the expression of Bmp signaling 

molecules which promoted the establishment of a slow muscle fiber type (Anakwe et al., 

2003; Kuroda et al., 2013; Takata et al., 2007). Both the Wnt/β-Catenin and the Wnt/PCP 

pathways are controlled in the cytoplasm, mainly at the level of Dvl (Gao and Chen, 2010). 

Moreover, Wnt/β-Catenin signaling is controlled in the nucleus where Tcf-Lef/β-Catenin 

can activate or repress target genes (Gan et al., 2008). Given that we detected Dact1 

protein both in the cytoplasm and in the nuclei of myogenic cells, and given that studies 

in other cell systems showed nuclear-cytoplasmatic shuttling of Dact1 (Gao et al., 2008), 

Dact1 may play a role in all of these processes. 

Our observation that Dact1 expression increases prior to nuclear β-Catenin 

accumulation seems to hint that Dact1 may positively regulate Wnt/β-Catenin-mediated 

muscle differentiation. It is worth remembering, however, that Dact1 can fine-tune the 

balance between Wnt signaling cascades because it can activate and repress these 

pathways. In its Wnt inhibitory state, cytoplasmatic Dact1 can promote Dvl ubiquitination 

and autophagic degradation (Ma et al., 2015). Accordingly, the ablation of Dact1 in mice 

mutant for the Islr (immunoglobulin superfamily containing leucine-rich repeat) gene, 

which encodes a protein that interacts and protects Dvl from autophagy, recovers the 

impaired differentiation phenotype shown by the Islr mutants during reparative 

myogenesis (Zhang et al., 2018). Nuclear Dact1 may also block Wnt/β-Catenin signal 

transduction by disrupting the interaction between β-Catenin and LEF1, acting to further 

reduce Wnt-dependent gene activity (Gao et al., 2008). Cytoplasmatic Dact1 is converted 

into an activator of Wnt/β-Catenin signaling when phosphorylated by the casein kinase 

Iδ/ε (CKIδ/ε), which promotes its dissociation from Dvl, causing an increase in Wnt/β-
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Catenin signaling (Teran et al., 2009). In addition, Dact1 may further promote canonical 

Wnt signaling by stabilizing p120-Catenin, allowing this protein to sequester the 

transcriptional inhibitor Kaiso from promoters of Wnt target genes, increasing Wnt-

mediated transcription (Park et al., 2006). Finally, Dact1 may also contribute to skeletal 

myogenesis through the Wnt/PCP signaling pathway: Dact1 collaborates with Sestd1 to 

control post-translational changes in the Vangl2 protein, a central molecule of the PCP 

pathway (Yang and Cheyette, 2013). Taken together, to establish the function of Dact1 

in skeletal myogenesis, it will be crucial to decipher its molecular interactions at each step 

of the differentiation process. 

 

A role for Dact1 in myofibrillogenesis? 

In addition to the cytoplasmic and nuclear distribution of Dact1 throughout 

myogenesis which may be associated with the modulation of the Wnt signaling pathways, 

we observed a well-organized sarcomeric arrangement of Dact1 protein in chicken 

myofibers in vitro. Yet sarcomere-association was not observed in the murine C2C12 

myofibers. Notably, the chick myoblast primary culture is a more robust in vitro model of 

myogenesis since in this system both myoblasts and fibroblasts are present, reproducing 

an environment that is similar to the in vivo muscle tissue condition. Accordingly, this 

reciprocal interaction between connective tissue fibroblasts and cells of the myogenic 

lineage was shown to regulate both development and repair of skeletal muscle (Mathew 

et al., 2011; Murphy et al., 2011). In contrast, the C2C12 mouse myoblast cell line is a 

pure population of myoblasts that needs serum withdrawal to differentiate (Denes et al., 

2019). Accordingly, C2C12 myofibers usually have between 2-30 nuclei and rarely form 
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sarcomeres, whereas in chick primary myogenic cultures the myofibers formed are much 

larger, display well-striated myofibrils, and can contain hundreds of nuclei in a single 

multinucleated cell (Mermelstein et al., 2007; Possidonio et al., 2014). Having made these 

reservations, it is possible that Dact1 may participate in the myofibrillogenesis during the 

late stages of skeletal myogenesis, at least in chicken. In line with this idea, different 

authors have suggested that Dact1 contributes to cellular cytoskeleton arrangement in 

different contexts, through a mechanism involving cytoplasmic β-Catenin accumulation 

(Hou et al., 2011; Hou et al., 2019). 

 

Dact1 transcription is deregulated in human muscle myopathies 

An important finding of our study was the upregulation of Dact1 gene expression 

in Duchenne Muscular Dystrophy (DMD) and Limb-Girdle Muscular Dystrophy type 2A 

(LGMD-2A) muscle dystrophies, and a downregulation of Dact1 expression in Acute 

Quadriplegic Myopathy (AQM). Given that in muscular dystrophies, muscle goes through 

reiterated cycles of degradation and attempted repair (Pastoret and Sebille, 1993; Sacco 

et al., 2010), the upregulation of Dact1 may simply reflect the ongoing differentiation of 

muscle cells. Yet the characteristic lack of Dystrophin seen in Duchenne Muscular 

Dystrophy patients and in the mdx mouse model is known to be partially compensated by 

Utrophin up-regulation, a structural protein with similarities to Dystrophin and a potential 

clinical target (Fairclough et al., 2013; Hirst et al., 2005). Given that Dact1 has a N-

terminal region similar to the leucine-rich coiled-coil domain of Dystrophin and Utrophin 

(Gloy et al., 2002), it is possible that Dact1 up-regulation in DMD is part of a compensatory 

mechanism in muscle cells to offset the absence of Dystrophin. In LGMD-2A patients, the 
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muscular dystrophy is caused by the absence of Calpain 3 which alters the cleavage of 

substrates and impairs muscle homeostasis, including the balance between muscle 

structural proteins (Richard et al., 1995). Calpain 3 however has multiple roles in skeletal 

muscle and the mechanisms that lead to the dystrophic phenotype are still not fully 

understood (Huang et al., 2008). Therefore, it is currently not possible to postulate a link 

between increased Dact1 expression and the disease. AQM is an acquired myopathy that 

commonly affects bedridden patients and is characterized by severe muscle weakness 

due to the loss of the motor protein myosin and myosin-associated thick filament proteins 

and to alterations in muscle membrane excitability (Larsson et al., 2000). Interestingly, 

muscle wasting in AQM has been associated with the activation of different proteolytic 

pathways (Di Giovanni et al., 2004; Helliwell et al., 1998; Showalter and Engel, 1997). 

Considering that Dact1 is expressed at basal levels in muscle cells, it is possible that the 

enhanced proteolysis affects upstream regulators of Dact1, thus leading to reduction of 

Dact1 expression.  

In parallel to the changes in Dact1 expression identified in DMD, LGMD-2A and 

AQM, our data indicate increased activity of the Wnt/β-Catenin pathway in these 

myopathies. Although this finding does not allow us to establish a direct correlation 

between the levels of Dact1 gene expression and Wnt/β-Catenin signaling, it corroborates 

a previous study in which high levels of Wnt/β-Catenin signaling were observed in DMD 

and other myopathies (Mastrangelo et al., 2015). In turn, the increased HDAC1 

expression identified in DMD, LGMD-2A and AQM muscle samples probably are due to 

the fact that this molecule is involved in muscle atrophy and contractile dysfunction, being 

regulated by FoxO transcription factor and atrophy-related genes (Beharry et al., 2014). 
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Finally, our results indicate reduced levels of Wnt/PCP signaling in DMD and AQM. As 

this pathway is triggered by the Wnt7a ligand and Fzd7 receptor, promoting satellite stem 

cell expansion and enhancing muscle regeneration (Le Grand et al., 2009; von Maltzahn 

et al., 2012b), the reduced activity of this pathway can negatively impact the recovery of 

patients with these myopathies. Importantly, Frz7 and Dact1 recognize the same site in 

the PDZ domain of Dvl1 (Wong et al., 2003) and, therefore, these proteins could compete 

for the binding to Dvl1, which could affect the Wnt/PCP signaling activity.  

The biological significance of these in silico findings need to be tested by functional 

assays, and also in animal models of muscular dystrophies. Yet Dact1 deregulation may 

turn out to be of diagnostic value. 

 

Dact1 is an intrinsically disordered protein with tendency to liquid-liquid phase 

transition 

Our expression analysis revealed a curious, punctate accumulation of Dact1 

protein in the nuclei of myogenic cells, suggesting that this is of general significance. 

Supramolecular assemblies or membrane-less organelles have been observed in a 

variety of systems including the nucleolus, speckles, Cajal bodies, and PML bodies 

(Mitrea et al., 2018a; Razin and Ulianov, 2020). They arise from the ability of proteins with 

expansive intrinsically disorganized domains (IDRs) to undertake a liquid-liquid phase 

transition (Garaizar et al., 2020).  

Bioinformatically analyzing the likely structure of human, mouse and chicken 

Dact1, we found that the disorder profile of the human, mouse and chicken Dact1 proteins 

is very similar, suggesting that IDRs, interspersed with protein motifs that are thought to 
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facilitate the interaction with the various Dact1 partners (Kivimae et al., 2011; Schubert et 

al., 2014) are highly conserved. IDRs are protein regions that lack persistent secondary 

or tertiary structure under native conditions, a feature known to play a crucial role in 

protein-protein interactions (Harnoš et al., 2018). Interestingly, IDRs are found in several 

components of the canonical Wnt pathway, including Axin, CKI-a, GSK-3b, APC, and β-

Catenin (Xue et al., 2012). For instance, Axin uses its long disordered region to assemble 

the various components of the β-Catenin destruction complex into a single complex (Xue 

et al., 2012). In addition, proteins involved in autophagy, as is the case of Dact1 that is 

capable of inducing Dvl autophagy, usually display IDRs (Ma et al., 2015; Popelka, 2020). 

Thus, it is likely that the IDRs are crucial for the versatility of Dact1 to interact with many 

partners in the cytoplasm and nucleus, and to regulate Wnt pathways differently at each 

step of myogenesis. 

Another feature of the Dact1 protein revealed by our study is its high propensity to 

undergo liquid-liquid phase transition. This biochemical process allows to the components 

present in a solution to be separated into two or more phases with distinct physical and 

chemical properties, in such a way that the free diffusion of the phase components is 

prevented (Razin and Ulianov, 2020). Recent studies have shown that liquid-liquid phase 

separation plays an important role in both the functional compartmentalization of the 

nucleus and 3D genome organization (Rada-Iglesias et al., 2018). Therefore, it is possible 

that Dact1 contributes to chromatin high-order organization, delimiting nuclear sub 

compartments, such as those visualize as aggregates in our IF analyzes in myogenic cell.  

During the preparation of this article, Esposito et al. demonstrated that Dact1 forms 

biomolecular condensates through its intrinsically disordered domains, which enable this 
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protein to undergo phase transition to form such condensates (Esposito et al., 2021). 

Deletion of the intrinsically disordered domains were shown to abolish Dact1 ability to 

form cytoplasmic condensates. These authors also discovered that Dact1 condensates 

sequester the protein casein kinase 2, reducing Wnt signaling. Therefore, these findings 

corroborate the bioinformatics predictions made for Dact1 in the present article, 

confirming that Dact1 is an intrinsically disordered protein that undergoes liquid-liquid 

phase separation. As the Dact1 protein condensates observed by us were detected in 

the nuclei of myogenic cells, it will be important to characterize in detail the organization 

of these biomolecular condensates and if, somehow, they may contribute to switch the 

“on-off” states of Wnt signaling in the nuclei of cells via their phase separation property. 

 

Conclusions 

Our study established Dact1 as a candidate regulator of myogenesis in amniote 

muscle development and regeneration. Moreover, Dact1 may be a biomarker for human 

muscle diseases. Our work also revealed that Dact1 has an intrinsically disorganized 

structure that may underpin the versatility of Dact1 in regulating numerous aspects of Wnt 

signaling and may allow the protein to serve as an on-off switch via phase transition. 

Thus, our work has set the stage to decipher the exact molecular role of Dact1 during the 

discrete steps in myogenesis. 
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Tables 

Table 1. Gene-specific primers used in qRT-PCR assays. Gg=Gallus gallus, Mm=Mus 

musculus. 

Species Genbank ID Gene symbol Forward primer Reverse primer 

Gg 

723789 Dact1 5´-GCCCTTTGGAGGCAACACT-3´ 5´-GGTGGACATCTGCAACGACA-3´ 

100861561 RN18s 5´-CGAAAGCATTTGCCAAGAAT-3´ 5´-GGCATCGTTTATGGTCGC-3´ 

374004 MYOG 5´-CGGAGGCTGAAGAAGGTGAA-3´ 5´-CGGTCCTCTGCCTGGTCAT-3´ 

777472 TMEM8C  

(Myomaker) 

5´-TGGGTGTCCCTGATGGC-3´ 5´-CCCGATGGGTCCTGAGTAG-3´ 

Mm 

14433 Gapdh 5´-TGCACCACCAACTGCTTAGC-3´ 5´-GGCATGGACTGTGGTCATGAG-3´ 

59036 

17928 

66139 

Dact1 

MYOG 

TMEM8C  

(Myomaker) 

5´-TGTTTCGTCCGAGTGTCTGG-3´ 

5′-GGCAATGCACTGGAGTTCG-3′ 

5’-ATCGCTACCAAGAGGCGTT-3’ 

5´-ATCAAGGAGCGAGTTGACGG-3´ 

5′-AGCCGCGAGCAAATGATC-3′ 

5’-CACAGCACAGACAAACCAGG-3’ 
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Table 2. Evaluation of Dact1 expression in normal muscle biopsy specimens (Control; 

N=16) performed by shinyGEO compared to diseased samples. Fold change (FC) and 

P-value were calculated by a two-sample t-test. Significance P <0.01 (**) and P<0.001 

(***) are indicated by comparison to control samples. 

Disease N Fold Change 

Acute quadriplegic myopathy** 5 0.77 (P=0.018) 

Amyotrophic lateral sclerosis 9 0.97 (P=0.826) 

Becker muscular dystrophy 5 1.05 (P=0.729) 

Duchenne muscular dystrophy*** 10 1.73 (P=0.001) 

Emery Dreifuss muscular dystrophy (autosomal dominant Lamin A/C form) 4 1.58 (P=0.218) 

Emery Dreifuss muscular dystrophy (X linked recessive Emerin form) 4 1.35 (P=0.111) 

Facioscapulohumeral muscular dystrophy 14 1.03 (P=0.752) 

Hereditary spastic paraplegia 4 0.79 (P=0.387) 

Juvenile dermatomyositis 21 0.99 (P=0.904) 

Limb-girdle muscular dystrophy type 2A** 10 1.45 (P=0.017) 

Limb-girdle muscular dystrophy type 2B 10 1.52 (P=0.130) 

Limb-girdle muscular dystrophy type 2l 7 0.99 (P=0.942) 
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Supplementary Table 1. Microarray analysis in DMD, LGMD-2A and AQM muscle 

biopsies using shinyGEO. Significance (P-value) are indicated by comparison to control 

samples.    

Gene name/symbol   DMD LGMD-2A AQM 

  Probe set ID 
Fold-

change P-value 
Fold-

change P-value 
Fold-

change P-value 

Dact1 219179_at 1.73 0.001 1.45 0.017 0.77 0.018 

Dact1 partners               

Dvl1 203230_at 0.62 0.001 0.63 0.001 0.59 0.001 

Dvl2 57532_at 0.94 0.267 0.93 0.263 0.78 0.004 

Dvl2 218759_at 0.72 0.369 1.07 0.802 0.6 0.146 

Dvl3 201908_at 1,000 0.96 0.94 0.406 0.91 0.48 

Dvl3 201907_at 1.05 0.77 0.99 0.967 0.62 0.147 

Ctnnb1 201533_at 1.44 0.004 1.43 0.03 1.67 0.004 

Lef1 210948_at 0.71 0.365 1.42 0.43 0.36 0.013 

Lef1 221557_at 0.78 0.422 2.05 0.002 0.58 0.001 

Lef1 221558_at 1.43 0.272 1,000 0.996 0.63 0.448 

HDAC1 201209_at 2.02 0.002 2.16 0.001 2.09 0.003 

MRFs               

MyoD 206657_s_at 0.78 0.097 0.78 0.071 1.26 0.404 

Myogenin 207282_s_at 1.88 0.004 1.36 0.279 3.52 0.003 

Wnt/β-Catenin target genes               

Cyclin D1 208711_s_at 1.56 0.109 1.04 0.904 2.05 0.004 

Cyclin D1 208712_at 2.17 0.001 1.83 0.001 1.13 0.443 

Fst 207345_at 1.18 0.308 1.27 0.116 1.69 0.105 

Fst 204948_s_at 1.78 0.022 2.00 0.011 6.47 0.002 

Wnt/PCP pathway 
molecules               

Wnt7a 210248_at 0.65 0.198 0.78 0.40 0.26 0.001 

Frz7 203706_s_at 0.66 0.001 0.84 0.276 0.25 0.001 

Frz7 203705_s_at 0.63 0.002 0.82 0.136 0.35 0.001 
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Figure legends 

 

Fig. 1 Gene expression and protein distribution of Dact1 in chicken fetal muscle. (A) 

Giemsa-stained breast muscle of E11 chicken embryo. (B, C) Dact1 and Myogenin 

transcripts distribution as established by ISH. (D, E) Dact1 and Desmin protein distribution 

as determined by immunofluorescence. Myotubes were indicated by asterisks; cells 

adjacent to myotubes were indicated by arrows; the Myogenin+ nucleus of a myotube 

was indicated by an arrowhead. Nuclei were stained with DAPI (blue). Scale bars: (A-C) 

10µm; (D-E) 30 µm. 

Fig. 2 Gene expression and protein distribution of Dact1 during chicken primary 

myoblasts differentiation in vitro. (A) The relative mRNA expression profiles of Dact1, 

Myogenin, and Myomaker were determined by qRT-PCR. 18S rRNA was used as the 

endogenous control gene. Significance *P <0.05 and **P <0.01 are indicated in 

comparison to culture Day 1 (D1). Data represent mean ± SEM from three independent 

experiments. (B) Immunolocalization of Dact1 protein (green) at culture Days 1 to 5 (D1-

D5) and of Desmin at D5. Inset in D5 is a higher magnification to show more clearly the 

nuclear distribution of the Dact1 protein. Cytoplasmic (red arrowheads), nuclear (white 

arrowhead) and sarcomeric distribution (red arrow) of Dact1 protein were indicated. A 

Dact1+ myocyte juxtaposed to a myofiber was indicated (D4, white arrow). Desmin was 

used as a marker of muscle differentiation. Nuclei were stained with DAPI (blue). Scale 

bars: 20 µm.  

Fig. 3 Distribution of the β-Catenin protein during chicken primary myoblasts 

differentiation in vitro. β-Catenin immunolocalization (green) at culture Days 1 to 5 (D1-

D5). Protein location in the cytoplasm (red arrowheads), plasma membrane (yellow 

arrowheads) and nucleus (D5, white arrowhead) were indicated. Nuclei were stained with 

DAPI (blue). Scale bars: 10 µm. 

Fig. 4 Gene expression and protein distribution of Dact1 during C2C12 myogenic 

differentiation and in mouse fetal muscle. (A) The relative mRNA expression profiles of 

Dact1, Myogenin, and Myomaker were determined by qRT-PCR. GAPDH was used as 

the endogenous control gene. Significance *P <0.05, **P <0.01, and ***P<0.001 are 
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indicated in comparison to C2C12 proliferation (P). Data represent mean ± SEM from 

three independent experiments. (B) Immunolocalization of Dact1 protein (green) at 

proliferation (P) and D0, D3 and D5 after induction of C2C12 differentiation. Inset in D5 

is a higher magnification to show more clearly the nuclear distribution of Dact1 protein. 

Dact1 displays cytoplasmic (red arrowheads) and nuclear distribution (D5, white 

arrowhead). (C) Dact1 immunolocalization (green) in the developing gastrocnemius 

muscle of E14.5 mouse embryo. Nuclei were stained with DAPI (blue). Scale bars: 20 

µm. 

Fig. 5 Evaluation of Dact1 intrinsic disorder and propensity for phase separation. (A) 

PONDR-FIT analysis of Dact1 disordered protein regions in human, mouse and chicken. 

(B) Human Dact1 primary structure analysis by seven disorder predictors, displayed as

curves in different colors/patterns. Black curve indicates the average disorder calculated 

among all algorithms. Scores above 0.5 represent disordered amino acids/regions and 

values between 0.2 to 0.5 indicate flexible regions. (C) Analysis of net charge per residue 

distribution for human Dact1 using CIDER platform. (D) Overall scores for liquid-liquid 

phase separation for chicken, human and mouse Dact1 based on catGRANULE (score > 

0 indicates phase separation; score > 1 indicates strong propensity). Scores of Dact1 

homologs (blue bars) were compared with those of hNPM1 and hTau40 (green bars, 

positive controls), human Dvl1, Dvl2 and β-Catenin (Dact1 interacting proteins; gray bars) 

and with hAlb/hp57 and hSmac/Diablo scores (red bars, negative controls). 

Supplementary Fig. 1 Validation of the Dact1 antibody (A) Lysates of primary myoblasts 

(six independent samples) isolated from fetal chicken muscle were denatured and 

separated by SDS PAGE, transferred to nitrocellulose and blotted with a polyclonal 

antibody against Dact1 (ab51260 Abcam®). The expected 90kDa Dact1 protein was 

indicated by an arrow, as estimated by the lot-specific molecular weight standards (pre-

stained SDS-PAGE standards, BioRad®, 1610318). (B-C) Immunofluorescence assays 

with breast muscle sections from E11 chicken embryo comparing the negative control of 

reaction (no primary antibody) with the reaction containing the Dact1 antibody (green), 

respectively. (D-E) Immunofluorescence assays at Day 5 of chicken primary myoblasts 

differentiation, comparing the negative control of reaction (no primary antibody) with the 
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reaction containing the Dact1 antibody, respectively. (F-G) Immunofluorescence assays 

with C2C12 myoblasts at Day 5 of differentiation, comparing the negative control of 

reaction (no primary antibody) with the reaction containing the Dact1 antibody, 

respectively. Scale bars: 20 µm. 
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