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SUMMARY

The development of cell therapy for repairing
damaged or diseased skeletal muscle has been hin-
dered by the inability to significantly expand imma-
ture, transplantable myogenic stem cells (MuSCs)
in culture. To overcome this limitation, a deeper un-
derstanding of the mechanisms regulating the transi-
tion between activated, proliferating MuSCs and
differentiation-primed, poorly engrafting progenitors
is needed. Here, we show that methyltransferase
Setd7 facilitates such transition by regulating the
nuclear accumulation of b-catenin in proliferating
MuSCs. Genetic or pharmacological inhibition of
Setd7 promotes in vitro expansion of MuSCs and in-
creases the yield of primary myogenic cell cultures.
Upon transplantation, bothmouseandhumanMuSCs
expanded with a Setd7 small-molecule inhibitor are
better able to repopulate the satellite cell niche, and
treated mouse MuSCs show enhanced therapeutic
potential in preclinical models ofmuscular dystrophy.
Thus,Setd7 inhibitionmayhelpbypassa keyobstacle
in the translation of cell therapy for muscle disease.

INTRODUCTION

The functional unit of skeletal muscle is the myofiber, a large

syncytial structure containing hundreds of nuclei generated by
Cel
fusion of myogenic progenitors with each other. Gene products

are able to diffuse freely within these structures, and it has been

estimated that replacing a fraction of nuclei in a fiber would be

enough to restore sufficient expression of genes mutated in

congenital diseases. Thus, skeletal muscle is an ideal target for

cell therapy, and this notion fuelled the characterization of adult

myogenic progenitors (skeletal muscle stem cells [MuSCs])

which are today among the best understood adult stem cells.

Defects in MuSC function have been shown to contribute to

the etiology of muscle diseases (Morgan and Zammit, 2010).

Age-related declines in muscle mass (sarcopenia) and regener-

ative potential are associated with MuSC senescence (Garcı́a-

Prat et al., 2016; Sousa-Victor et al., 2014) and improper cell-

cycle kinetics (Chakkalakal et al., 2012; Cosgrove et al., 2014).

In muscular dystrophy, MuSCs have been shown to undergo

exhaustion (Sacco et al., 2010) and have impaired self-renewal

mechanisms (Dumont et al., 2015b). Thus, in addition to the

use of myogenic cells as gene delivery vehicles to myofibers,

the rejuvenation of the stem cell population by transplantation

of expanded MuSCs also represents a promising therapeutic

avenue (Marg et al., 2014).

However, the translation of the field’s findings into an efficient

cellular therapy has been hampered by our inability to mimic the

environment that supports MuSC self-renewal, making in vitro

cultivation of ‘‘transplantable’’ MuSCs that retain their potency

following in vivo engraftment a significant hurdle (Montarras

et al., 2005; Rinaldi and Perlingeiro, 2014).

MuSCs, also called satellite cells, are identified by the expres-

sion of transcription factor Pax7 (Seale et al., 2000) and lie

beneath the basal lamina of myofibers (Mauro, 1961). In

response to tissue injury, MuSCs progress along a stepwise
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process to generate MyoD-positive proliferating myoblasts

and eventually differentiation-committed myocytes. Myocytes

‘‘donate’’ their nuclei by fusing into damaged myofibers, thus

playing an essential role in restoring myofiber function. As a pop-

ulation, MuSCs are capable of returning to their niche and

replenishing the stem cell pool, although following damage-

induced activation most of their progeny lose this potential and

eventually commit to differentiation (Kuang et al., 2007; Montar-

ras et al., 2005; Rocheteau et al., 2012; Sacco et al., 2008). Loss

of self-renewal potential is thought to take place shortly following

activation, consistent with asymmetric division playing an early

role in the maintenance of MuSCs (Dumont et al., 2015a), and

has been associated with lower levels of Pax7 expression (Ro-

cheteau et al., 2012).

Recent efforts to provide sufficient numbers of cells for suc-

cessful therapy have focused on optimizing in vitro conditions

that permit propagation of MuSCs while maintaining an un-

differentiated state. Strategies aimed at ‘‘rejuvenating’’ aged

myogenic MuSCs have included culturing cells on substrates

that mimic the in vivo muscle niche (Gilbert et al., 2010; Quarta

et al., 2016) and using small molecules to target signaling path-

ways involved in differentiation (Bernet et al., 2014; Cosgrove

et al., 2014; Tierney et al., 2014). These strategies represent at-

tempts to restore the function of old MuSC to the level observed

in younger cells. However, even young MuSCs cannot be

expanded efficiently enough for use in cellular therapies under

current conditions. Progress toward this goal has been recently

obtained by mimicking the inflammatory milieu present in re-

generating skeletal muscle (Fu et al., 2015; Ho et al., 2017) or

by favoring the maintenance of quiescence in culture, which

on the other hand limits in vitro expansion (Quarta et al.,

2016; Zismanov et al., 2016). Although these studies have pro-

vided encouraging results, the identification of druggable tar-

gets that can be manipulated to enhance the therapeutic effi-

cacy of expanded MuSCs while favoring their expansion

remains an important goal in the development of stem cell ther-

apies for muscle.

Although conventionally known for their role in chromatin re-

modeling, methyltransferases can hold much broader substrate

specificity to include receptors, signaling molecules, and tran-

scription factors (Del Rizzo and Trievel, 2011). The su(var)3-9,

enhancer-of-zeste, trithorax (SET) domain-containing protein 7

(Setd7), a lysine methyltransferase, provides one of the best ex-

amples of the wide-ranging targets such enzymes can have.

Studies have found Setd7 can methylate an array of non-histone

proteins, including ERa (Subramanian et al., 2008), YAP (Oudhoff

et al., 2013), TAF-10 (Kouskouti et al., 2004), and STAT3 (Yang

et al., 2010), fine-tuning various cellular pathways and functions

in a cell-type-specific manner. To date, however, little is known

about the role of Setd7 in skeletal muscle biology. Data from

the C2C12 myoblast cell line suggested a role for Setd7 in regu-

lating myogenesis in vitro, and in particular in modulating differ-

entiation (Tao et al., 2011).

In this paper, we explore the role of Setd7 in MuSC biology,

finding that its expression is critical for effective skeletal mus-

cle regeneration, and for modulating MuSC cell fate both

in vitro and in vivo. We identify the underlying mechanism,

showing that Setd7 binds to b-catenin and primes its nuclear

translocation and interaction with transcription factor BCL-9
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(Brack et al., 2009), which is required for progression along

the myogenic differentiation cascade (Jones et al., 2015; Ru-

dolf et al., 2016). Finally, we validate that Setd7 can be tar-

geted pharmacologically to expand immature murine and

human MuSCs (hMuSCs) in culture leading to enhanced

engraftment, self-renewal, and ultimately therapeutic effi-

ciency following transplantation.

RESULTS

Setd7 Is Absent in Quiescent MuSCs and Its Expression
Increases with Myogenic Progression
To examine the expression of Setd7 in myogenesis, we cultured

isolated myofibers from Pax7-Cre/yellow fluorescent protein

(YFP) mice. No Setd7 expression was detected in Pax7+ quies-

cent MuSCs upon isolation (Figure 1A, top panel). However,

robust expression of Setd7 protein was detected in >90% of

MyoD+ cells after 48 and 72 hr in culture, concomitantly with pro-

gression along the myogenic continuum (Figure 1A, bottom

panel; quantified in Figure 1B). In agreement with these ex vivo

findings, analysis of Setd7 transcript levels fromMuSCs isolated

over a time course of skeletal muscle regeneration in vivo shows

an elevation of Setd7mRNA between day 3–5 after notexin (NTX)

damage (Figure 1C). Finally, we found that Setd7 protein

increased during induction of primary myoblast differentiation

into myotubes (Figures 1D and S1A). In summary, Setd7 expres-

sion is upregulated with progression of myogenesis.

Deletion of Setd7 in theMyogenic Lineage Impairs Adult
Skeletal Muscle Regeneration
The elevation of Setd7 observed during myogenic differentiation

suggests this event may be important for skeletal muscle devel-

opment and/or regeneration in vivo. To test this, we generated a

mouse model that allows deletion of Setd7 in the myogenic line-

age by crossing mice harboring a MyoD-iCre (Chen et al., 2005)

allele with Setd7-floxed (Lehnertz et al., 2011) mice (Setd7mKO).

In this strain, Setd7 is deleted in both skeletal muscle fibers (Fig-

ure 1E) and MuSCs (Figure 2A). These mice had no overt devel-

opmental phenotype. Loss of Setd7 had no effect on adult quies-

cent MuSC numbers (Figure 1F) or on whole-body growth rates

(Figure 1G). Finally, adult skeletal muscles from Setd7 mKO and

control mice (MyoDiCre/Setd7WT) were histologically similar

(Figure S1B) and not significantly different in weight (Figure 1H)

or myofiber cross-sectional area (CSA) (Figure S1C). Thus,

Setd7 does not appear to be a critical factor for muscle develop-

ment, although thorough analysis of discrete developmental

stages would be required to rule out possible compensatory

mechanisms at play.

We next tested whether Setd7 is involved in adult skeletal

muscle regeneration. Compared to control mice, Setd7 mKO

mice showed an increase in Evans Blue dye incorporation over

controls 5 days after acute injury (Figure 1I), a sign of reduced

myofiber integrity (Hamer et al., 2002). These findings were sup-

ported by histological analysis 14 and 21 days after damage,

showing signs of fibrofatty degeneration and an increased fre-

quency of small regenerating myofibers in Setd7 mKO animals

(Figure 1J). Together, these findings indicate that depletion of

Setd7 in the myogenic lineage leads to an impaired regenerative

response.



Figure 1. Setd7 Is Expressed in Activated MuSCs and Is Required for Skeletal Muscle Regeneration

(A) Setd7 expression in myofiber-associated MuSCs fixed immediately after isolation (quiescent, top panel) or after 48 hr ex vivo culture (activated, lower panel).

Scale bar, 50 mm.

(B) Percentage of Setd7+ myofiber-associated MuSCs (quantification from 5 mice).

(C) Setd7 expression in FACS-isolated MuSCs following acute damage.

(D) Setd7 protein expression in MuSC during in vitro differentiation.

(E) Western blot analysis of Setd7 protein expression in whole-muscle lysates.

(F) Representative images and quantification of quiescent Pax7+ MuSCs from myofibers isolated from control (CON, MyoDi-Cre/Setd7WT) and Setd7 mKO

(mKO, MyoDi-Cre/Setd7FL/FL) mice (n = 3 per group). Scale bar, 50 mm.

(G) Body weights of control and Setd7 mKO mice during development, adulthood, and aging (n R 15 per group).

(H) Skeletal muscle wet weights at 15 weeks of age. EDL, extensor digitorum longus; TA, tibialis anterior; GAS, gastrocnemius; QUD, quadriceps (n R 15

per group).

(I) Evans Blue incorporation in TA muscle of NTX damaged control and Setd7 mKO mice (n R 5 per group).

(J) TAmuscles of control and Setd7mKOmice following NTX damage. Quantification ofmyofiber cross-sectional area (CSA) (nR 5 per group). Scale bar, 100 mm.

Data are represented as mean ± SEM. NS = p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.005.
Setd7 Regulates MuSC Proliferation and Differentiation
Ex Vivo

Impairment in the regenerative capacity of Setd7 mKO mice

suggests a defect in MuSC function. As expected, we observed
deletion of >90% of Setd7 loci in fluorescence-activated

cell sorting (FACS)-isolated MuSCs from Setd7 mKO mice

(Figure 2A). We assessed the proliferation and differentiation po-

tential of MuSCs in vitro in single myofibers cultured for 72 hr
Cell Stem Cell 22, 177–190, February 1, 2018 179



Figure 2. Loss of Setd7 Impairs Myogenic Differentiation and Enhances Proliferation of MuSCs Ex Vivo

(A) Allele excision efficiency in FACS-sortedMuSCs (CD45/31–, Sca1–, alpha7-integrin/Vcam1+) fromMyoDiCre/Setd7FL/FL mice (mKO) and controls (CON) (n = 3

per group).

(B) Frequency of Pax7+ and MyoG+ myofiber-associated MuSCs after 72 hr in culture (n = 3 per group).

(C) Pax7 and MyoG immunostaining of myofiber-associated MuSCs after 72 hr in culture. Scale bar, 50 mm.

(D) Quantification of the percentage of cells positive for MyHC, MyoG, and Pax7 in cultured primary MuSCs following differentiation for 72 hr (n = 3 per group).

(E) MyHC, MyoG, and Pax7 immunostaining of cultured primary MuSCs following differentiation for 72 hr. Scale bar, 100 mm.

(F) Quantification of total MyoD+ and percentage of EdU+ myofiber-associated MuSCs after 72 hr in culture (n = 3 per group).

(G) MyoD and EdU immunostaining of myofiber-associated MuSCs after 72 hr in culture. Scale bar, 100 mm.

(H) RNA-seq scatterplot with key myogenic regulatory genes indicated. Each data point represents the mean Log2(RPKM) from two independent biological

replicates. Red and blue indicate upregulated and downregulated genes respectively.

(I) Gene ontology analysis of RNA-seq data highlighting top 10 associated biological processes.

(J) Heatmap of key differentially expressed genes associated with MuSC identity, cell-cycle, and myogenic differentiation.

Data are represented as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.005.
(Figure 2B). We found an increase in cells expressing stem/

progenitor marker Pax7 and a reduction in differentiating,

Myogenin+ (MyoG)+ cells on Setd7 mKO fibers (Figure 2C), sug-

gesting a delay in myogenic progression. Consistent with this
180 Cell Stem Cell 22, 177–190, February 1, 2018
finding, after 72 hr in differentiation conditions, myoblast cultures

from Setd7 mKO mice contained fewer MyoG+ cells and nuclei

within myosin heavy chain+ (MHC) structures, but more Pax7+

cells than controls (Figures 2D and 2E). Consistent with a higher



frequency of immature cells, Setd7mKO cultures also expanded

at a greater rate. Indeed, the absolute number of MyoD+ cells

on cultured fibers was nearly double in Setd7 mKO samples

compared to controls, with an increase in the frequency of KO

cells incorporating EdU (Figures 2F and 2G). Together, these

results show that deletion of Setd7 affects MuSC cell fate by im-

pairing maturation along the myogenic lineage.

To gain further insight into the effects of Setd7 deletion, we

performed RNA sequencing (RNA-seq) on cultured MuSCs

from Setd7 mKO mice. We identified 1,789 transcripts differen-

tially expressed (768 upregulated and 1,021 downregulated) be-

tween Setd7 KO and controls (Figure 2H). Gene ontology (GO)

analysis revealed a reduction in gene sets linked with muscle dif-

ferentiation, development, and sarcomere assembly and an

enrichment of transcripts related to cell proliferation, cell divi-

sion, and mitosis in mKO cells (Figure 2I). In agreement with

our in vitro assays, Setd7 KO myoblasts appeared to maintain

higher expression levels of early MuSC markers such as Myf5

(Crist et al., 2012), CD34 (Beauchamp et al., 2000), and Calci-

tonin receptor (Yamaguchi et al., 2015) as well as of cell-cycle

genes such as CyclinD1 and Cdk6 (Figure 2J). In addition,

Setd7 mKO myoblasts had lower expression levels of myogenic

regulatory factors MRF4 (Myf6), MyoG, and Mef2c as well as of

markers of myofibril assembly such as MyHC, Troponin, and

Actin genes (Figure 2J). These transcriptomic data provide

further evidence that Setd7 is necessary for progression of

MuSCs toward differentiation.

MuSC-Specific Deletion of Setd7 Impairs Myogenic
Maturation Ex Vivo and Blunts Adult Skeletal Muscle
Regeneration In Vivo

The MyoDiCre driver acts early in development, raising the

possibility that compensation mechanisms may be activated

mitigating the Setd7 KO phenotype. To address this concern,

we conditionally deleted Setd7 in adult MuSCs. To this end,

we bred mice carrying a Pax7-CreERT2 allele (Lepper et al.,

2009), a CRE-inducible YFP and Setd7FL/– or Setd7+/+ (control)

alleles, leading to deletion of Setd7 and expression of YFP in

>80% of MuSCs upon tamoxifen administration (Figure S2A).

This strain closely recapitulated the phenotype observed in

the developmental KO animals. Myofiber cultures from

induced Pax7CrERT2/YFP/Setd7FL/� mice displayed a lower fre-

quency of MyoG+/YFP+ cells and an increase in Pax7+/YFP+

MuSCs compared to controls (Figures 3A–3C). In addition,

the total number of YFP+ cells per fiber increased, consistent

with Setd7 deletion imparting a proliferative advantage

(Figure 3C).

In these mice, impairment in the regenerative response to

damage was similar to that observed in Setd7 mKO mice,

including an increase in Evans Blue incorporation at 3 and

5 days post-NTX injury (Figures S2B and S2C) and in the

number of eMYH+ myofibers 10 days post-injury (Figures 3D

and 3E). Finally, quantification of myofiber CSA 14 days post-

damage revealed an increase in the frequency of small regener-

ating myofibers in Pax7CrERT2/ Setd7FL/� mice over controls,

indicating a delayed/impaired regenerative process (Figures

3F and 3G). Thus, Setd7 expression in MuSCs is required for

effective myogenic progression for regeneration following acute

damage.
Little Evidence of Setd7 Acting as a Histone
Methyltransferase or Regulating MyoD in MuSCs
We next investigated the molecular mechanisms underlying

regulation of MuSC behavior by Setd7. Previous data from

immortalized C2C12 myoblasts suggest Setd7 binds MyoD

and regulates transcription of myogenic genes by catalyzing

the formation of H3K4me1 on target promoters (Tao et al.,

2011). Surprisingly, however, our experiments do not support

this mechanism in primary MuSCs. Instead, immunostaining

(Figure 4A) and protein fractionation (Figure 4B) revealed that

Setd7 is predominantly localized to the cytoplasm in MuSCs

cultured on isolated fibers (Figure 1A), bulk myoblast cultures

(Figure 4A), and differentiated myotubes (Figure S3C), suggest-

ing a major role in chromatin regulation is unlikely. In addition,

no changes in total H3K4me1 status were observed between

WT and Setd7 mKO myoblasts (Figure 4C) or following acute

inhibition of Setd7 by PFI-2 (Figures 4D and S3A), a selective

and potent small-molecule inhibitor of the catalytic activity of

Setd7 (Barsyte-Lovejoy et al., 2014).

To examine whether Setd7 could be acting on a limited subset

of specific genomic loci, we performed chromatin immunopre-

cipitation sequencing (ChIP-seq) with a H3K4me1 antibody on

primary myoblasts treated with PFI-2 in vitro. This analysis re-

vealed a robust correlation (R = 0.978) in H3K4me1 distribution

between vehicle and PFI-2-treated myoblasts (Figure 4E),

indicating no major alterations in the status of this mark at

the whole-genome level. As previously reported, we observed

enrichment of H3K4me1 in genomic areas immediately flanking

transcriptional start sites (TSS). However, no noticeable differ-

ences in mean peak density were seen between treated

myoblast and controls (Figures 4F–4H). Recent reports that

H3K4me1 can also mark distal regulatory elements (Blum

et al., 2012) led us to investigate H3K4me1 content in myoblast

and myotube enhancers, identified through a published dataset

(Blum et al., 2012). Again, inhibition of Setd7 failed to produce

significant changes in peak density at these annotated enhancer

regions (Figure 4I). Finally, using the same workflow, we again

failed to observe any significant differences in H3K4me1 status

between WT and mKO MuSCs (Figures S3E–S3I).

We next examined the relationship between Setd7 and MyoD

in primary myoblasts and myotubes. We found little evidence

of their co-localization by immunofluorescence (Figure 4J), and

we observed them to partition in different subcellular fractions

(Figures 4K and S3B). Immunoprecipitation (IP) experiments

also failed to demonstrate a physical interaction between

MyoD and endogenous Setd7 (Figure 4L), or between MyoD

and Myc-tagged Setd7 overexpressed in primary myoblasts

and myotubes (Figure S3D). Finally, we found no major alter-

ations in H3K4me1 density at the TSS of known MyoD target

genes (MyoG, Myh1, and Mly1) (Blum et al., 2012; Tao et al.,

2011) upon loss of Setd7 activity (Figure 4M). Together these

results strongly argue against a role for Setd7 in regulating his-

tone methylation or as a direct partner of MyoD in MuSCs, and

prompted us to investigate alternative mechanisms.

Setd7 Is Required for BCL-9-Mediated b-Catenin
Nuclear Import in MuSCs
Recent studies have shown that Setd7 can regulate Wnt

signaling in epithelial cells (Oudhoff et al., 2016). As canonical
Cell Stem Cell 22, 177–190, February 1, 2018 181



Figure 3. Inducible Deletion of Setd7 in Adult MuSCs Impairs Myogenic Commitment Ex Vivo and Skeletal Muscle Regeneration In Vivo

(A) Schematic experimental design for ex vivo experiments.

(B) Quantification of total YFP+ and frequency of Pax7+ and MyoG+ myofiber-associated MuSCs from EDL of control and Pax7CreERT2/YFP/Setd7FL/– mice

cultured for 72 hr (n = 3 per group).

(C) Pax7, MyoG, and YFP immunostaining of myofiber-associated MuSCs from control and Pax7CreERT2/YFP/Setd7FL/� mice cultured for 72 hours. Scale

bar, 50 mm.

(D) Schematic experimental design for in vivo injury experiments.

(E) Quantification of frequency of eMyHC+ myofibers 10 days post-injury (n = 3 per group). Scale bar, 100 mm.

(F) H&E staining of cross-sections from TA muscles of control and Pax7CrERT2/YFP/Setd7FL/– mice 14 days following NTX damage. Scale bar, 50 mm.

(G) Quantification of myofiber cross-sectional area (CSA) from control and Pax7CreERT2/YFP/Setd7FL/� mice 14 days following NTX damage (n R 5 per group).

Data are represented as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.005.
Wnt signaling is a major regulatory pathway in myogenesis, we

investigated whether it may be altered in cells lacking Setd7 ac-

tivity. We compared our RNA-seq data from Setd7 mKOMuSCs

(Figures 2H–2J) with a published dataset (GEO: GSE72496) (Ru-

dolf et al., 2016) in which b-catenin was constitutively activated

(b-catenin-EX3loxP/+) in MuSCs. We observed a significant nega-

tive correlation (R = �0.624) (Figure S4B), with top-ranked tran-

scripts upregulated by b-catenin activation, downregulated in

Setd7 mKO MuSCs (Figure S4A). These transcripts included
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Gja5, Erbb3, Porcn, Herc3—key Wnt responsive genes in

MuSCs (Jones et al., 2015; Parisi et al., 2015; Rudolf et al.,

2016), as well as transforming growth factor b (TGF-b) path-

way members, Fst and TGFb3—regulators of Wnt/b-catenin-

mediated myogenic differentiation (Rudolf et al., 2016) (Fig-

ure 5A). These data prompted further investigation of the

interplay between Setd7 and Wnt/b-catenin signaling.

Stimulation of C2C12 myoblasts with Wnt3a yielded the ex-

pectedupregulation ofb-catenin in bothPFI-2 and vehicle-treated



Figure 4. Little Evidence of Setd7 Interacting with MyoD or Acting as an H3K4me1 Histone Methyltransferase in MuSCs

(A) Immunostaining of Setd7 in plated MuSCs highlighting cytoplasmic localization. Scale bar, 50 mm.

(B) Western blot analysis of Setd7 in cytoplasmic (cyto), nuclear (nuc), and chromatin (chrom) fractions from plated MuSCs and myotubes.

(C) Western blot analysis of H3K4me1 in WT and Sets7KO plated MuSCs.

(D) Western blot of H3K4me1, me2, me3 in plated MuSCs and myotubes treated with or without a Setd7 inhibitor (PFI-2).

(E and F) H3K4me1 ChIP-seq scatterplot correlating mean peak density in plated MuSCs treated with or without PFI-2 across whole-genome (E) or at TSS

(+/� 5 kb) sites (F).

(G) Mean signal of normalized peak density surrounding TSSs for H3K4me1 ChIP-seq for control-treated MuSCs (blue line) and PFI-2-treated MuSCs (red line).

(H) Heatmap displaying single gene resolution of H3K4me1 ChIP-seq TSS enrichment data in (G).

(I) Comparisons in H3K4me1 enrichment (RPKM) at myoblast (MB) and myotube (MT) enhancer regions in MuSCs treated with or without PFI-2.

(J) Setd7 and MyoD co-immunostaining in plated MuSCs highlighting lack of co-localization. Scale bar, 100 mm.

(K) Western blot analysis of Setd7 and MyoD in cytoplasmic (cyto) and nuclear (nuc) fractions of plated MuSCs.

(L) Setd7 IP samples blotted and probed with an anti-MyoD antibody.

(M) H3K4me1 genome browser tracks in proximal promoters and gene bodies of MyoD targets (MyoG, Myh1, and Myl1). Control MuSCs (blue line) and

PFI-2-treated MuSCs (red line).

R values were calculated with Pearson’s correlation coefficient.
cells (Figure S4C). However, inactivation of Setd7 significantly

impaired translocation of b-catenin to the nucleus (Figures 5B–

5D). In addition, Wnt3a treatment and GSK3-b inhibition of trans-

fected myoblasts both triggered an increase in TCF/LEF reporter

(TOPFlash) output that was significantly blunted upon treatment

with PFI-2 (Figures 5E and S4D).

We next investigated whether Setd7 was physically inter-

acting with b-catenin. Indeed, Setd7 co-immunoprecipitated

with b-catenin (Figure 5F), and this interaction was reduced

upon Wnt3a stimulation, consistent with the translocation of

b-catenin, but not Setd7, into the nucleus (Figure 5F). Using

murine embryonic fibroblasts (MEFs) to gain sufficient protein

material, we also observed lysine methylation of b-catenin

was reduced in cells lacking Setd7 (Figure 5G), suggesting

b-catenin may act as a substrate for Setd7 in myogenic
cells, echoing observations made in other cell types (Shen

et al., 2015).

Myogenin is a critical mediator of canonical Wnt signaling

in promoting myogenic differentiation (Jones et al., 2015).

We found that inhibition of Setd7 significantly reduced the

appearance of MyoG+ cells in response to Wnt3a stimulation

(Figure 5H). Thus, inhibition of Setd7 impairs the nuclear accu-

mulation and transcriptional function of b-catenin, preventing

the upregulation of myogenic genes including Myogenin.

Our data suggest that Setd7 regulates a checkpoint in canon-

ical Wnt signaling, namely, the nuclear translocation of b-catenin

following its cytoplasmic upregulation. In myogenic cells, nu-

clear import of b-catenin is dependent on the formation of a com-

plex with legless/BCL-9 (Brack et al., 2009). To assess whether

Setd7 activity is required for the formation of this complex, we
Cell Stem Cell 22, 177–190, February 1, 2018 183



Figure 5. Setd7 Regulates b-Catenin Nuclear Accumulation and Transcriptional Output via BCL-9 to Control Myogenic Differentiation

of MuSCs

(A) Heatmap of key b-catenin responsive genes in MuSCs and their differential expression in Control (CON) versus Setd7 mKO cells.

(B) b-catenin and Setd7 subcellular localization in C2C12 cells following stimulation with Wnt3a in the presence or absence of PFI-2.

(C) Confocal microscopy images and b-catenin localization in C2C12 cells following treatment with Wnt3a in the presence or absence of PFI-2 (n = 3).

(D) Quantification of b-catenin localization in C2C12 cells following treatment with Wnt3a in the presence or absence of PFI-2 (n = 3).

(E) TopFLASH reporter assay of b-catenin transcriptional output (TCF/LEF) by plated MuSCs in response to Wnt3a stimulation and in the presence or absence of

PFI-2 (n = 3).

(F) b-catenin IP samples blotted and probed with anti-Setd7 antibody (top panel) and Setd7 IP samples blotted and probed with anti-b-catenin antibody (bottom

panel) in the presence and absence of Wnt3a.

(G) b-catenin IP samples blotted and probed with an anti-pan-methyl lysine antibody from cultured wild-type (WT) and Setd7-null (KO) MEFs.

(H) Frequency of MyoG+ plated MuSCs following 24 treatment with Wnt3a with or without PFI-2. Results from 3 independent experiments (n = 3). Scale

bar, 100 mm.

(legend continued on next page)
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quantified the interaction between b-catenin and BCL-9 in

myogenic cells using proximity ligation assays (PLAs). We

observed the expected increase in this complex in response to

Wnt stimulation, which was completely blocked by both PFI-2

treatment in C2C12s and genetic deletion of Setd7 in MuSCs

(Figures 5I and S4E).

In summary, we show that Setd7 interacts with b-catenin, reg-

ulates its subcellular localization and is required for transcription

of Wnt responsive genes in MuSCs.

PFI-2 Inhibition of Setd7 Enhances Engraftment, Self-
Renewal, and Therapeutic Potential of Cultured MuSCs
A critical hurdle in the development of stem cell therapies for

muscle is the inability to manipulate stem cells in vitro without

loss of potency. Ideally, expanded MuSCs should remain

capable of both engraftment into myofibers as well as replen-

ishment of the stem cell niche to maintain homeostasis.

As Setd7 inhibition maintains cultured cells in an immature

state, it could provide a strategy to improve engraftment in

an experimental model of autologous muscle stem cell

transplantation.

We cultured MuSCs in the presence or absence of Setd7 in-

hibitor (Figure 6A) and compared their expansion. PFI-2 treat-

ment significantly increased the yield of these cultures (Figures

6B and 6C). As expected, Pax7/MyoD co-staining revealed

PFI-2 decreased the proportion of cells undergoing differentia-

tion (Pax7-/MyoD+ cells) (Figures 6B and 6D). Similar to Setd7

mKO cells, PFI-2-treated cells also displayed impaired myotube

formation under differentiation conditions (Figure S5A).

Next, we investigated whether PFI-2-treated cells had an

enhanced capacity to engraft in vivo. MuSCs isolated from

mice expressing ubiquitous GFP (b-Actin-GFP) were expanded

in the presence or absence of PFI-2 for 7 days, and the whole re-

sulting cultures were transplanted into injured tibialis anterior

(TA) muscles (Figure 6E). Twenty-one days later, TAs injected

with PFI-2-treated cells contained more GFP+ myofibers, indi-

cating enhanced engraftment (Figures 6F and 6G). This could

simply rest on the larger yield obtained from PFI-treated cultures

or could also rely on a higher propensity of the treated cells to

engraft on a per cell basis. To distinguish between these two

possibilities, we repeated the experiment, injecting equal

numbers (10,000 MuSCs/TA) of vehicle and PFI-2-expanded

MuSCs. Again, we observed that cells cultured in the presence

of PFI-2 yielded more GFP+ myofibers (Figure 6H), supporting

the notion that inhibition of Setd7 during in vitro expansion

both increases MuSC yield as well as improving their engraft-

ment potency.

We then tested whether PFI-2 could improve the capacity

of cultured cells to re-enter the MuSC niche. GFP+ cells were

FACS isolated from a Pax7-GFP reporter mouse (Rocheteau

et al., 2012) and expanded in the presence or absence of

PFI-2. Expanded cells (10,000 MuSCs/TA) were then trans-

planted into injured TA muscles of irradiated NOD SCID IL2rg
(I) BCL-9 and b-catenin protein-protein interactions evaluated using in situ proxim

Quantification of BCL-9/b-catenin PLA assay. Red dots quantified in cytoplasm an

and untreated cells in cytoplasm. #p < 0.05, Wnt3a-treated and untreated cells i

(J) Schematic summary of interplay between Setd7 and Wnt signaling.

Data are represented as mean ± SEM. *p < 0.05, **p < 0.01.
null (NSG) mice. Under these conditions, only cells engrafting

in the satellite cell niche retain Pax7 expression and GFP positiv-

ity. Twenty-one days later, we found a significant increase in the

number of GFP+ cells in muscles transplanted with PFI-2-treated

MuSCs (Figure 6I), indicating enhanced capacity to return to the

MuSC niche.

We next asked whether the improved engraftment potency of

PFI-2-treated MuSCs could translate into functional improve-

ments in muscle strength in mdx-NSG mice (an immunocom-

promised mouse model of muscular dystrophy). To this end,

expanded MuSCs from GFP-Luc mice were transplanted,

allowing longitudinal quantification of their engraftment by

non-invasive bioluminescence imaging (BLI) (Figure 6J). BLI

confirmed that MuSCs cultured with PFI-2 engrafted better

than controls (Figure 6K). Importantly, this enhanced engraft-

ment also corresponded to a functional increase in specific

tetanic force production compared to muscles transplanted

with vehicle-treated MuSCs (Figure 6L). Thus, Setd7 can be

targeted pharmacologically to increase the yield and the potency

of cultured MuSCs boosting their engraftment, self-renewal and

therapeutic efficacy.

PFI-2 Inhibition of Setd7 Enhances Expansion of
Transplant-Competent hMuSCs
Finally, we investigated whether PFI-2 could enhance the ex-

pansion of human MuSCs (hMuSCs). Using a similar experi-

mental workflow (Figure 7A), hMuSCs were FACS isolated

from human skeletal muscle operative samples, expanded in

the presence of PFI-2, infected with a lentivirus expressing lucif-

erase protein and then transplanted into the injured TA of immu-

nocompromised mice. Consistent with murine MuSCs, we

observed PFI-2 induced a significant increase in hMuSC expan-

sion (Figure 7B). Upon transplantation, in vivo BLI analysis re-

vealed enhanced engraftment of hMuSCs previously exposed

to PFI-2 (Figure 7C). Thus, SETD7 inhibition is a viable strategy

to enhance the therapeutic potential of hMuSCs.

DISCUSSION

Here, we provide evidence that methyltransferase Setd7 is

important for MuSCs progression toward differentiation. Mecha-

nistically, Setd7 influences canonical Wnt signaling by interact-

ing with b-catenin and modulating its methylation status. This

primes the response to Wnts by enabling b-catenin to interact

with BCL-9, accumulate in the nucleus, and induce myogenic

gene expression. We also demonstrate that pharmacological

inhibition of Setd7 boosts in vitro expansion of both murine

and hMuSCs while maintaining their stemness, thus enhancing

their therapeutic potential.

MuSCs that lack Setd7 displayed enhanced proliferation and

maintained a phenotypically immature state when expanded

in vitro. These data are consistent with experiments in C2C12

cells (Tao et al., 2011), showing that Setd7 knock down blocks
ity ligation assay (PLA). Complexes visualized as red dots. Scale bar, 100 mm.

d nucleus from at least 800 cells per condition (n = 4). *p < 0.05, Wnt3a-treated

n nucleus.
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Figure 6. Setd7 Inhibition Enhances MuSC Expansion, Maintains MuSC Potency, and Improves Therapeutic Efficacy

(A) Schematic of experimental design.

(B) Pax7/MyoD co-immunostaining of plated MuSCs treated with or without PFI-2 for 7 days. Scale bar, 100 mm.

(C and D) Quantification of expansion (C) and frequency of Pax7/MyoD+ (D) MuSCs after 7 days of culture with or with without PFI-2 (n = 3).

(E) Schematic of b-Actin-GFP transplantation experimental design.

(F) GFP+ myofibers following transplantation of MuSCs expanded with or without PFI2. Scale bar, 100 mm.

(legend continued on next page)
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Figure 7. Setd7 Inhibition Enhances

Expansion of Transplantable Human

MuSCs

(A) Schematic of experimental design. hSKM,

human skeletal muscle.

(B) Freshly isolated hMuSCs culture-expanded

with/without PFI-2 for 7 days (n = 3 donor sam-

ples). Scale bars, 20 mm (main image) and 10 mm

(inset).

(C) Quantification of bioluminescence over

11 days following transplantation of GFP-Luc-

transduced hMuSCs expanded in vitro with or

without PFI-2. (Data were from 6 mice (n = 6)

transplantedwith donor cells from three operative

samples.)

Data are represented asmean ± SEM. **p% 0.01,

***p < 0.005.
the expression ofmyogenic genes such asMyogenin andMyHC.

Tao et al. also provided evidence that Setd7 interacts with MyoD

and regulates H3K4me1 status. Despite agreement on the role

of Setd7 in delaying progress toward differentiation, our data

do not support this molecular mechanism. We found little evi-

dence of Setd7 interacting with MyoD in MuSCs and ChIP-seq

analysis failed to detected changes in H3K4me1 status in

Setd7 KO cells. These discrepancies are perhaps unsurprising

given cultured primaryMuSCs andC2C12, while bothmyogenic,

are fundamentally different in their biology—C2C12 cells

are immortalized, have shorter doubling times, minimal engraft-

ment capacity, altered differentiation potential, and abnormal

karyotype.

Instead, we show that Setd7 is a key component of the Wnt

signaling pathway, and it is required for the nuclear functions

of activated b-catenin. A recent report in cancer cells demon-

strated that b-catenin is directly methylated by Setd7 at K180,
(G) Quantification of GFP+ myofibers following transplantation of MuSCs expanded from 10,000 cells in the

5 mice each).

(H) Quantification of GFP+ myofibers following transplantation of 10,000 MuSCs expanded in the presence or

(I) Representative FACS plots and quantification of GFP+ MuSCs recovered from recipient mice transplanted

without PFI-2 (n = 8; data from 8 mice each).

(J) Schematic of GFP-Luc transplantation experimental design.

(K) Quantification of bioluminescence over 28 days following transplantation ofGFP-Luc labeled MuSCs expan

8 mice each).

(L) Quantification of specific tetanic force production in TA muscle of NSG-MDX mice 28 days following trans

in vitro with or without PFI-2 (n = 8; data from 8 mice each).

Data are represented as mean ± SEM. *p % 0.05, **p < 0.01, ***p < 0.005.

Cell Ste
facilitating its degradation (Shen et al.,

2015). Although we confirm this interac-

tion in muscle cells and also find that

Setd7 likely methylates b-catenin, we

did not observe significant changes in

total b-catenin protein levels when we

blocked its activity. Future work is

required to determine whether Setd7

acts on the same substrates in MuSCs

as in cancer cells, and what the exact

mechanistic consequences are. Our pre-

viously published data show that in

epithelial cells a complex containing
Setd7 and b-catenin exists and that Setd7 activity is required

for b-catenin nuclear localization following stimulation of the

Wnt pathway (Oudhoff et al., 2016). However, this regulation of

b-catenin by Setd7 was dependent on the presence of YAP

(Oudhoff et al., 2016). Whether YAP plays a similar mechanistic

role in MuSCs remains unclear; however, we did not observe

changes in YAP localization or transcriptional output in response

to Setd7 deletion/inactivation (data not shown). Taken together

these findings highlight a general interaction between Setd7

andWnt signaling, with further work required tomore completely

define their relationship in MuSCs.

The function of canonical Wnt signaling and b-catenin in regu-

latingmyogenesis andMuSCs has been studied extensively over

the past decade, but controversy still exists on its precise role.

In vitro, studies have shown both positive (Figeac and Zammit,

2015; Han et al., 2011; Jones et al., 2015) and negative (Tanaka

et al., 2011) effects of activating the Wnt/b-catenin pathway on
presence or absence of PFI-2 (n = 5; data from

absence of PFI-2 (n = 6; data from 6 mice each).

with MuSCs expanded in vitro for 7 days with or

ded in vitrowith or without PFI-2 (n = 8; data from

plantation of GFP-Luc labeled MuSCs expanded
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myogenic differentiation. In vivo, Wnt signaling appears critical

for developmental myogenesis (Hutcheson et al., 2009; Ikeya

and Takada, 1998), whereas activation or deletion of b-catenin

in MuSCs in regenerative myogenesis has produced inconsis-

tent findings from several independent groups (Murphy et al.,

2014; Parisi et al., 2015; Rudolf et al., 2016). The most recent

study however, employing inducible transgenic strategies to

modulate b-catenin specifically in MuSCs, convincingly demon-

strated a reduction in regenerative potential following loss of

b-catenin and conversely precocious differentiation upon its

activation (Rudolf et al., 2016). Our data are in support of this

observation as, in the absence of Setd7, b-catenin fails to accu-

mulate in the nucleus upon Wnt stimulation, blunting its tran-

scriptional output and leading to impaired differentiation in vitro

and inhibited regenerative potential in vivo.

In an experimental model of autologousMuSC cell therapy, we

demonstrate that treatment of MuSCs with PFI-2 during their

in vitro expansion leads to enhanced cell yields and superior

engraftment both overall as well as on a per cell basis. We de-

tected an obvious improvement in engraftment both into regen-

erating fibers and the MuSC niche, indicating that inhibition of

Setd7 allows the maintenance of some degree of self-renewal

in vitro. Interestingly, among the earliest events in MuSC activa-

tion is the downregulation of stem cell marker CD34 (Alfaro et al.,

2011). Indeed, CD34 is highly expressed by efficiently engrafting

quiescent MuSCs but absent from poorly engrafting cultured

myogenic cells (Montarras et al., 2005). Our data as well as

recent reports (Alfaro et al., 2011; Fu et al., 2015) by others

showing continued CD34 expression in cultures retaining

self-renewal potential extend this correlation and suggest that

this marker may help identify the least immature proliferative

progeny of quiescent MuSCs know to date.

Our work also has translational implications. Early clinical trials

involving transplantation of cultured myoblasts into muscular

dystrophy patients yielded poor results and highlighted several

problems such as poor myoblast survival and engraftment,

limited migration into the muscle tissue and importantly, and

negligible capacity to self-renewal (Wilschut et al., 2012). Since

these trials, it’s become clear that culturing MuSCs following

isolation significantly impairs their engraftment and self-renewal

potential (Montarras et al., 2005)—making in vitro manipulation

to, for example, genetically correct disease mutations extremely

challenging. As a result, defining culture conditions that permit

propagation of MuSCs while maintaining potency is a major

goal. PFI-2 treatment allowed us to expand greater numbers of

higher quality MuSCs, which when transplanted in dystrophic

muscle produced significant improvement in muscle function.

Importantly, Setd7 inhibition also allowed the enhanced expan-

sion of hMuSCs, providing a significant step toward refining

optimal MuSC culture conditions achieving this goal and making

cell therapy for muscle disease a reality.
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