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SUMMARY

Satellite cells (SCs) reside in a dormant state during tissue homeostasis. The specific paracrine 

agents and niche cells that maintain SC quiescence remain unknown. We find that Wnt4 produced 

by the muscle fiber, maintains SC quiescence through RhoA. Using cell specific inducible 

genetics, we find that a Wnt4-Rho signaling axis constrains SC numbers and activation during 

tissue homeostasis in adult mice. Wnt4 activates Rho in quiescent SCs to maintain mechanical 

strain, restrict movement in the niche and repress YAP. The induction of YAP upon disruption of 

RhoA, is essential for SC activation under homeostasis. In the context of injury, the loss of Wnt4 

from the niche accelerates SC activation and muscle repair, whereas overexpression of Wnt4 

transitions SCs into a deeper state of quiescence and delays muscle repair. In conclusion, the SC 
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pool undergoes dynamic transitions during early activation with changes in mechano-properties 

and cytoskeleton signaling preceding cell cycle entry.

Graphical Abstract

INTRODUCTION

Muscle Stem Cells or Satellite Cells (SCs), are essential for the regenerative capacity of 

skeletal muscle. SCs reside in a quiescent and immotile state wedged between the basal 

lamina and the sarcolemma of the muscle fiber (the niche) (Bischoff, 1990). In response to 

injury, SCs exit this dormant state and transition towards activation, which includes 

metabolic activation, cell cycle entry and migration. Once dividing, the majority of SCs 

differentiate, while a subset self-renew to restore the quiescent SC pool.

The quiescent state is critical to maintain stem cell capacity across different niches (Cheung 

and Rando, 2013; Orford and Scadden, 2008). In contexts of increased SC turnover such as 

in muscular dystrophy, aging, or in transgenic mice harboring cell cycle mutations, SC 

function is impaired (Brack and Munoz-Canoves, 2016; Brack and Rando, 2007; 

Chakkalakal et al., 2014) For many years, SC quiescence has been considered to be a 

reversible but homogenous state, denoted by the absence of proliferation, and regulated by 

cell intrinsic regulators (Bjornson et al., 2012; Boonsanay et al., 2016; Cheung et al., 2012; 

Mourikis et al., 2011). A quiescent intermediate state referred to as GAlert was characterized 

(Rodgers et al., 2014). This transition state is metabolically active, dependent on mTORC1 

and can be induced by systemic HGFA (Rodgers et al., 2014; Rodgers et al., 2017). SCs in 

GAlert, enter the cell cycle more rapidly, and mount a more efficient regeneration process, 

and retain stem cell capacity. The mechanisms that promote or repress the transition from 

quiescence to activation are not well understood.
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The niche is a conserved regulator of stem cell quiescence and maintenance. A fundamental 

but unanswered question in stem cell biology is the identity of specific cell types and 

paracrine-acting factors that control quiescence and the transition towards activation. The 

Wnt signaling pathway has been demonstrated to act as a conserved regulator of stem cell 

function via canonical (β-catenin) and non-canonical (Planar Cell Polarity (PCP) and 

calcium) signaling (Clevers et al., 2014). However, there is a dearth of information 

addressing the requirement of specific Wnt ligands, in part due to the possible redundancy 

between the 19 family members. Recent studies have disrupted Wnt activity using Porcupine 

(Porcn) or Wntless loss of function alleles in different tissues to disrupt the processing of the 

Wnt ligand family (Nabhan et al., 2018; Tammela et al., 2017; Zepp et al., 2017). While 

these studies provide proof of principle for the importance of Wnt ligands, they did not 

elucidate the identity of the Wnt family members. Wnt signaling plays a critical role in 

coordinating SC state transitions from asymmetric fate, proliferation, commitment and 

differentiation (Brack et al., 2008; Brack et al., 2009; Jones et al., 2015; Lacour et al., 

2017b; Le Grand et al., 2009; Parisi et al., 2015b; Rudolf et al., 2016). Whether Wnt ligands, 

from an anatomically defined niche cell, controls SC quiescence remains unknown. 

Identifying the niche and signaling molecules that regulate quiescence is critical to 

understanding regenerative biology and the development of therapeutics to harness stem cell 

function.

Using an inducible genetic approach to specifically target the SC niche, we provide the first 

evidence of a paracrine-acting niche factor, Wnt4, that reinforces SC quiescence through 

activation of Rho-GTPase and repression of YAP (Yes-Associated Protein). In conclusion, 

Wnt4 levels dictate the depth of SC quiescence during homeostasis, their activation response 

and regenerative potential.

RESULTS.

Wnt4 from the muscle fiber maintains adult SC quiescence.

To identify Wnts that regulate SC quiescence in the adult muscle, we first analyzed Wnt 

ligand expression by microarray analysis and qRT-PCR, on freshly isolated single muscle 

fibers. Although a number of different Wnts were expressed, Wnt4 was significantly 

enriched in uninjured muscle fibers (Figure 1A, 1B). We next assessed Wnt4 transcript 

levels in whole muscle during the early stages of muscle repair (Polesskaya et al., 2003). We 

find that Wnt4 transcript levels are between 45–65% lower at 18, 24 and 48 hours after 

BaCl2 injury, compared to muscles of non-injured mice (Figure 1C, S1A). Receptivity of the 

quiescent SCs (QSCs) to Wnt ligand was indicated by the expression of most Frizzled 

receptors in freshly isolated FAC-sorted SCs (Figure S1B). It should be noted that the 

isolation of SCs by FACS (3 hours) or single muscle fibers (90 minutes) will induce some 

activation (Machado et al., 2017; van den Brink et al., 2017; van Velthoven et al., 2017). For 

the purpose of this study we will refer to the freshly isolated SCs as QSCs.

To test the requirement of niche-derived Wnt4 for SC quiescence in vivo, we conditionally 

deleted Wnt4 (Kobayashi et al., 2011) in adult muscle fibers, using tamoxifen (tmx)-

inducible Crerecombinase under the control of Human Skeletal Actin (McCarthy et al., 

2012) (Tg: HSACreMER/+; Wnt4fl/fl herein called as Myofiber (MF)-Wnt4fl/fl). This 
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transgenic line provided stringent and efficient recombination in adult muscle fibers (Figure 

S1C, S1D). Adult mice (3–4 months old) were given tmx for 5 days followed by a 6-day or 

14-day chase (Figure 1D). BrdU was given in the drinking water during the chase to label 

cycling SCs. We observed an increase in the number of SCs (Figure 1E, 1F), the fraction that 

incorporated BrdU (Figure 1G), and expressed MyoD in a Wnt4-depleted niche compared to 

controls (Figure 1H, 1J). To confirm that niche-derived Wnt4 regulated SC quiescence, we 

stained muscle sections with DDX6, a marker of mRNP granules, that is lost when SCs 

break quiescence (Crist et al., 2012; Goel et al., 2017). We found that DDX6 levels 

decreased in SCs from a Wnt4-depleted niche compared to controls (Figure 1I, 1K). Loss of 

SC quiescence is often associated with precocious differentiation and fusion into existing 

muscle fibers (Bjornson et al., 2012; Mourikis et al., 2012). In spite of the ~2-fold expansion 

of the SC pool, we found no evidence of central-located nuclei in the myofibers or BrdU+/

Pax7− nuclei underneath the basal lamina.

Porcupine (Porcn) is essential for Wnt ligand processing and secretion (Kadowaki et al., 

1996; Proffitt and Virshup, 2012). Therefore we used a conditional gene deletion approach 

(Roman et al., 2014) to disrupt Porcn function and hence Wnt paracrine action, in adult 

muscle fibers (Figure S1E). We find a similar increase in the number of SCs in a Porcn-

depleted niche relative to controls, as observed for Wnt4 depletion (Figure S1F). In vitro, 

SCs activated more rapidly in a Porcn-depleted niche, which was abrogated by treatment 

with recombinant Wnt4 (Figure S1G), suggesting that Wnt4 plays a dominant role in 

maintaining SC quiescence. Together, these results demonstrate that Wnt activity from 

muscle fibers is required for SC quiescence through paracrine action.

Wnt4 is known to play a role in vertebrate neuromuscular junction (NMJ) formation 

(Strochlic et al., 2012). Loss of NMJ activity results in muscle fiber atrophy and a well-

defined ‘denervation’ transcriptional response (Hyatt et al., 2003; Windisch et al., 1998). We 

find no differences in muscle fiber size in muscle sections (Figure S1H), denervation 

transcript response (Figure S1I–S1K) or myosin expression (Figure S1L) from single muscle 

fibers at homeostasis. These data suggest that Wnt4 depletion does not induce atrophy or 

denervation in adult muscle fibers, suggesting Wnt4 plays a different role on the NMJ 

between development and adult homeostasis. In conclusion, Wnt4 from the niche is critical 

for maintaining SC quiescence during tissue homeostasis.

Niche-derived Wnt4 regulates muscle regenerative potential.

In response to an injury stimulus, quiescent SCs enter the cell cycle. We asked whether 

depletion of Wnt4 from the niche influenced cell cycle entry. Upon mitogen stimulation in 
vitro, compared to controls, the majority of SCs on single muscle fibers from a Wnt4-

depleted niche and Porcn-depleted niche rapidly activated (MyoD+) and entered the cell 

cycle as measured by EdU (Figure 2B, S2A–S2C).

We next tested the effect of niche-derived Wnt4 on the ability of SCs to regenerate muscle. 

In the tmx-inducible HSACreMER/+.Wnt4fl/fl genetic model, adult fibers are depleted of 

Wnt4, but the SCs are wildtype. In response to injury, wildtype SCs formed wildtype muscle 

(Figure S2D, S2E). Therefore, any regenerative phenotype observed after Wnt4 deletion is 

directly due to the altered niche signal prior to injury. We found that the size of regenerating 
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muscle fibers (6 days after injury) was significantly increased and the percentage of eMHC+ 

fibers decreased, after Wnt4 depletion in the niche compared to control mice (Figure 2C–

2E). The number of proliferating Pax7+ SCs increased after 6 days of regeneration in 

Myofiber-Wnt4fl/fl compared to controls (Figure S2F, S2G). No difference in fiber size was 

observed between the control and Wnt4-depleted niche 35 days after injury (Figure S2H). 

However, compared to controls, the number of SCs remains elevated in Myofiber-Wnt4fl/fl 

(Figure S2I). Therefore, the SC pool and fiber size was restored to pre-injury levels.

To determine if increasing Wnt4 in the niche reinforces quiescence, we used an inducible 

transgenic gain-of-function approach to overexpress Wnt4 (Lee and Behringer, 2007) in 

adult muscle fibers (Tg: HSACreMER/+; Wnt4OX/+ herein called as Myofiber (MF)-

Wnt4OX/+) (Fig. 2F, S2J). In cross sections of uninjured muscle, DDX6 expression was 

increased in Myofiber-Wnt4OX/+ compared with controls (Figure 2G, 2H). Upon mitogen 

stimulation in vitro, compared to controls, the majority of SCs from a Wnt4-overexpressed 

niche remained in a quiescent (MyoD−) state (Figure 2I). In response to injury, muscle fiber 

size was smaller and the percentage of eMHC fibers greater in Myofiber-Wnt4OX, compared 

to controls (Figure 2J–2L). These data suggest that Wnt4 from the niche is sufficient to 

reinforce SC quiescence and delay muscle regeneration. Therefore, the levels of a single 

Wnt ligand (Wnt4) from a single type of niche cell (the muscle fiber) regulates the depth of 

SC quiescence and muscle regenerative potential.

Niche-derived Wnt4 stimulates RhoA activity and cytoskeletal signaling.

Wnt ligands signal in a paracrine manner through canonical or non-canonical pathways 

(Komiya and Habas, 2008). To identify the signaling mechanism transducing Wnt4 signals 

in the ‘receiving’ cell, we analyzed canonical markers, active β-catenin, on single muscle 

fibers and Axin2, in sorted QSCs. The deletion of Wnt4 and Porcn in the niche did not 

change canonical Wnt signaling in QSCs (Figure 3A–3C and Figure S3A). Therefore, Wnt4 

does not signal through canonical Wnt signaling. Moreover, SCs in a Wnt4-depleted niche 

are not transitioning to a myogenic progenitor state, as defined by the accumulation of β-

catenin (Figeac and Zammit, 2015; Goel et al., 2017; Murphy et al., 2014; Parisi et al., 

2015a). In addition, analysis of muscle fibers for autocrine canonical β-catenin signaling 

revealed no change in active β-catenin levels in Myofiber-Wnt4fl/fl muscle fibers when 

compared to control (Figure S3B, S3C). Therefore, Wnt4 signals via non-canonical Wnt 

signaling cascade in QSCs.

Rho GTPase is a well-characterized downstream component of non-canonical Wnt signaling 

pathway, first identified during gastrulation, to promote polarized cell shape changes and 

migration (Habas et al., 2003; Schlessinger et al., 2009). The Rho family of GTPases play a 

key role in cytoskeletal remodeling (Sit and Manser, 2011) and has been implicated in HSC 

self-renewal (Schreck et al., 2017). We found that active Rho was reduced in sorted QSCs 

from a Wnt4-depleted niche compared to controls (Figure 3D, 3E). We next treated sorted 

SCs from Myofiber-Porcnfl/fl or controls with vehicle or Wnt4 recombinant protein for 4 

hours and assayed for active Rho. We found that compared to control, the levels of active 

Rho were decreased in vehicle-treated SCs from a Porcn-depleted niche, and was rescued by 

Wnt4 treatment (Figure S3E).
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To investigate the highly interconnected cytoskeletal network in QSCs, we analyzed 

phosphorylated-Myosin Light Chain (pMLC), a downstream target of Rho that regulates 

acto-myosin assembly, contraction and stress fiber formation (Chrzanowska-Wodnicka and 

Burridge, 1996; Kimura et al., 1996). pMLC was expressed at lower levels in SCs on 

isolated single muscle fibers from a Wnt4-depleted niche than the controls (Figure 3F, 3G). 

Rho regulates the formation of stress fibers and focal adhesions (Ridley and Hall, 1992). 

Phosphorylated-Focal Adhesion Kinase (pFAK), a regulator of focal adhesions was also 

decreased in SCs in a Wnt4-depleted and Porcn-depleted niche (Figure 3H, 3I and S3D). 

Consistent with a paracrine effect from Wnt4 on QSCs, cytoskeletal signaling components 

were not differentially expressed on single muscle fibers from Myofiber-Wnt4fl/fl and 

controls (Figure S3F–S3I). Therefore, Wnt4 from the niche stimulates Rho activity and 

cytoskeletal signaling in QSCs.

Wnt4 regulates mechano-properties and niche retention in QSCs.

Cells rapidly respond to mechanical cues from the cytoskeleton by changing their cell shape, 

tension and migration (Burridge and Guilluy, 2016). We observed that SCs resident on 

isolated single muscle fibers in a Wnt4-depleted niche have a more rounded shape than the 

controls (Figure 4A). We used Atomic Force Microscopy (AFM) to measure tension of 

sorted QSCs. We found that stiffness of QSCs was ~50% less from a Wnt4-depleted niche 

compared to controls, and similar to the stiffness of QSCs treated with a Rho inhibitor 

(Figure 4B). We observed that 33% of SCs in a Wnt4-depleted niche were located in the 

interstitial space, outside the basal lamina in vivo (Figure 4C, 4D). Using a tmx-inducible 

SC specific approach to reduce Rho in vivo (Jackson et al., 2011) (Tg: Pax7CreER/+; 

RhoAfl/+ herein called SC-RhoAfl/+), we found 35% of SCs were located outside the niche 

after a reduction in Rho (Figure 4E, 4F). All these results taken together, demonstrate that a 

signaling axis, initiated by Wnt4 and transmitted by Rho, regulates stiffness and niche-

retention of QSCs.

To catalogue the temporal changes in cytoskeletal signaling, mechano-properties and cell 

cycle entry, we performed a detailed time-course during the transition between SC 

quiescence and activation on single muscle fibers in vitro, using markers of morphometric 

adaption (cell size and shape), cytoskeletal signaling (pMLC), mechano-transduction (YAP), 

mTORC1 activation (pS6) and cell cycle entry (MyoD). During the first few hours of 

mitogen exposure there was an increase in circularity and decrease in size, coincident with 

the decline in pMLC levels. Contrasting the decline in pMLC, was the upregulation of pS6, 

which was followed by an increase in cell size and induction of MyoD and YAP (Figure 4G–

4I and S4A–S4F). If these data are viewed as time representing the stages to activation, then 

cell shape (circularity) and cytoskeletal changes (pMLC) precede cell cycle entry (MyoD) 

and mechanotransduction (YAP), but are broadly coincident with entry into a Galert-like state 

(pS6+) (Rodgers et al., 2014). Therefore, changes in cytoskeletal signaling and mechano-

properties are early events during the transition between quiescence and activation.

Wnt4-Rho signaling axis maintains SC quiescence

The dynamics of SC morphology and cytoskeletal signaling during SC activation and in 

response to Wnt4 depletion from the niche, prompted us to ask whether the decrease in Rho 
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and cytoskeletal signaling was sufficient to induce SC activation in uninjured muscle. To 

answer this question, we analyzed SC-RhoAfl/+ and littermate control mice. We found lower 

levels of active Rho (sorted SCs) and pMLC (SCs on single muscle fibers) (Figure 5A, 5B), 

an expanded SC pool (Figure 5C) and increased BrdU+/Pax7+ SCs (Figure 5D) (in muscle 

sections) in SC-RhoAfl/+ mice compared to controls. Consistent with the expansion of SCs 

in uninjured muscle; through the reduction in Rho (in QSCs) or Wnt4 (from the niche), 

acute treatment of isolated wildtype single muscle fibers with a Rho inhibitor, accelerated 

cell cycle entry of SCs, as measured by MyoD expression and EdU incorporation (Figure 5E 

and Figure S5A). Therefore, Rho acts in a cell-autonomous manner to maintain SC 

quiescence under tissue homeostasis, and repress cell cycle entry in response to mitogen 

stimulation.

Rho GTPase activates Rho kinase (ROCK), which either directly activates MLC or 

inactivates myosin phosphatase, subsequently activating MLC (Kimura K et al, 1996). We 

found that SCs on isolated wildtype single muscle fibers activated more rapidly in vitro in 

the presence of ROCK inhibitor (Figure 5E), suggesting that SC quiescence is regulated 

through a Rho-ROCK axis. Finally, we asked whether active Rho could repress activation of 

SCs in a Wnt4-depleted niche. In control single muscle fibers, transient Rho activation 

maintained the quiescent state, whereas in a Wnt4-depleted niche, Rho activation 

reestablished quiescence in a dose-dependent manner (Figure 5F, S5B). Moreover, adding 

active Rho to SCs on a Wnt4-depleted niche restored pMLC and pS6 levels to those 

observed in control SCs (Figure 5G, S5C). Together these results demonstrate that Wnt4 

from the niche stimulates Rho activity to reinforce SC quiescence.

The temporal coincidence of pS6 (mTORC1 signaling) induction and pMLC (cytoskeletal 

signaling) decline during the transition from quiescence to activation (Figure 4H, S4C, 

S4D), and the rapid cell cycle entry in response to mitogen from Wnt4- and Porcn-mutant 

niches (Figure S2B, S2C), is reminiscent of the mTORC1-driven, GAlert state (Rodgers et 

al., 2014). Therefore, we asked whether Wnt4 represses mTORC1 activity to reinforce SC 

quiescence during tissue homeostasis. First, we used pS6 as a marker of mTORC1 activity, 

and thus the GAlert state. Similar to previous results, 35% of SCs were pS6+ in control single 

muscle fibers, suggesting that a fraction of QSCs are in a GAlert-like state under 

homeostasis. In a Wnt4 and Porcn-depleted niche, the percentage of pS6+ QSCs increased to 

50% (Figure 5H, 5I, S5D). Therefore, Wnt4 acts as a repressor of a GAlert-like state. To 

query whether the increased mTORC1 signaling in a Wnt4-depleted niche was required for 

SC activation during tissue homeostasis, we treated mice with a Wnt4-depleted niche and 

controls with Rapamycin continuously and analyzed the SCs 14 days after tamoxifen 

(Figure S5E). Rapamycin treatment decreased pS6 (Figure S5F) and pFAK levels (Figure 

S5G) on single muscle fibers. However, SC number, pMLC expression and cell shape were 

not rescued (Figure S5H–S5J). Moreover, pS6 activity and pFAK levels were not altered in 

SCs from SC-RhoAfl/+ compared to control mice (Figure 5J, S5K). Since pFAK levels are 

responsive to Rapamycin, pFAK could be downstream of mTORC1 signaling. In conclusion, 

these data demonstrate that Wnt4-Rho signaling regulates SC quiescence during tissue 

homeostasis, independent of mTORC1 activity. Contrary to the in vivo Rho mutant data, 

where the reduction in Rho had no effect on pS6 and pFAK activity, the treatment of freshly-

isolated wildtype muscle fibers with Rho inhibitor caused a rapid upregulation of pS6 and a 
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decline in pFAK levels (Figure S5L, S5M). These results suggest that in the presence of 

growth factors or nutrients, Rho engages mTORC1 and FAK as SCs transition towards 

activation.

YAP is a downstream effector of Wnt4-Rho signaling

YAP has been implicated in mechano-transduction (Dupont et al., 2011) and is required for 

SC activation (Judson et al., 2012; Sun et al., 2017). We reasoned that YAP could be 

involved in the loss of SC quiescence in contexts of reduced Wnt4-Rho signaling. Therefore, 

we analyzed Wnt4 (niche) and Rho (SC) mutant mice for YAP expression. We found YAP 
transcript was elevated in sorted SCs from Myofiber-Wnt4fl/fl mice compared to the controls 

(Figure 6A). Consistent with previous reports, YAP protein was not expressed in QSCs in 

controls (Judson et al., 2012). In contrast, we found increased nuclear YAP protein 

expression in SCs on isolated muscle fibers from Myofiber-Wnt4fl/fl and SC-Rhofl/+at 6 and 

14 days post-tmx (Figure 6B–6D). We did not detect cytoplasmic YAP (Judson et al., 2012). 

Therefore, a Wnt4-Rho signaling axis repressed YAP in QSCs. To ask whether YAP was 

required for the loss of quiescence in response to disrupted Wnt4-Rho signaling, we deleted 

YAP (Xin et al., 2011) in a SC-RhoAfl/+ background (Tg: Pax7CreER/+; RhoAfl/+; YAPfl/fl 

herein called as SC-RhoAfl/+-YAPfl/fl) and analyzed the SC response 14 days post-tmx 

(Figure 6E). Quantification on muscle sections revealed that deletion of YAP prevented SC 

expansion (Figure 6F), activation (Figure 6G) and proliferation (Figure 6H) when Rho was 

reduced. Therefore, Rho activity maintained SCs in a quiescent state through repression of 

YAP (Figure 6I).

DISCUSSION

Despite the numerous studies on the role of Wnt signaling in adult stem cell biology, there is 

little known about the specific Wnt ligands, their source and how they signal to stem cells in 
vivo (Clevers et al., 2014). Our results provide direct evidence of a specific paracrine-acting 

Wnt from a defined niche cell that is required to maintain mammalian stem cell quiescence 

during tissue homeostasis. We find that Wnt4 is produced in adult muscle fibers, activates 

Rho-GTPase and represses YAP within the SCs, to maintain quiescence during tissue 

homeostasis. In the absence of niche-derived Wnt4, SCs transition towards a more activated 

state which accelerates muscle tissue repair in adult mice.

The Wnt signaling pathway is divided into two branches; a canonical and non-canonical 

arm, based on the involvement of β-catenin (Komiya and Habas, 2008). While the specific 

Wnt ligands required for canonical signaling during SC lineage progression remain 

unknown, it is clear that SC proliferation and differentiation depend on intracellular 

canonical Wnt signaling. Whereas, asymmetric division of activated SCs and myotube 

hypertrophy depend on non-canonical Wnt signaling (Lacour et al., 2017a; Le Grand et al., 

2009; von Maltzahn et al., 2012). Therefore, Wnt signaling plays critical roles during SC 

lineage progression. In quiescent SCs, we find undetectable levels of nuclear β-catenin and 

low levels of Axin2. Therefore, we propose that canonical Wnt signaling is inactive in 

QSCs. Rather, non-canonical Wnt signaling is active and functionally required for SC 

quiescence. Wnt ligands can act antagonistically (Mikels and Nusse, 2006; Topol et al., 
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2003; Westfall et al., 2003), leading to either intracellular canonical or non-canonical Wnt 

signaling. In the present study, deletion of Wnt4 and Porcn from adult fibers did not induce 

canonical signaling, arguing against antagonism between canonical and non-canonical Wnt 

signaling in QSCs. With the generation of inducible genetic approaches, it is now possible to 

define the cell sources and specific Wnt ligands required for SC function during tissue 

homeostasis and regeneration.

The Wnt-PCP pathway has been widely studied in Drosophila, Xenopus and Zebrafish. 

Specific Wnt family members including Wnt5, Wnt11 and Wnt4 signal via Frizzled 

receptors to Dishevelled (Dvl), an adaptor protein which becomes polarized at the apical 

membrane to regulate morphology, polarization and migration of cell structures in the 

developing epithelium (Jussila and Ciruna, 2017; Sokol, 2015; Yang and Mlodzik, 2015). 

The defining feature of this pathway is its regulation of the actin cytoskeleton via Rho-

GTPase (Schlessinger et al., 2009). Therefore, we define a requirement for Wnt-PCP 

signaling in adult mammalian muscle stem cell quiescence.

Our data provide evidence that Wnt4-Rho signaling represses YAP activity in QSCs in vivo. 

We find that YAP induction is required for SCs to break quiescence under homeostatic 

conditions. YAP is a sensor and transducer of mechanical stimuli, that functions downstream 

of Hippo signaling or independently through the actin cytoskeleton. The latter is consistent 

with the present data showing a role for Rho in the repression of YAP. In the context of 

reduced Rho, YAP inhibition prevented SC expansion, consistent with the requirement for 

YAP in SC proliferation (Judson et al., 2012). However, previous work demonstrated that 

induction of a stabilized form of YAP was not sufficient to induce SC proliferation 

(Tremblay et al., 2014). At present we cannot exclude that differences in the methods used to 

analyze SC number and activation state, or the level of YAP between the two experimental 

contexts, might explain these discrepancies. We suggest that a reduction in cytoskeletal 

signaling in QSCs lowers their threshold for activation by decreasing cellular stiffness.

While the polarity protein, Dvl is sufficient and required for PCP signaling, its role has not 

been examined in SCs. It will be interesting to examine whether Wnt4 regulates polarity 

proteins and whether they interact with Dvl in quiescent SCs. For example, Mpp7, a 

component of Hippo signaling, is expressed in QSCs to inhibit YAP activity and thus limit 

SC activation (Li and Fan, 2017). In QSCs, we and others, did not detect YAP protein in the 

cytoplasm or at the plasma membrane. Upon SC activation, YAP expression increases in the 

nucleus (Judson et al., 2012). We find that nuclear YAP can be detected within a few hours 

of activation stimuli. This suggests a transcriptional component to YAP induction during 

early stages of SC activation.

In vitro studies have examined YAP activation and its nuclear localization after altering 

cellular and extracellular mechanics by altering F-actin accumulation using inhibitors or 

plating cells on a soft or stiff matrix (Dupont, 2016; Seo and Kim, 2018). Increased 

formation of actin stress fibers and contractility leads to activation of YAP (Seo and Kim, 

2018). In vivo we see an opposite effect: decreasing stiffness of QSCs through a reduction of 

Wnt4 from the niche or reducing Rho levels in SCs, causes an activation and nuclear 

localization of YAP. This suggests a context-dependent role of cytoskeletal stiffness and 
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YAP activity. Further investigation is needed to understand if actin signaling directly 

represses YAP activity in QSCs in vivo.

Analysis of whole muscle revealed that Wnt4 transcript levels decreased during early stages 

of regeneration after BaCl2 injury (Figure 1C, S1A). It has been reported that Wnt4 levels 

undergo a transient increase before decreasing, in response to cardiotoxin injury (Polesskaya 

et al., 2003). It is possible that the type of injury, in this case BaCl2 versus cardiotoxin, 

elicits a different cellular response (Morel et al., 2009). Studying paracrine regulation 

between different cell types within regenerating muscle tissue could uncover new modes of 

intercellular communication.

The important role of mechano-properties on cell fate across different contexts from 

development to stem/progenitor differentiation in vitro is becoming appreciated (Behrndt et 

al., 2012; Engler et al., 2006; Gilbert et al., 2010). The decision of activated SCs to self-

renew or differentiate can be skewed based on the stiffness of the ECM. We find that 

disruption of Wnt4-Rho signaling decreases the stiffness and displacement of SCs from the 

niche. Therefore, a specific niche factor, acting in a paracrine manner alters the mechanical 

properties and quiescent state of an adult mammalian stem cell.

Consistent with the notion that quiescence is essential for adult stem cell preservation, 

deregulation of quiescence in muscle stem cells during tissue homeostasis, leads to their 

depletion through apoptosis, precocious differentiation or incorporation into the center of the 

muscle fiber-reminiscent of a regenerative event (Bjornson et al., 2012; Cheung et al., 2012; 

Goel et al., 2017; Mourikis et al., 2012). In contrast, the results in the present study and 

those of Goel et al (Goel et al., 2017), suggest that the SC pool can establish a new 

homeostatic setpoint. While there are many possibilities that explain the discrepancy, 

including the cell type and specific genes that are disrupted; based on the present results SC 

depletion, differentiation and fusion are not obligate when quiescence is broken during 

tissue homeostasis.

Preservation of the SC pool after injury is critical for long-term tissue homeostasis. In 

response to injury, we observed an expanded SC pool, in the Wnt4 mutant compared to 

control muscle. Interestingly, pool size was restored to pre-injured levels. We would have 

predicted that after Wnt4 deletion from the niche, the SC pool would return back to control 

levels, due to the reformation of muscle fibers and the SC pool by genetically wildtype (non-

recombined) SCs. Rather our data raises a couple of intriguing possibilities: 1) Wnt4 in 

regenerating myofibers does not set the size of the SC post-injury, 2) the size of the SC pool 

in regenerated muscle is instructed prior to injury, i.e. in the QSCs, to regulate a return to the 

homeostatic setpoint. If true, this would involve a counting mechanism at the level of the 

stem cell or available niche sites, or 3) Wnt4 from the niche regulates the number of 

asymmetric and symmetrically dividing daughters. This is less likely due based on the 

decline in Wnt4 levels upon injury. These possibilities warrant further investigation.

To fulfill their roles during tissue repair, stem cells must exit quiescence, proliferate and 

mobilize to the site of injury. During the transition between quiescence and activation, SCs 

pass through a distinct molecular and functional state termed Galert, denoted by its increase 
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in cell size and mTORC1 activation (Rodgers et al., 2014). Acute induction of the Galert state 

promotes muscle repair (Rodgers et al., 2014; Rodgers et al., 2017). In the present study we 

used single cell analysis to dissect novel molecular states as SCs break quiescence. Our data 

reveal that the quiescent SC pool undergoes dynamic transitions, with changes in 

morphology, mechano-properties and cytoskeleton signaling preceding cell cycle entry. 

Using time-lapse imaging we recently demonstrated that SC motility occurs early in the 

activation response (Kimmel et al., 2018). Based on the timepoints we analyzed in vitro in 

the present study, changes in cytoskeletal signaling either precede or are coincident with 

mTORC1 activation, followed by induction of YAP and MyoD. We speculate that a decrease 

in Wnt4-Rho signaling initiates a migration program to reach an injury site, coupled with the 

energy and biomass, which licenses QSCs for activation. In line with the concept that the 

cytoskeletal machinery functions as an early regulator of SC activation, mir-708, upregulates 

Tensin3, a positive regulator of pFAK activity, to delay cell cycle entry (Baghdadi et al., 

2018). In the present study, we find that inhibition of Rho decreased mTORC1 and pFAK in 
vitro. Whereas RhoA deletion in SCs in uninjured muscle in vivo did not affect mTORCl 

and pFAK. Therefore, it is possible that pFAK, which is regulated by mTORC1 activity in 
vitro (Figure S5G) is part of a molecular pathway deployed when SCs break quiescence in a 

stimulatory (mitogenic or injured) environment. This would suggest a rapid remodeling of 

the signaling pathways regulated by Rho in the absence or presence of activation stimuli. 

This awaits further investigation.

Using inducible cell specific genetic approaches to target a component of the muscle stem 

cell niche-the muscle fiber, we demonstrate that Wnt4 regulates the depth of SC quiescence 

under tissue homeostasis, and regenerative potential in response to injury. Our findings have 

implications for regenerative medicine, as a means to mobilize quiescent stem cells and 

facilitate tissue repair after injury or in disease.

STAR METHODS

LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact, Andrew S. Brack (andrew.brack@ucsf.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals—Mice were housed and maintained in accordance with the guidelines of the 

Laboratory Animal Research Center (LARC) of University of California, San Francisco. 

Previously published HSACreMER (McCarthy et al., 2012), Wnt4flox/flox (Kobayashi et al., 

2011), Wnt4OX/+ (Lee and Behringer, 2007), Porcnflox/flox (Roman et al., 2014), Pax7CreER 

(Nishijo et al., 2009), RhoAflox/+ (Jackson et al., 2011), YAPflox/flox (Xin et al., 2011) were 

used in this study. Rosa26mTmG and C57BL/6 were obtained from Jackson Laboratory. All 

mice used for experiments were adults, between 12–16 weeks of age. The control and 

experimental mice used are littermates in all experiments. Approximately equal numbers of 

male and female mice were used in all experiments. Animals were genotyped by PCR using 

tail DNA. Primer sequences are available upon request.
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METHOD DETAILS

Animal Procedures—Tamoxifen (Sigma) was dissolved in corn oil at a concentration of 

20mg/ml. Both control and experimental mice were administered tamoxifen at a 

concentration of 150mg/kg per day for five continuous days (for HSACreMER mice) or 7 

continuous days (for Pax7CreER mice) by intraperitoneal injection. To assess in vivo cell 

proliferation, control and experimental mice were administered 0.5mg/ml 

Bromodeoxyuridine (BrdU) (Sigma) in drinking water supplemented with 5% sucrose 

continuously throughout the course of the experiment starting from the 3rd day of tamoxifen. 

Rapamycin (LC Laboratories) was dissolved in 10% Polyethylene glycol 400 (Hampton 

Research) and 10% Tween 80 (Sigma) and administered intraperitoneally at a dose of 

4mg/kg daily starting from the 3rd day of tamoxifen till the end of the experiment (2 weeks 

of chase) for a total of 17 days.

Muscle Injury—Control and experimental mice were anesthetized by isofluorane 

inhalation and 50μl of 1.2% BaCl2 was injected into and along the length of the tibialis 

anterior (TA) muscle. After 6 days or 35 days of regeneration, mice were euthanized and the 

injured TA muscle was fixed immediately in 4% PFA and frozen in 20% sucrose/OCT 

medium. 8μm cross-sections of the muscle were made and stained for anti-laminin. 10x 

images were collected at three regions in the mid-belly of each muscle. Only mice that had 

more than 80% injury in their TA were analyzed. All the regenerating fibers in the entire TA 

section were analyzed for fiber size. The average cross-sectional area of the fibers was 

determined using imageJ software. To assess in vivo proliferation during 5.5 to 6 days of 

muscle regeneration, 10mg BrdU was given to the mice by intraperitoneal injection 12 hours 

before the mice were sacrificed on day 6.

Sciatic Nerve Transection (Denervation)—C57BL/6 mice were anesthetized by 

intraperitoneal injections of ketamine at a dose of 100mg/kg and Xylazine at 10mg/kg. The 

left hindlimb was carefully shaven and a 1mm incision was made in the skin, posterior and 

parallel to the femur. A small cut is made in the biceps femoris muscle to expose the sciatic 

nerve. 1–2 mm of the sciatic nerve is cut and the muscle is then closed by stitching. The 

mice were given an analgesic, buprenorphine at a dose of 0.5mg/kg and allowed to recover 

on a heated pad. Three days after the surgery, single muscle fibers were isolated from the 

EDL muscle of the denervated left leg of the mice. Single fibers from the EDL of uninjured 

mice were used as controls.

Isolation of SCs and Fluorescence Assisted Cell Sorting (FACS)—Satellite cells 

were isolated from hindlimb and forelimb muscles. The mice were euthanized, the hindlimb 

and forelimb skeletal muscles were removed, chopped finely and digested using 0.2% 

Collagenase type 2 (Worthington) in DMEM media for 90 minutes in shaking water bath at 

37°C. The digested muscle was washed twice with Rinsing media (Ham’s F10, 10% horse 

serum). A second digestion was performed with 0.2% Collagenase type 2 and 0.4% Dispase 

(Gibco) in Rinsing media for 30 minutes in shaking water bath at 37°C. The digested tissue 

was passed through a 20-gauge needle three times, then passed through a 40μm filter and a 

20μm filter. The mononuclear muscle cells were stained for PE-Cy7 anti-mouse CD31 

(clone 390; BD Biosciences), PE-Cy7 anti-mouse CD45 (clone 30-F11; BD Biosciences), 
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APC-Cy7 anti-mouse Seal (clone D7; BD Biosciences), PE anti-mouse CD106/VCAM-1 

(Invitrogen) and APC anti-α7 integrin (clone R2F2; AbLab). FACS was performed using 

FACS Aria II (BD Biosciences) by gating for CD31−/CD45−/Scal−/α7 integrin+/VCAM1+ 

to isolate SCs.

Isolation of Single Muscle Fibers—Single muscle fibers were isolated from the 

Extensor Digitorum Longus (EDL) muscle of the adult mouse. The EDL muscle was 

removed from the hindlimb of the mouse and digested with 0.2% Collagenase type I (Gibco) 

for 90 minutes in shaking water bath at 37°C. Single muscle fibers were obtained by gently 

triturating the digested muscle using a glass pipet in plating media (DMEM, 10% horse 

serum). The single fibers were manually collected under a dissection microscope, fixed 

immediately in 4% PFA for 10 minutes or cultured in plating media.

In vitro treatment of single muscle fibers—The isolated single fibers from the EDL 

of Control and Myofiber-Porcnfl/fl mice were cultured in plating media (DMEM, 10% horse 

serum) and treated with either PBS or with recombinant mouse Wnt4 (100ng/ml; R&D 

systems) for 8 hours. The fibers were then fixed and stained for anti-Pax7 and anti-MyoD. 

For in vitro cell cycle entry assays, single muscle fibers from Control, Myofiber-Wnt4fl/fl 

and Myofiber-Porcnfl/fl mice were harvested and cultured in plating media containing EdU 

(10μm; Carbosynth) for 30 hours. Single fibers from C57BL/6 mice were cultured in plating 

media with either PBS or Rhol inhibitor (0.5 and 1μg/ml; Cytoskeleton Inc.) for different 

time points: 2h for pS6 and pFAK expression, 8h for MyoD expression and for cell cycle 

entry, in media containing EdU for 30 hours. Single fibers from C57BL/6 mice were 

cultured in plating media with either PBS or ROCK inhibitor Y-27632 (3 and 10μM; 

Stemcell Technologies Inc.) for 8 hours and stained for MyoD protein expression. For in 
vitro rescue experiments, Control and Myofiber-Wnt4fl/fl single muscle fibers were cultured 

in plating media with PBS or Rho activator (0.5 and lμg/ml; Cytoskeleton Inc.) for different 

time points: 2h for pMLC and pS6 expression, 8h for MyoD expression and for cell cycle 

entry, in media containing EdU for 36 hours. The fibers were then fixed and stained for the 

different antibodies. EdU staining was done using the Click-iT Plus EdU Alexa Fluor™ 594 

Imaging Kit (Invitrogen) followed by staining with anti-Pax7 antibody.

Atomic Force Microscopy (AFM)—Cells isolated for AFM were seeded onto chamber 

slides and placed on the stage of an MFP3D-BIO inverted optical AFM (Asylum Research) 

mounted on a Nikon TE2000-U inverted microscope. Indentations were made using silicon 

nitride cantilevers with spring constants ranging from .05 to .07N/m and borosilicate glass 

spherical tips 5μm in diameter (Novascan Tech). The cantilevers were calibrated using the 

thermal oscillation method prior to each experiment. Cells were indented at rates ranging 

from 0.75 to 1.25μm/s with a maximum force of 4.5 nN. The Hertz model was applied to the 

force curves obtained from each cell indentation to calculate the elastic modulus (Young’s 

modulus, stiffness). Cells were assumed to be incompressible; therefore, a Poisson’s ratio of 

0.5 was used in the calculation of the elastic modulus.

In situ binding assay for Rho-GTPase activity—FACS isolated SCs were fixed with 

4% PFA for 25 minutes. The SCs were then washed with PBS and permeabilized in 0.05% 
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TritonX100/PBS for 10 minutes. Cells were blocked in 5% FBS/PBS and incubated for an 

hour at room temperature with GST tagged Rhotekin-Rho binding domain (RBD) 

(Cytoskeleton Inc.) which binds specifically to active Rho. This is followed by PBS washes 

and incubation with fluorophore conjugated anti-GST antibody (Invitrogen) and DAPI (Life 

Technologies) for an hour at room temperature. The cells were washed with PBS and 

mounted.

Immunostaining—Fixed myofibers were permeabilized with 0.2% TritonX-100/PBS and 

blocked with 10% goat serum/0.2% TritonX/PBS. Primary antibodies used in this study 

were: rat anti-BrdU (clone BU1/75; Abcam), mouse anti-Pax7 (DSHB), rabbit anti-MyoD 

(Santa Cruz Biotechnology) rabbit anti-Laminin (Abcam), mouse anti-active-β-catenin 

(clone 8E7; Millipore), rabbit anti-Syndecan4 (Abcam), rabbit anti-phospho-MLC2 (Thrl8/

Ser19; Invitrogen), rabbit anti-phospho-FAK (Tyr397; Invitrogen), rabbit anti-phospho-S6 

(S235/236; Cell Signaling Technology), rabbit anti-YAP (Cell Signaling Technology), 

mouse anti-embryonic myosin (DSHB), rabbit anti-DDX6 (Bethyl Laboratories Inc.) and 

DAPI (Life Technologies). Primary antibodies were visualized with fluorochrome 

conjugated secondary antibodies (Invitrogen). The stained fibers were mounted in 

Fluoromount-G mounting medium (SouthernBiotech). For most of the staining, the images 

were taken using a 20x Plan Fluor objective. Anti-Phospho-MLC2 and active Rho stained 

images were obtained with a 40x Plan Fluor objective and DDX6 stained images with a 60x 

Plan Fluor objective of the Nikon Eclipse Ti microscope. The filter settings, gain and 

exposure values were kept constant between experiments. The intensity of expression was 

determined by manually drawing a region of Interest (ROI) on a Pax7 positive SC. This will 

give the mean pixel intensity of the ROI in all the channels. The ROI is copied onto another 

region where there is no Pax7 positive cell to calculate the background intensity. The 

background intensity is subtracted and the mean intensity is plotted with GraphPad Prism 7. 

Representative images for antibody staining were taken using Leica DMi8 Confocal 

Microscope.

Circularity index measurement of SCs—Single muscle fibers were stained with anti-

Syndecan4 and anti-Pax7 antibodies. The images were taken using a 20x Plan Fluor 

objective of Nikon Eclipse Ti microscope. Using the NIS Elements software and 

thresholding feature, a mask is drawn around the Pax7 positive cell. Care is taken to make 

sure that the mask overlaps the Syndecan4 (membrane) staining to include the membrane of 

the cell. The area and circularity index of the cell are measured by the software. The 

circularity index is a feature of how circular the cell is. It ranges from 0 to 1, with 1 being a 

perfect circle.

Quantitative PCR (qPCR)—Total RNA was isolated from single muscle fibers (from 

EDL muscle), or SCs using Trizol (Invitrogen) according to the manufacturer’s protocol. 

The RNA was DNAse treated using Turbo DNA free kit (Life Technologies). cDNA was 

synthesized from RNA using the Superscript First Strand Synthesis System (Invitrogen). 

qPCR was performed in triplicates from 5ng of RNA per reaction using Platinum SYBR 

Green qPCR Super Mix-UDG w/ROX (Invitrogen) on a ViiA7 qPCR detection system (Life 

Technologies). All reactions for RT-qPCR were performed using the following conditions: 
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50°C for 2 min, 95°C for 2 min, 40 cycles of a two-step reaction of denaturation at 95°C for 

15 min and annealing at 60°C for 30s. The mean Ct values from triplicates were used in the 

comparative 2−ΔΔCt method. To analyze the expression of Wnt ligands on the adult muscle 

fiber, 2−ΔCt method was used. The results were normalized to GAPDH mRNA controls. All 

primers used in this study are listed in Table S2.

Microarray—RNA was isolated from single muscle fibers of the EDL muscle from adult 

mouse hindlimb using TRIzol reagent (Invitrogen). The quality of the RNA was assessed 

with Agilent 2100 bioanalyzer. Processing of the RNA and hybridization to the Affymetrix 

GeneChip Mouse Gene 1.0 ST Arrays were performed by the Gladstone Institute Genomics 

Core. The array data sets were analyzed using GenePattern, a genomic analysis platform at 

the Broad Institute. The expression profiles were generated with annotated probes, 

background corrected and normalized using an RMA algorithm, resulting in a matrix 

containing one intensity value per probe set. All the expression values were log2 

transformed and listed in Table S1

QUANTIFICATION AND STATISTICAL ANALYSIS

The statistical details of experiments can be found in the figure legends. No statistical 

methods were used to predetermine sample size. The investigators were not blinded to 

allocation during experiments and outcome assessment. No animal was excluded from 

analysis. All data are represented as mean +/− standard error of the mean (s.e.m). 

Significance was calculated using the two-tailed unpaired Student’s t-tests (Graphpad Prism 

7). The number of replicates (n) for each experiment is indicated in the figure legends. 

Differences were considered statistically different at P<0.05.

DATA AND CODE AVAILABILITY

The microarray data generated during this study are available at NCBI GEO-Accession 

Number GSE135163

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Wnt4 from the adult muscle fiber maintains SC quiescence.
(A) Heatmap of the gene expression levels of Wnt ligands from microarray of isolated adult 

single muscle fibers (n=2). The expression values are log2 transformed and range from 4.1 

(low-green) to 8.2 (high-red).

(B) qRT-PCR of Wnt ligands in isolated wildtype adult single muscle fibers from the EDL. 

The individual Wnts were normalized to GAPDH (n=3).

(C) Wnt4 mRNA expression by qRT-PCR from wildtype uninjured, 18h and 24h injured TA 

muscle.

(D) Schematic representation of the experimental design.

(E-F) Representative images (E) and quantification (F) of Pax7+ cells per 1mm2 TA section 

of Control and Myofiber-Wnt4fl/fl, 6d and 14d post tmx (n=>3).

(G) Quantification of BrdU+ SCs in Control and Myofiber-Wnt4fl/fl TA sections, 6d and 14d 

post tmx (n=3).
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(H and J) Representative images (H) and quantification (J) of MyoD+ SCs in control and 

Myofiber-Wnt4fl/fl single muscle fibers, 6d and 14d post tmx (n=>3).

(I and K) Representative images (I) and quantification (K) of DDX6 intensity in SCs in 

control and Myofiber-Wnt4fl/fl TA muscle sections, 6d and 14d post tmx (n=3). The dashed 

line represents the threshold of intensity visible by eye.

Error bars, s.e.m.; *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001; Scale bars 10μm in (E), 

5μm in (H and I).
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Figure 2. Wnt4 from the niche regulates muscle regeneration.
(A) Schematic representation of the experimental design.

(B) Quantification of MyoD expression in SCs on Control and Myofiber-Wnt4fll/fl muscle 

fibers, cultured in vitro for 8h (n=3).

(C and D) Representative images (C) and quantification (D) of the cross-sectional area of 

centrally nucleated fibers in Control and Myofiber-Wnt4fl/fl TAs injured and regenerated for 

6d (n=4).

(E) Percentage of fibers that express Embryonic Myosin Heavy Chain in Control and 

Myofiber-Wnt4fl/fl TA sections after 6d of regeneration (n=3).

(F) Schematic representation of the experimental design.

(G and H) Representative images (G) and quantification (H) of DDX6 intensity of SCs in 

Control and Myofiber-Wnt4OX/+ TA muscle sections, 14d after tmx (n=3).
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(I) Quantification of MyoD expression in SCs on Control and Myofiber-Wnt4OX/+ muscle 

fibers, cultured in vitro for 8h (n=3).

(J and K) Representative images (J) and quantification (K) of the cross-sectional area of 

centrally nucleated fibers in control and Myofiber-Wnt4OX/+ TAs injured and regenerated 

for 6d (n=4).

(L) Percentage of fibers that express Embryonic Myosin Heavy Chain in Control and 

Myofiber-Wnt4OX/+ TA muscle sections after 6d of regeneration (n=3).

The dashed line in Figures 2B, 2H and 2I represents the threshold of intensity visible by eye.

Error bars, s.e.m.; *P<0.05, **P<0.01, ****P<0.0001; Scale bars 50μm in (C and J), 5μm in 

(G).
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Figure 3. Niche-derived Wnt4 signals via Rho/cytoskeletal signaling.
(A and B) Representative images (A) and quantification (B) of active β-catenin expression in 

SCs on Control and Myofiber-Wnt4fl/fl isolated single muscle fibers, 14d post tmx and on 

WT fibers cultured in vitro for 30h (n=3). The dashed line represents the threshold of 

intensity visible by eye.

(C) Axin2 mRNA expression by qRT-PCR in FACS isolated Control and Myofiber-Wnt4fl/fl 

SCs, 14d post tmx and on WT SCs cultured in vitro for 30h (n=3).

(D and E) Representative images (D) and quantification (E) of active Rho levels in SCs from 

Control and Myofiber-Wnt4fl/fl single fibers 14d post tmx (n=4).

(F and G) Representative images (F) and quantification (G) of pMLC expression in SCs 

from Control and Myofiber-Wnt4fl/fl single fibers, 14d post tmx (n=3).

(H and I) Representative images (H) and quantification (I) of pFAK expression in SCs from 

Control and Myofiber-Wnt4fl/fl single fibers, 14d post tmx (n=4).
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Error bars, s.e.m.; *P<0.05, **P<0.01, ****P<0.0001; Scale bars 5μm in (A, D, F and H).

Eliazer et al. Page 25

Cell Stem Cell. Author manuscript; available in PMC 2020 November 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. Wnt4-Rho signaling axis regulates mechano-properties and retains QSCs in the niche.
(A) Circularity index of SCs on Control and Myo fiber-Wnt4fl/fl isolated muscle fibers, 14d 

post tmx (n=3).

(B) The elasticity of QSCs as measured by AFM in Control and Myofiber-Wnt4fl/fl FACS 

isolated SCs fixed immediately, 14d post tmx and in SCs treated with Rho1 inhibitor in vitro 
for 2h (n=3).

(C and D) Representative images (C) and quantification (D) of SCs outside the basal lamina 

in Control and Myofiber-Wnt4fl/fl TA muscle sections, 14d post tmx (n=3).

(E) Schematic representation of the experimental design.

(F) Percentage of SCs outside the basal lamina in Control and SC-RhoAfl/+TA muscle 

sections, 14d post tmx (n=3).

(G) Normalized values of Circularity and Area of WT SCs on isolated single muscle fibers, 

fixed immediately (t0) or cultured in vitro for different time points (n=3). The mean of t0 

was kept at 1 and all the other time points were normalized to t0. The raw data is in Figure 

S4.

(H) Normalized values of pS6 and pMLC expression in WT SCs on isolated single muscle 

fibers, fixed immediately (t0) or cultured in vitro for different time points (n=3).
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(I) Normalized values of MyoD and YAP expression in WT SCs on isolated single muscle 

fibers, fixed immediately (t0) or cultured in vitro for different time points (n=3).

Error bars, s.e.m.; **P<0.01, ***P<0.001; Scale bar 10μm in (C).
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Figure 5. Niche derived Wnt4 signals via RhoA to promote quiescence.
(A) Quantification of active Rho expression in Control and SC-RhoAfl/+FACS isolated SCs, 

14d post tmx (n=3).

(B) Quantification of pMLC expression in SCs on Control and SC-RhoAfl/+ isolated single 

muscle fibers, 14d post tmx (n=3).

(C) Quantification of Pax7+ cells per 1mm2 TA muscle section of Control and SC-RhoAfl/+, 

14d post tmx (n=3).

(D) Percentage of BrdU+ SCs in Control and SC-RhoAfl/+ TA muscle sections, 14d post tmx 

(n=3).

(E) MyoD expression in SCs on isolated muscle fibers treated with PBS, Rhol inhibitor or 

ROCK inhibitor for 8h in vitro (n=2).

(F) MyoD expression in SCs on muscle fibers from Control and Myofiber-Wnt4fl/fl treated 

with Rho activator for 8h in vitro (n=3).
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(G) pMLC expression in SCs on muscle fibers from Control and Myofiber-Wnt4fl/fl treated 

with Rho activator for 2h in vitro (n=3).

(H and I) Representative images (H) and quantification (I) of the percent pS6+ SCs on 

Control and Myofiber-Wnt4fl/fl muscle fibers, 14d post tmx (n=4).

(J) Percentage of pS6+ SCs on Control and SC-RhoAfl/+ muscle fibers, 14d post tmx (n=3).

The dashed line in Figures 5E, 5F and 5G represents the threshold of intensity visible by 

eye.

Error bars, s.e.m.; *P<0.05, **P<0.01, ****P<0.0001; Scale bars 5μm in (H).
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Figure 6. Wnt-Rho regulated activation is dependent on YAP.
(A) YAP mRNA expression by qRT-PCR in Control and Myofiber-Wnt4fl/fl FACs isolated 

SCs (n=5).

(B and C) Representative images (B) and quantification (C) of YAP positive SCs in Control 

and Niche-Wnt4fl/fl isolated muscle fibers, 6d and 14d post tmx (n=3).

(D) Percentage of YAP+ SCs on Control and SC-RhoAfl/+ muscle fibers, 14d post tmx 

(n=3).

(E) Schematic representation of the experimental design.

(F) Quantification of Pax7+ cells per 1mm2 TA muscle section of Control, SC-RhoAfl/+ and 

Control, SC-RhoAfl/+, YAPfl/fl, 14d post tmx (n=3).

(G) Quantification of the percentage of MyoD+ SCs in Control, SC-RhoAfl/+ and Control, 

SC-RhoAfl/+, YAPfl/fl isolated single muscle fibers, 14d post tmx (n=3).

(H) Quantification of the percentage of BrdU+ SCs in Control, SC-RhoAfl/+ and Control, 

SC-RhoAfl/+, YAPfl/fl TA muscle sections, 14d post tmx (n=3).

(I) Model depicting Wnt4 from the niche regulates Rho in the SC which represses YAP, thus 

preventing the SC quiescence to activation transition.

Error bars, s.e.m.; *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001; Scale bars 5μm in (B).
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